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Progress in deciphering the information content of the
`glycome' ± a crescendo in the closing years of the
millennium*

Ten Feizi

The Glycosciences Laboratory, Imperial College School of Medicine, Northwick Park Campus, Harrow, HA1 3UJ, United
Kingdom

The closing years of the second millennium have been uplifting for carbohydrate biology. Optimism that oligosaccharide
sequences are bearers of crucial biological information has been borne out by the constellation of efforts of carbohydrate
chemists, biochemists, immunochemists, and cell- and molecular biologists. The direct involvement of speci®c
oligosaccharide sequences in protein targeting and folding, and in mechanisms of infection, in¯ammation and immunity
is now unquestioned. With the emergence of families of proteins with carbohydrate-binding activities, assignments of
information content for de®ned oligosaccharide sequences will become more common, but the pinpointing and
elucidation of the bioactive domains on oligosaccharides will continue to pose challenges even to the most experienced
carbohydrate biologists. The neoglycolipid technology incorporates some of the key requirements for this challenge:
namely the resolution of complex glycan mixtures, and ligand binding coupled with sequence determination by mass
spectrometry.
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Introduction

Oligosaccharides are co- or post-translational modi®cations of

proteins and they also occur in lipid-linked form or as free

molecules in secretions. Oligosaccharides are formed by the

sequential actions of cellular glycosyltransferases and other

enzymes. There are core, backbone and peripheral domains on

oligosaccharides that are common to many glycoproteins,

although the prevalence and proportions differ in various cell

types and in the various proteins that they contain. Other

oligosaccharides are genetically determined in individuals, as

illustrated par excellence by the major blood group antigens A,

B, H, Lea and Leb. The natural immune responses to the A and

B antigens in those who lack them, and the resulting clinically

serious sequelae of mismatched blood transfusions served to

focus research into the chemical structures and the genetic

basis of the blood group antigens. The pioneering biochemical

and immunochemical work in the groups of Morgan and

Watkins in the UK and of Kabat in the USA [1±3] not only led

to the elucidation of the oligosaccharide sequences that

constitute the major blood group antigens, but also laid the

foundations for the recent research into roles of oligosacchar-

ides related to these antigens as ligands for effector proteins

that have key roles in the traf®cking of leukocytes in

in¯ammation [3a].

I entered the ®eld of carbohydrate biology in the course of

studies on an autoimmune haemolytic disorder, which

commonly occurs in patients with Mycoplasma pneumoniae

infection [4±6]. I became intrigued by this condition which is

characterized by transiently elevated titres of serum antibodies

(cold agglutinins) directed to the blood group I antigen, and

regarded it as an excellent model of autoimmunity. There is

little if any I antigen on the mycoplasma [7]. This infective

agent has the property of adhering to human red cells. Having

established that the mycoplasma, when bound to I-positive red
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cells, could trigger the transient production of auto-anti-I in an

experimental model [8], the way forward seemed to be, to

elucidate the nature of the I antigen, and the biochemical basis

of the microbe±host cell interaction. The transiently occurring

anti-I antibodies are mono- or oligoclonal [9]; thus they

resemble the persistent monoclonal autoantibodies with the

same speci®city which occur in the monoclonal gammopathy

known as chronic cold agglutinin disease. A collection of sera

assembled from patients with chronic cold agglutinin disease

[10], containing monoclonal antibodies to the I antigen or to

the related i antigen, turned out to be powerful reagents in the

studies that followed. In this article I highlight the way this

research program took me deep into carbohydrate biology, a

®eld that has burgeoned in the last decade of the millennium.

The era of monoclonal antibodies, and clues to
bioactivities of blood group ± related oligosaccharides

In collaboration with Elvin Kabat, we showed the I and i

antigens are expressed on precursor sequences (backbones) of

the major blood group antigens, and we characterized the

trisaccharide sequence (a branched domain Galb1-

4GlcNAcb1-6-, on poly-N-acetyllactosamine chains, see

Figure 1) recognized by one of the antibodies, anti-I Ma

[11,12]. Later, with Sen Hakomori, we characterized the

various domains on branched poly-N-acetyllactosamine se-

quences that are recognized by other anti-I, and on linear

sequences recognized by anti-i [13,14].

Oligosaccharides of poly-N-acetyllactosamine type are

minor components among the sugar chains of glycoproteins

and glycolipids, and because they are a family of isomeric

sequences, they are dif®cult to separate from one another.

After characterizing the different tri- to octasaccharide

sequences of poly-N-acetyllactosamine type recognized by

the individual monoclonal autoantibodies, I realized the power

of these antibodies as biochemical tools [15]. Cancer-

associated changes could be detected in the expression of

these antigens among gastrointestinal glycoproteins [16±18].

It seemed likely that the poly-N-acetyllactosamine chains at

the cell surface would dwarf the relatively short oligosaccharide

chains, and that they could form a carbohydrate layer with

special function [15]. From their very structure and because of

the different carbohydrate epitopes that they display, the Ii

antigens seemed good candidates for bioactive components on

cell membranes [15]. Some ®ve years after elucidating the Ii

antigens, my colleagues and I showed that the sialylated form of

the I antigen is the host-cell attachment site for M. pneumonie

[19,20].

One approach to investigating the possible roles of the Ii

type sequences as ligands for endogenous receptors was to

observe the effects of cross-linking and redistributing the Ii

antigens of human peripheral blood lymphocytes by incubat-

ing them at 4�C with the anti-I or -i (NB these antibodies bind

only at low temperatures) followed by ¯uorescent second

antibodies, and then warming to 37�C. It was observed that the

resulting patches at the lymphocyte surface were identical to

the binding sites for the mitogen, ConA [21], indicating that Ii

antigen-bearing molecules of lymphocyte membranes are

structurally associated with counter-receptors for mitogens.

In separate experiments [22±24], oligosaccharide sequences of

poly-N-acetyllactosamine type, I- and i-active, were detected

on multiple glycoproteins of human lymphocytes, the O-

glycans of leukocyte common antigen (CD45) were among

these. We had observed that an animal lectin, 14 kDa b-

galactoside binding protein (now termed galectin 1), binds

strongly to glycoproteins with Ii activities rather than to those

with ABH activities, and we isolated a Ii-active substance from

calf heart that was strongly bound by the 14 kDa calf heart

lectin [25]. We proposed that the Ii antigens might be natural

ligands for such an endogenous lectin. There have been some

interesting developments in this context recently. These are

discussed below under the heading of animal lectins.

It had been shown by blood bank serology that the

expression of the I and i antigens on human red cells changes

during the ®rst year of life. There is a predominance of i

antigen and a lack of the I at birth, and an increase in the I

coincident with diminution of the i in the course of the ®rst

year of life [26]. Prompted by this knowledge and the

observations of Takashi Muramatsu that early embryonic

tissues are rich in oligosaccharide chains of poly-N-acetyllac-

tosamine type [27,28], we used the human monoclonal anti-I

and anti-i as reagents in studies of early embryonic

development in the mouse, and observed marked changes in

expression of the branched and linear sequences they

recognize, during successive stages of differentiation (see

Figure 2) [29]. This lead to the suggestion that oligosacchar-

ides of this family may be involved in the developmental

processes [29,30]. This view was markedly boosted by our

demonstration that the hybridoma-de®ned, murine stage-

speci®c embryonic antigen, SSEA-l, is expressed on al-3

fucosylated lactosamine sequence (Figures 2 and 3), the

isomer of blood group Lca, termed Lex [31]. SSEA-1 appears

on the 8-cell embryo coincident with the onset of compaction,

Figure 1. Poly-N-acetyllactosamine sequences of I antigen type (branched) and i antigen type (linear). Individual monoclonal
autoantibodies recognize different domains on these sequences.
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the ®rst cell±cell adhesion event in the developing embryo

[32]. We suggested [31] that there may exist a carbohydrate-

binding protein which mediates this adhesive event which is

crucial for the further development of the embryo. Such an

embryonic protein has not yet been discovered, although as

discussed below, Lex-related sequences are ligands for cell

adhesion proteins that have important functions later in life.

The precise role of the Lex sequence in the developing embryo

is at present unknown. There have been two reports that Lex-

containing compounds can inhibit the embryonic compaction

[33,34]. Attempts in my laboratory to inhibit the compaction

process with oligosaccharides and with mucins that express

the Lex sequence were unsuccessful, although it was possible

to markedly delay the compaction of recently compacting 8±

16 cell embryos by decompacting them by calcium chelation

and treating them with endo-b-galactosidase [35]. This

enzyme cleaves linear oligosaccharide sequences of poly-N-

acetyllactosamine type [36]. Hopefully, work with the recently

described fucosyltransferase, Fuc-T9, which is thought to be

the enzyme that generates the SSEA-1 capping structure on

oligosaccharides of poly-N-acetyllactosamine type [37], will

provide new insights into the role of SSEA-1 in the complex

molecular interactions that lead to embryonic compaction.

Further interest in carbohydrate biology was stimulated by

the demonstration that numerous hybridoma antibodies raised

to neo-antigens of tumour cells recognize speci®c carbohy-

drate sequences, often blood group-related [38,39]. Initial

hope that such antibodies would serve as immuno-therapeutic

tools in cancer were tempered by the ®nding that the tumour-

associated carbohydrate antigens are for the most part

expressed normally in unrelated tissues [40]. There is never-

theless a limited number of carbohydrate antigens that are

suf®ciently restricted in their expression to warrant pursuance

for human tumour therapy [41]. In my opinion, a major

message from the demonstration that carbohydrate structures

of glycoproteins and glycolipids are `oncodevelopmental'

antigens was that the various carbohydrate sequences may

have biological functions as area codes, for example, that

determine pathways of cell migration [42], or that they may

serve as ligands for regulators of cell growth and differentia-

tion [15,40,43,44].

Support for the concept of the oligosaccharides as area

codes has come from leukocyte biology. When lectin domains

were discovered on the selectins, two of which, the E-and P-

selectins, bind to myeloid cells, there was intense interest in

the Lex, sialyl-Lex and related sequences which are distinctive

markers of these blood cells [45±50]. As further discussed in

sections that follow, roles have now been established for these

sequences [51], and their sulphated analogues [52] as ligands

for the selectins which mediate interactions crucial for

initiating leukocyte recruitment to sites of in¯ammation.

These developments have not only served to dispel some of

the skepticism prevailing among biologists about the biologi-

cal functions of the sugar chains of glycoproteins, but have

opened new avenues for designs of carbohydrate-based

inhibitors for treating disorders of in¯ammation.

Families of animal lectins ± the emergence of much
awaited `missing links' in carbohydrate biology

A key requirement for elucidating the roles of particular

oligosaccharide domains is to identify receptors that speci®-

cally recognize them in appropriate body compartments. Two

striking examples have been revealed in the course of

biochemical and cell biological studies of important household

functions in cells, namely, the folding and the routing of newly

Figure 2. Sequential changes in antigens expressed on poly-N-acetyllactosamine chains during early embryogenesis in the mouse (taken
from ref 45 with permission).
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synthesized proteins. The chaperone proteins calnexin and

calreticulin have been shown to operate through transient

associations with the partially processed, glucosylated N-

glycans of cellular and viral glycoproteins [53±55]. The

delivery to lysosomes of newly synthesized hydrolytic

enzymes is through recognition of the mannose-6-

phosphate modi®cation of their high-mannose N-glycans.

Two mannose-6-phosphate-speci®c receptors are involved in

this routing [56±58].

As with plant lectins (these are not within the scope of this

review), it has not been straightforward to elucidate the precise

functions of mammalian proteins that were ®rst discovered by

virtue of a carbohydrate-binding property. A prime example is

the large family of b-galactoside-binding proteins, now termed

galectins [59]. For example, the ®rst described member of this

family, the widely distributed 14 kDa, b-galactoside-binding

protein (galectin 1), with its preference for poly-N-acetyllac-

tosamine (Ii antigen-active) glycoconjugates [25] seemed a

promising candidate for a protein with a role in development

or cell growth regulation [15,43,60]. The developmentally

regulated changes in galectin levels [59], and the detection of

increased levels of multiple proteins antigenically related to

the lectin in transformed and mitogen-stimulated lymphocytes

[61] are consistent with such roles. Disappointingly though,

we could not detect changes in the growth of freshly isolated

human and bovine mononuclear cells in the presence of the

lectin isolated from bovine heart muscle (Yoko Katagiri and

Ten Feizi, 1980, unpublished). However, following the report

of Linda Baum and colleagues that recombinant, bacterially-

expressed galectin 1 induces apoptosis when added to

immature thymocytes and activated thymocytes [62], there

have been intriguing reports on signalling activities of this

protein [63,64]. Among these is the phosphorylation of the T

cell receptor z-chain, and antagonism of antigen induced

signals in T cells which have been incubated with recombinant

galectin 1 [65]. Carbohydrate-mediated galectin 1 binding has

been demonstrated, in vitro, to de®ned lymphocyte membrane

glycoproteins including CD45 ref [62], CD2 and CD3 ref [66],

and CD7 ref [67]. The mechanisms of T cell apoptosis induced

by the exogenously added recombinant galectin is not yet

clear, but there is a correlation with the presence of poly-N-

acetyllactosamine sequences in susceptible cell types [68].

Other studies [68a] have implicated immunoregulatory lattice

formations between galectin 3 and glycoproteins with N-

glycans of poly-N-acetyllactosamine type [cf refs 43 and 60].

An important development for the ®eld of carbohydrate

biology was Gilbert Ashwell's discovery of the hepatic

receptors for clearance of glycoproteins [69]. This lead to

the cloning, sequencing and description by Kurt Drickamer

and others of the structural features of a protein module that is

characteristic of a family of calcium-dependent (C-type)

animal lectins [70±73]. These include several proteins of the

innate immune system: the collectins (serum mannan-binding

proteins, pulmonary surfactant proteins, and conglutinin),

leukocyte-endothelium adhesion molecules (E-, L- and P-

selectins), and the macrophage endocytosis receptor. A special

feature of the scrum mannan-binding proteins, on which

detailed structural information is available, is that the ligation

of carbohydrate occurs via co-ordination bonds with a calcium

Figure 3. Capping sequences on oligosaccharides of the Lex and
Lea types referred to in this article.
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ion which is also bound to amino acids in the lectin protein. A

considerable number of proteins with similar lectin-type

modules have been reported. However many of these lack

the amino acids predicted to ligate a calcium ion that could

mediate the carbohydrate binding. These have been referred to

as C-type lectin-like proteins that may not bind carbohydrates

[72,74]. One member of this `atypical' group of proteins does

nevertheless bind to a decasaccharide of hyaluronan [75].

Others bind to glycoproteins in non-glycosylated recombinant

form, although it is considered possible that the carbohydrate

moieties on the natural proteins contribute to binding strength

[76,77]. Binding to sulphated polysaccharides has been

reported for at least three of these proteins [76,78]. There is

indeed a precedent for dual recognition of carbohydrate and

protein among the C-type lectins. As discussed below, both a

sialyl-Lcx glycan and sulphated tyrosine residues contribute to

the strength of binding of P-selectin to the glycoprotein

counter-receptor, PSGL-1 [79]. Further work is required to

identify the ligands of the `atypical' lectin type domains

[80,81].

One of the lectins of the immune system, the macrophage

endocytosis receptor, contains in addition to multiple C-type

lectin modules, a cysteine-rich module, which is a lectin in its

own right. As ®rst shown by Jacques Baenziger, this domain

of the macrophage receptor binds the pituitary hormones,

luteinizing and thyroid stimulating hormones, via their

sulphated carbohydrate chains (40-sulphated at terminal N-

acetylgalactosamine), and is thought to serve as a clearance

receptor for these glycoproteins [82]. In collaboration with

Michel Nussenzweig, we have identi®ed three additional

classes of sulphated oligosaccharides for this domain. These

are chondroitin sulphates A and B (which contain terminal 40-
sulphated N-acetylgalactosamine), sulphated blood group

chains (30-sulphated at terminal galactose) [83], and sulphated

glycolipids (these are also 30-sulphated at terminal galactose)

[84]. The binding is independent of calcium ions. The crystal

structure of the cysteine-rich domain complexed with 40-
sulphated N-acetylgalactosamine, and molecular modelling in

Pamela Bjorkman's group [85] have rationalized the way that

the receptor can accommodate the four classes of oligosac-

charide ligands which are biosynthetically distinct. The

domain, which folds into an approximately three-fold sym-

metric b-trefoil shape resembling ®broblast growth factor,

binds the sulphate in a neutral pocket. The lack of

discrimination between sulphated galactose and sulphated N-

acetylgalactosamine is explained by the absence of contacts

between the N-acetyl group and the protein. In the model, the

30-sulphated galactose can ®t into the binding site without

hindrance. It is predicted moreover that the sugar ring

adjoining the terminal sulphated sugar would not contact the

protein thus explaining the observation that the identity of

the sugar linked to the terminal carbohydrate did not affect the

ability to bind. This is clearly a multifunctional protein domain

which was shown previously to bind to distinct areas of

lymphoid tissues [86]. This binding is via the site for sulphated

carbohydrate [83]. The way is now open to investigate whether

this carbohydrate-binding module is an effector in antigen

capture. Among the questions that I would raise are (a) a

possible role in innate immunity, e.g. endocytosis and

clearance of tumour cells that bear the sulphated carbohydrate

antigens; (b) a possible role in adaptive immunity, e.g. capture

for presentation of sulphated glycoprotein and glycolipid

antigens; and (c) possible involvement in autoimmunity e.g. in

in¯ammatory joint disease with cartilage damage, and in

demyelinating diseases.

Another family of animal lectins which is the subject of

active research is the siglec family which form a distinct group

within the immunoglobulin superfamily, and bind oligosac-

charides with 30 or 60-sialyl termini [87±91]. The ®rst

described member is sialoadhesin of macrophages. Other

members include CD22 of lymphocytes, and myelin asso-

ciated protein of oligodendrocytes.

Principles established in the quest for the ligands of
the selectins

Arguably the most dramatic development for carbohydrate

biology has been the ®nding that the three selectins are

members of the C-type lectin family, with the features

characteristic of calcium ligation [51,92,93]. This develop-

ment, and the knowledge that these adhesion molecules have

critical roles at the initial stages of leukocyte extravasation in

in¯ammation, served to stimulate intense research into their

carbohydrate ligands and counter-receptors [94]. The ®eld

became of biotechnological interest as it is clear to vascular

biologists that ligand analogues which can inhibit the adhesion

mediated by these molecules could be the basis of anti-

in¯ammatory treatments (for some comments see ref [95]).

Initial developments in identifying oligosaccharide ligands

for the selectins occurred rapidly, and by multiple approaches

from different groups, Knowledge that human E- and P-

selectins bind granulocytes and monocytes, served to focus

research on 30-fucosyl-N-acetyllactosamine (Lex), and sialyl-

Lex sequences, which had been shown to be differentiation

antigens of myeloid cells [40,50]. The 30-sialyl-Lex and the

isomeric sequence 30-sialyl-Lea were readily shown to be

recognized by all three selectins [51,93,96]. A picture has

emerged, however, of differences in the binding speci®cities of

the selectins such that variant carbohydrate sequences related

to sialyl-Lea=x, and additional elements on the counter-

reccptors, elicit preferential binding by one or other of these

receptors [97±100]. Carbohydrate ligands identi®ed for E-

selectin, apart from the above-mentioned sialyl sequences on

leukocytes, include the 30-sulpho-Lea and 30sulpho-Lex

sequences (Figure 3) as found on epithelial mucins [52]. The

sulpho-Lea and -Lex are also bound by the L- and P-selectins

[101]. However, other sulphate-containing motifs have been

described on glycoprotein counter-receptors for L- and P-

selectins. These have been shown to be critical elements for

high avidity binding of P-selectin to its major counter-receptor
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PSGL-1, and of L-selectin to the endothelium glycoprotein

GlyCAM-1, sulphate being carried on protein and on

carbohydrate respectively [98,102]. I discuss below, the salient

conclusions thus far concerning the recognition elements for

the three selectins which must be regarded as an interim report,

as there remains much more to be learned about the full

repertoire.

Direct binding experiments [103] with structurally de®ned

oligosaccharide sequences have revealed that the sialyl-Lex

sequence that is modi®ed by 6-O-sulfation at N-acetylgluco-

samine, as found on the G1yCAM-1 [104], rather than 6-O-

sulfation at the outer galactose (see Figure 3 for capping

sequences), is the most potent ligand thus far for L-selectin.

The potency is enhanced if the sialic acid is non-acetylated

[103,105,106]. On PSGL-l, the presence of sulphated tyrosine

residues, in addition to a sialyl-Lex glycan, assembled at the

amino-terminal tip of the counter-receptor, is required for high

avidity binding by P-selectin [107±112]. PSGL-1 is also

bound by L- and E-selectins; for L-selectin binding, but not for

E-selectin, again there appears to be a requirement for both the

sialyl-Lex and the sulphotyrosine [98,111]. Thus, the P- and L-

selectins differ from E-selectin in their recognition of an

amino-acid-associated determinant as well as carbohydrate.

Interactions of L-selectin with several other acidic com-

pounds have been described when these are presented in the

clustered state. These include sulphated galactosyl-ceramides

(sulphatides), sulphated ganglio-series glycolipids, and neo-

glycolipids derived from glycosaminoglycan disaccharides

reviewed in refs [101,113]. P-selectin also binds to these

compounds ([114] and R. A. Childs, unpublished observa-

tions). Here, the position of the sulphate on the sulphatides

[115] and the glycosaminoglycan disaccharides [116] is not

critical. This is in contrast to the requirement for 3-O-

sulphation at terminal galactose of thc Lea=x [117] and the 6-

O-sulphation of the N-acetylglucosamine of the sialyl-Lex

sequence.

The binding of all three selectins to the acidic fuco-

oligosaccharides is calcium-dependent, whereas the L- and P-

selectin binding to the sulfatides and glycosaminoglycans is

less sensitive to calcium chelation [114,116]. P-selectin

binding to the N-terminal sulpho-glycopeptide domain of

PSGL-1, bearing sulphate at tyrosines 46, 48, and 51, is also

calcium-dependent as shown by studies with synthetic

tyrosine-sulphated analogues of this domain [112]. In recent

experiments, we have obtained evidence that there are two

functionally distinct binding sites on P-and L-selectins: one for

the fuco-oligosaccharides, and another for sulpho-tyrosine and

other short sulpho-oligosaccharides (C. Galustian, R. A.

Childs M. Stoll, H. Ishida, M. Kiso and T. Feizi, submitted

for publication). This is in accord with the recent crystal

structure [117a] of a P-selectin PSGL-1 complex. The

possibility of there being two binding sites on a lectin domain

should be kept in mind for other lectin-type proteins, which

clearly bind to particular non-glycosylated proteins but appear

also to have a saccharide-binding property.

Challenges in the quest for bioactive oligosaccharides

The pinpointing of oligosaccharides with bioactivities, identi-

fying the bioactive domains on them, and determining their

chemical structures is a most challenging area of cell biology.

As exempli®ed by antibodies and the selectins the recognition

sequences may be tri-, tetra-, and larger oligosaccharide

sequences; these may be modi®ed, for example by sulphate in

speci®c linkages. Once an oligosaccharide ligand is detected,

there are the `downstream' demands of analyses of mono-

saccharide composition, sequence, linkage and anomeric

con®gurations by enzymatic procedures in combination with

mass spectrometry. When released from protein, oligosacchar-

ides have low af®nities for the recognition proteins, and by

conventional methods, it is exceptional to have suf®cient

puri®ed material for bioactivity and concomitant structure

determination. In the classical studies [2,3], the determination

of the oligosaccharide sequences that constitute the major

blood group antigens could be achieved with what was to

become a `trick of the trade', namely the use of glycoproteins

other than those of blood cells which are rich sources of the

antigens in question, and also the use of free oligosaccharides

of human milk. The glycoproteins (mucins) were derived from

the secreted ¯uids in ovarian cystadenomas of patients of

differing blood group status. Before the days of early

diagnosis, these cysts sometimes grew to very large sizes.

Ovarian cyst mucins were invaluable also in elucidation of the

I and i antigens [11,12], SSEA-1 [31], the carbohydrate

differentiation antigen of human granulocytes, VEP8=9 (this

was identi®ed as Lex, now termed CD 15) [45,46], and other

onco-developmental antigens [40,118]. The work-up of the

oligosaccharides released from the mucins was extremely

labour intensive. Moreover, the amounts of oligosaccharides

required for the assignments were often prohibitive. Large

amounts of oligosaccharides, milligram amounts, would need

to be committed for inhibition of binding studies without a

guarantee of success. This is in contrast to the relatively small

amounts of glycolipids required for inhibition studies as they

can be presented in the clustered state on liposomes [14].

Thus, it was clear that improved technologies were needed

to facilitate and decrease the amounts of glycoprotein glycans

required for assays of their bioactivities, and in particular to be

able to pinpoint bioactive oligosaccharides within the highly

heterogeneous populations typically released from glycopro-

teins. In discussion with Yuan-Chan (Ed) Lee, my colleagues

and I introduced the neoglycolipid (NGL) technology [119]

which was further developed with my colleague Mark Stoll,

and a guest investigator Tsuguo Mizuochi [120], incorporating

also the chromatogram-binding technique [121] that had been

formulated by John Magnani for binding experiments with

natural glycolipids resolved on thin layer chromatograms.

NGLs are probes derived by chemical conjugation of

oligosaccharides to lipid [119]. Much of our work has been

carried out with the aminolipid 1,2-dihexadecyl-sn-glycero-3-

phosphoethanolamine (DHPE) to which oligosaccharides are
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conjugated by reductive amination. The oligosaccharides may

be N- or O-glycans released from glycoproteins or released

from glycolipids, or synthesized chemically [122±124]. As

with natural glycolipids, the hydrophobic lipid enables the

oligosaccharides to be coated onto matrices for solid-phase

binding experiments. Through clustering of the lipid moieties,

the oligosaccharides are presented in an oligomeric state,

which generates the avidities required for readily detectable

binding. NGLs have the advantage that they contain a single

lipid moiety, contrasting with the heterogeneous lipids of

natural glycolipids. Following conjugation, each oligosacchar-

ide remains a discrete entity, rather than a population of

oligosaccharides conjugated to a macromolecular carrier.

Thus, mixtures of NGLs are amenable to resolution by TLC

for binding experiments on chromatograms. NGLs have

excellent ionization property which my colleagues, Alex

Lawson and Wengang Chai, have exploited, and developed a

powerful mass spectrometric strategy, whereby components

resolved on chromatograms and bound components can be

sensitively analyzed, in situ, by liquid secondary ion mass

spectrometry [125,126]. By this means, molecular mass,

monosaccharide sequence, branching pattern and the presence

of other groups such as sulphate or phosphate can be detected

on bioactive oligosaccharide components within mixtures

released from glycoproteins [52,122].

The key feature of the NGL technology is that it enables the

pinpointing of the oligosaccharides containing the recognition

motifs within highly heterogeneous mixtures derived from

natural glycoconjugates. Aliquots of total oligosaccharide

populations (or of sub-populations fractionated on the basis of

charge or size) derived from desired glycoproteins, glycolipids

or whole cells are converted into NGLs, resolved by TLC, and

ligand-bearing oligosaccharides detected by chromatogram-

binding experiments. Thus work can be focussed on

oligosaccharide fractions containing the desired ligand-bearing

components. These are subjected to successive liquid chromato-

graphies, with monitoring of the bioactivities within aliquots

converted into NGLs, until the desired components are

isolated. The technology has been powerful in the elucidation

of oligosaccharide-binding speci®cities of antibodies and

endogenous carbohydrate-binding proteins, and in studies of

thc roles of speci®c oligosaccharides in cell signaling and

microbial adhesion studies and as substrates for glycosyl-

transferases, as reviewed in refs. [123,127±129]. Notable

examples have included the discovery of a unique oligosac-

charide antigen on the adhesive proteoglycan of the sponge,

Microciona prolifera [130], a family of linear and branched

oligosaccharides of the lacto- and neolacto-series capped with

sulphated-Lea and sulphated-Lex sequences which are potent

ligands the selectins [52,131], and assignments of the

sequences of novel O-mannosyl glycans on mammalian brain

glycoproteins [132,133].

A limitation of DHPE, shared with the naturally occurring

ceramides, is that it does not contain a chromophore, and the

derived NGLs have only the UV absorbing property of the

parent oligosaccharide for detection by HPLC. Detection and

quantitation of NGLs has depended on staining for lipid,

hexose or sialic acid residues using primulin, orcinol or

resorcinol, respectively [122]. HPLC of NGLs with UV

detection has not been convenient because of the UV-

absorbing property of the solvents required for separation.

There was a need, therefore, for a new lipid reagent, which

contains a UV-absorbent or ¯uorescent chromophore. This has

now been addressed, and we have introduced a second

generation of NGLs which are ¯uorescent [134]. For this

purpose, DHPE has been modi®ed to incorporate a ¯uorescent

label, anthracene. This new lipid reagent, N-aminoacetyl-N-

(9-anthracenylmethyl)-1,2-dihexadecyl-sn-glycero-3-phos-

phoethanolamine (ADHP), synthesized from anthracenalde-

hyde and DHPE, gives an intense ¯uorescence under UV light.

Fluorescent NGLs derived from a variety of neutral and acidic

oligosaccharides by conjugation to ADHP, by reductive

amination, can be detected and quanti®ed by spectrophoto-

metry and scanning densitometry, and resolved by TLC and

HPLC with sub-picomol detection. Antigenicities of the

ADHP-NGLs are well retained, and picomol levels can be

detected using monoclonal carbohydrate sequence-speci®c

antibodies. Among O-glycans from an ovarian cystadenoma

mucin, isomeric sialyl-Lea- and sialyl-Lex-active sequences,

could be resolved by HPLC as ¯uorescent NGLs, and

sequenced by liquid secondary ion mass spectrometry [134].

Thus the NGL technology now uniquely combines high

sensitivity of immuno-detection with a comparable sensitivity

of chemical detection. Principles are thus established for a

streamlined technology whereby an oligosaccharide popula-

tion is carried through ligand detection and ligand isolation

steps, and sequence determination by mass spectrometry,

enzymatic sequencing and other state-of-the-art carbohydrate

analyses. Our recent studies of an epitope on heparan sulphate

recognized by a monoclonal antibody, which binds to the

earliest lesions in prion disease, indicate that the applications

of the ¯uorescent NGL technology extend to discoveries of

bioactive determinants also on glycosamino-glycans [134a].

Powerful though the NGL technology is for establishing the

carbohydrate-binding properties of antibodies and receptors,

and for pinpointing and sequence determination of the

oligosaccharides bound, this does not necessarily mean that

the oligosaccharides concerned are available for binding on the

natural glycoproteins. A striking example is the in¯uence of

carrier protein on N-glycan recognition by the collectins,

conglutinin and mannan-binding protein, a topic that we have

been pursuing in detail with Dolores Solis and colleagues.

Although the two lectins show qualitatively similar binding

speci®cities toward free high mannose N-glycans and the

NGLs derived from them [135,136], only conglutinin binds to

the Man8±9 N-glycan (at Asn917) on glycoprotein C3b which is

a proteolytically pruned form of the complement glycoprotein

C3 [137]. There is no binding by either lectin to the parent

glycoprotein C3 or to C3c which is a further proteolyzed

fragment of C3 containing the same N-glycan. We have
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observed a similar phenomenon with the glycoprotein RNAse

B, which contains at a single glycosylation site (Asn34), one or

other of ®ve high mannose oligosaccharides (Man59) [137].

On the native glycoprotein, the oligosaccharide is not bound

by the either lectin, whereas binding occurs when the protein is

reduced and denatured. Thus the protein moieties of these

glycoproteins exert pronounced effects on the presentation of

the oligosaccharides thereby modulating recognition by the

lectins. We have pursued the model system afforded by the

isolated RNAase B Man8 glycoform [138,139]. NMR analyses

reveal that the three-dimensional structure of the protein

moiety is essentially identical to that of non-glycosylated

RNAse (RNAase A). Thus there are no perceptible differences

between the RNAse protein forms that could account for the

differential availability of the N-glycan for conglutinin

binding. After reduction and denaturation, the NMR spectrum

becomes typical of a non-structured polypeptide, although the

conformational preferences of the N-glycosidic linkage are

unchanged, and the oligosaccharide retains the average

conformational behavior of the free oligosaccharide irrespec-

tive of the protein fold. This conformational freedom is clearly

not translated into full availability of the oligosaccharide for

the carbohydrate recognition protein. We propose therefore

that the differing availability of the glycan is a re¯ection of the

existence of different geometries of presentation of the

carbohydrate determinant within the glycan:protein ensemble

[138].

Concluding remarks

The ®eld of carbohydrate biology, now widely referred to as

glycobiology, is well launched, and is all the better for having

the close involvement of molecular biologists and genome

scientists. Discoveries of novel families of animal lectins can

be anticipated, and continued advances in the frontiers of

knowledge in the biosynthesis of oligosaccharides that they

recognize [140]. An increased momentum is anticipated in

knowledge of the bioactivities of glycosaminoglycan se-

quences as modulators of the activities of cytokines,

chemokines, growth factors, and of their receptors and as

sensors in developmental processes [141,142]. The involve-

ment of oligosaccharides, including the glycosaminoglycans in

microbe±host interactions [141,143], and the increasing

knowledge on microbe-speci®c pathways of surface carbohy-

drate synthesis and microbial lectins that mediate host-cell

attachment, raise interesting possibilities of carbohydrate-

based anti-microbial therapeutics [144].

The molecular biology of glycosyltransferases and other

carbohydrate modifying enzymes is providing important

information on substituents that are of key importance in

oligosaccharide recognition [145,146a]. Nevertheless, ligand

discovery for known and emerging families of carbohydrate-

recognizing receptors is likely to remain a challenging exercise

in the post-genome era, largely because oligosaccharides

cannot be cloned! I believe that there remains a need for

further developments of technologies for generating oligosac-

charide probes that can be readily resolved, probed and

sequenced. Ideally, the core monosaccharide ring should be

preserved in the new probes, and glycopeptide probes should

be developed that incorporate the amino acids ¯anking the

oligosaccharides on glycoproteins. Synthetic carbohydrate

chemistry will, as ever, remain a staunch ally of carbohydrate

biology, providing large quantities of de®ned oligosaccharide

sequences essential for corroborating speci®city [147,148],

and even providing clues to hitherto unsuspected, natural

modi®cations of saccharide ligands that occur in the course of

cell regulation [105].
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