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Several recently discovered mammalian cell adhesion proteins recognize

and bind to sialic acid-containing ligands. Reports concerning the molecular

specificities of these interactions have been intriguing but somewhat

confusing, partly because of pitfalls in methodology or interpretation.

Nevertheless, these protein—carbohydrate recognition phenomena are

important in the normal biology of blood cells and in the pathophysiology
of many diseases.
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Introduction

It has long been believed by glycobiologists that the spe-
cific types of sugar chains found on mammalian cell sur-
faces must be involved in specific cell-cell interactions.
Until recently, such recognition was reported mainly be-
tween mammalian oligosaccharides and noxious agents
such as viruses, bacteria and toxins. These interactions
are usually not for the benefit of the mammalian organ-
ism.

Sialic acids are usually the outermost sugars on mam-
malian cell surfaces. As such, they can specihcally or
non-specifically repel cell—cell interactions because of
their negative charge. In contrast, several recently discov-
ered adhesion proteins specifically recognize and bind
to sugar chains with sialic acids as critical components.
Many excellent reviews have been published concerning
the best studied group of sialic acid-binding lectins, the
selecting, and are not referred to here because of bibli-
ography size limits. This brief review focuses only upon
some recent progress in this area. Particular attention is
given to the sialvloligosaccharide ligands for the selectins,
the pitfalls in studving them, and the multi-step nature of
the cell—cell interactions in which selecting are involved.
The reader is referred to the original literature cited for
details about these and other related studies,

Structure and nomenclature

The cloning of three independently discovered adhesion
proteins uncovered a common sequence motif (Fig. 1)
[1-5,6*]. The amino-terminal lectin-like domains of each
predicted that they would recognize specific carbohy-
drates, and this has indeed turned out to be the case.
Given the convergent nature of this field, there are many
different names for these proteins (Table 1). Recently,
a consensus nomenclature was reached for the three

homologous molecules, which are now called the se-
lectins [7¢¢].

The CD22p lectin [8¢,9¢] and Factor H of the alternate
complement pathway [10] also recognize sialylated lig-
ands, but bear no obvious homology to one another, nor
to any of the selectins. With the other known sialic acid-
binding lectins (the macrophage sialoadhesin [11¢,12¢],
the ganglioside-binding protein [13*¢] and the placental
lectin [14]), no primary sequence information is yet avail-
able. Each stand on their own at present, and bear names
assigned by their discoverers. Some general features of
each of these lecting are summarized in Table 1 and
Fig. 2.

Selectins and their oligosaccharide ligands:
biosynthesis and structure—function
relationships

Because sialic acids themselves are widespread, the spe-
cific binding of these lectins must involve additional feu-

tures of the underlying oligosaccharide structure. In the

past wo years, there have been a steady stream of papers
concerning the oligosaccharide ligands recognized by the
selectin family [15—6]. The declarative titles of some of
these articles might lead one to believe that final answers
have been found. However, upon further reading even an
afficionado of oligosaccharide structure will admit to be-
wilderment at the plethora of information and opinions
concerning this issue. For example, published opinions
range from the suggestion that the simple tetrasaccharide
sialyl-LewisX (see Fig. 3) is both necessary and sufficient
for biologically relevant binding of the E- and P-selectins,
1o those that indicate requirements for much more com-
plex recognition motifs. At least some of the confusion
may arise from assuming that the well recognized princi-
ples of protein—protein interactions can be extrapolated
directly to oligosaccharide-protein binding.

Abbreviations
CHO-- Chinese hamster ovary; IFCAM— intracellular adhesion molecule.
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Fig. 1. The selectin family of cell adhesion proteins showing the common sequence motifs (a). The cell types that express the selectins
under resting and/or stimulated states are also shown (b). The general nature of the oligosaccharides known to be involved in receptor-
binding are indicated: & , sialylated fucosylated oligosaccharides (attached to ?); & , sialylated fucosylated oligosaccharides (attached to
?; ¥, sialylated (sulphated? fucosylated?) oligosaccharides (attached to ?). CRD, carbohydrate-recognition domain; ECF, epidermal growth
factor.

Table 1. The sialic-acid-binding mammalian lectins.

CD22B

Sialoadhesin
(SER, SAR)

H protein of
the alternate
complement
pathway

Ganglioside-
binding protein

Human placental
lectin

B cells

Bone marrow and
lymph node
macrophages

Soluble in
circulating plasma

Membrane-associated
in myelin sheaths?

2Soluble in matrix

Certain T cells,
activated B cells

Immature myeloid
cells, lymphoid
cells?

‘Non-activating’
cell surfaces

Neuronal cells?

Placental cells?

on a specific myeloid glycoprotein)

Sialic acids on CD45RO,
sialic acids of CD-75,
22-6-linked sialic acids

Sialic acids on O-linked
oligosaccharides or gangliosides
Siaa2-3Galp1-3GalNAc1-R

Sialic acids on a variety of
glycoconjugates (proper binding
requires the glycerol-like side-chain
of sialic acids?)

Sialic acids on neural gangliosides
Sialic acids on gangliosides or

glycoproteins (preference for
O-acetylated sialic acids)

Receptor Location of Location of Structural features

{synonyms) the receptor the ligand necessary for binding Proposed functions

L-selectin Lymphocytes, Endothelial cells Sialic acid(s), Lymphocyte recirculation into
(MEL-14 Ag, neutrophils, (constitutive or fucose residues?, lymph nodes.
8PIOMEL, LAM-1, monocytes, stimulated sulfate esters?, Neutrophil ‘rolling’ prior to
Leus, 1y22, easinophils expression) phosphate esters®, extravasation?
TQ1, DREC.56) fon a specific glycoprotein?)

E-selectin Activated or Neutrophils, Sialylated fucosylated lactosamine Neutrophil adhesion to activated
(ELAM-1) chronically monocytes and chains including endothelium. Entry of certain

inflamed certain lymphocytes sialyl-Lewis* and sialyl-Lewis? lymphocyte subsets into inflamed
endothelial cells (on glycolipids or glycoproteins?) areas

P-selectin Platelets, Neutrophils, Sialylated fucosylated lactosamine Neutrophil adhesion to activated
{GMP-140, endothelial cells monocytes and certain chains, including platelets and endothelium.
PADGEM, CD62) {stored in granules) lymphocytes sialyl-Lewis* and sialyl-Lewis? ‘Rolling’ of neutrophils prior to

extravasation ?

Facilitates interactions between
lymphacytes during response
to antigens?

Facilitates role of macrophages in
supporting development of
hematopoeitic cells?
facilitates continued access of the H

protein to C3b on cell surfaces,
preventing amplification

Organization of myelin®?

Unknown
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Fig. 2. Mammalian sialic acid-binding proteins other than the selectins. The cell types or tissues known to carry the receptors and the
ligands are shown. Details of the minimal ligand structure recognized for each case are not shown. W, sialic acid.

Lessons from the past about lectins

Past studies of plant and animal lectins have shown
some distinctive features of protein—oligosaccharide in-
teractions. First, defining the binding specificity of a lectin
in terms of the simplest monosaccharide or oligosaccha-
ride recognized is useful (e.g. MGP receptors recognize
mannose-6-phosphate). However, the biologically rele-
vant ligands tend to be much more complex (mannose-6-
phosphate has an association constant in the micromolar
range for the M6P receptors). Thus, the identification of
sialylated fucosylated lactosaminoglycans (such as sialyl-
LewisX) as ligands for the selectins may represent only a
first step in the right direction.

Second, multivalency is the rule rather than the exception
in lectin binding and can involve multiple branches of
a single oligosaccharide, multiple oligosaccharides on a
single macromolecule, or multiple oligosaccharides on
multiple macromolecules. This gives rise to a spectrum
of possible interactions, ranging from trivial to very high-
affinity binding. Which of these is biologically relevant
may well depend upon the situation under consideration.

Third, the precise conditions used to study the interac-
tions (time, temperature, shear force, etc.) can greatly
affect lectin-binding, and hence the interpretation of its
significance.

Fourth, apparently unrelated oligosaccharides can inhibit
the same lectin-like interactions because some aspects of
their structure in free solution mimic one another.

What do saccharide inhibition studies tell us?

Although inhibition studies with defined oligosaccharides
are very useful, they must be interpreted with caution.
The plethora of saccharides that inhibit L-selectin binding
are a case in point. On the one hand, they do reinforce
the notion that carbohydrates are critical in the inter-
action. On the other hand, if interpreted liberally, they
could lead to the conclusion that the natural ligand must
conuin fucose-3-sulfate, mannose-6-phosphate, a-linked
sialic acids and ceramide-linked galactose-3-sulfate. Some
of these may well turn out to be present in the native lig-
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Fig. 3. Some sialyl-oligosaccharides recognized by the sialic acid-binding proteins. The minimal terminal sequences known to be recog-
nized by various sialic-acid binding mammalian lectins are shown in the boxed area. C, CD22B; E, E-selectin; L, L-selectin; P, P-selectin;
S, sialoadhesin. The immediate biosynthetic precursor structures of each are indicated, along with a few of the possible alternative
biosynthetic pathways. Fuc, fucose; Gal, galactose; GalNAc, N-acetylgalactosamine; GIcNAC, N-acetylglucosamine; R, core sugar chain,

Sia, sialic acid.

and, but others are probably acting as structural mimics
in the inhibition experiments. However, recent evidence
does suggest that sulfated oligosaccharides may be rec-
ognized by selectins with a calcium-independent binding
site, separate from that which recognizes the sialylated
ligands [47,48¢]. If so, exploring the natural ligands for
these receptors will be even more complicated.

Difficuities in using antibodies against carbohydrates

The exquisite specificities of monoclonal antibodies have
been used successfully to study the importance of par-
ticular regions of polypeptides in cell-cell interactions.
However, this approach is less useful with ant-carbohy-
drate antibodies. Most such antibodies are IgMs, and by
sheer size are likely to block much more than just their
cognate ligands. Further, the widespread distribution of
the cognate oligosaccharide antigens on surface proteins
and lipids can result in a very high surface density of the
applied antibody. Thus, controls that result in a similar
surface density of class-matched antibodies are required.

High densities can obscure ligand specificity

Purified receptors or ligands in immobilized form (eg.
on plastic surfaces) have allowed identification of many
biologically important binding reactions. Likewise, trans-
ient transfection experiments can provide high levels of
specific receptors expressed on COS cells. These two
approaches have even been elegantly combined by over-
laying COS cells overexpressing a selectin onto purified
glycolipids on thin-layer chromatography plates. How-

ever, it is somewhat difficult to use data from such ex-
periments to predict the precise nature of the biologi-
callv relevant ligand. This is because unnaturally high
densities of the receptor and/or ligand are likely to be
present. Thus, mutant or transfected Chinese hamster
ovary {(CHO) cells expressing high levels of sialvlated
fucosylated lactosaminoglycans bind quite well to plastic
surfaces coated with the P-selectin, and also to COS cells
over-expressing this receptor. This whole-cell binding is
indistinguishable from that of neutrophils or HL-60 cells
carrying the biologically relevant natural ligand for the
selectin. However, direct binding studies indicate that the
CHO cells simply have very high levels of low-aftinity
non-saturable binding sites, whereas the mveloid cells
have high-affinity, saturable binding sites. In fact, the latter
account for only a very small portion of the sialvlated
oligosaccharides on the myeloid cell surface, and may be
present on a single glycoprotein (Moore KL, Stultz NL,
Smith DL, Cummings RC, Varki A, McEver RP: Blood 1991
[abstract], 78:108a). The challenge then is to discover the
precise structure of such high-affinity ligand(s) for each
selectin.

Inhibition studies with glycolipids

Inhibition of lectin-binding by pure glycolipids has also
been used to define the nature of the cognate oligosac-
charide ligands. Dramatic differences in the inhibitory ca-
pacity of various structures are seen, and apparent in-
hibition constants in the nanomolar range suggest that
certain sugar sequences are both necessary and sufficient
for biologically relevant binding. However, pure sialylated
glycolipids (gangliosides) have very low critical micellar
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concentrations and hence usually exist as micelles. This
results in a high-density, functionally multivalent presen-
tation of the oligosaccharide ligand. In the natural situa-
tion, however, gangliosides usually represent only a small
percentage of the total cell-surface lipid, and thus could
not easily present themselves at such high densities. On
the other hand, it must be admitted that domain forma-
tion or clustering of gangliosides could occur in special-
ized areas of a cell surface.

Using glycosidases on intact cells

Treating cells with glycosidases is a useful way to ex-
plore the specificities of lectin-binding. However, many
commercially available glycosidases contain traces of pro-
teases and other glycosidases. This is not usually of con-
cern when they are used to sequence pure oligosaccha-
rides, because small amounts can be used for short peri-
ods of time and the consequences can be determined di-
rectly by chemical analysis. However, extensively remov-
ing a specific type of sugar from a complex cell-surface
‘glycocalyx’ is virtually impossible, even using large quan-
tities of enzymes and/or extended incubation periods.
This is like trying to eradicate a specific type of plant from
the Amazon jungle using a squadron of helicopters with
flame throwers. The mission is likely to be only partially
successful and some collateral damage can be expected.
Additionally, certain sialidase preparations (e.g. the a2-3-
specific sialidase from New Castle Disease virus) consist
of entire virions, and steric hindrance to enzyme action
on cell surfaces is of even more concern. Furthermore,
such preparations also have a hemagglutinating activity,
which could result in spurious cell—cell adhesion. In spite
of these problems, sialidases have played a useful role in
exploring the binding of most of the lectins discussed
here. One way to improve specificity is to carry out a
control experiment in which a specific sialidase inhibitor
is added. However, this requires careful titration of the
concentrations of the enzyme and the inhibitor.

Generating specificity from common structures
Although sialylated, fucosylated lactosaminoglycans are
found in abundance on the cells recognized by the se-
lectins [49+,50¢], they are also found on many other cell
types and secreted proteins. How can such a relatively
common structural motif be used to make specific lig-
ands for the selectins? One explanation is that physical
barriers limit their availability; e.g. the oligosaccharides
found on many epithelial glycoproteins would not be en-
countered by the intra-vascularly expressed selectins, ex-
cept in pathological circumstances such as cancer. How-
ever, it is more likely that specificity might be provided
by defined spacing and/or presentations of the relevant
oligosaccharides on specific protein carriers. It is also
possible that portions of a relevant glycoprotein carrier
might serve as direct contact points for enhancing the
specificity of binding. Finally, it is possible that a com-
mon oligosaccharide structure could become more spe-
cialized (e.g. by sulfation, or modifications of the sialic
acids).

Sialic acids: a diverse family

Most studies equate ‘sialic acid’ with the common sugar
N-acetyl-neuraminic acid. The sialic acids are actually a
diverse family of acidic sugars, which have in common
only a nine-carbon backbone and an a-linkage. This di-
versity is largely ignored in studies of sialyloligosaccha-
rides, primarily for technical reasons. However, there are
clear examples where specific types of the sialic acids
can mediate specific binding phenomena (see [51] for
review). Thus, it is possible that the binding specificities
of some of these sialic-binding proteins could be deter-
mined, modulated or diversified by changes in the type
of sialic acid in the natural ligands.

Studies of cell—cell interactions in vitro and in
vivo

Many studies of cell—cell interactions involving the se-
lectins have been published recently [52-85] and cannot
be described individually here. However, some general
principles that emerge are discussed below.

Measuring adhesion: the importance of motion

Until recently, most assays for adhesion were performed
in static systems. However, blood cells normally experi-
ence substantial shear forces in the vasculature. Under
such conditions, the differences in on—off rates between
lectin-like interactions and protein—protein interactions
may be particularly important. Thus, although integrin-
mediated adhesion plays a prominent role in static assays
(particularly at physiological temperatures and even more
so if the cells have been activated), the contributions
of lectins are harder to detect under such conditions.
Upon introducing a shear force (e.g. rocking, flow con-
ditions), the multiple contributions of different adhesion
molecules can be detected more specifically. However,
in any such studies, interference with any one of the in-
volved systems can result in complete loss of adhesion.
Consider a rock-climber on a sheer cliff face, buffeted by
strong winds. Each and every one of the climber’s holds
are critical and detachment of even one would be fatal.

Multiple steps and combinatorial possibilities

Although in vitro assays can be engineered to empha-
size the contributions of single ligand—receptor pairs, the
natural process by which a leukocyte passes through
an endothelial barrier involves many interactive mecha-
nisms. Current published data suggest that multiple se-
quential steps occur in leucocyte—endothelium interac-
tions. Different combinations of these steps could ac-
count for the generation of specificity using a limited
set of receptor-ligand and cytokine—receptor pairs. For
example, current literature suggests that the following
steps occur in acute neutrophil extravasation from the
circulation: (i) activation of the endothelium and/or neu-
trophil by an exogenous agent; (ii) rapid expression of
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the P-selectin on the activated endothelial surface; (iii)
expression of an as yet unknown L-selectin ligand on
the activated endothelium; (iv) an unexplained improve-
ment in the binding affinity of the neutrophil L-selectin;
(v) ‘rolling’ of the neutrophil on the endothelium, medi-
ated by either or both of these selectin interactions; (vi)
shedding of the L-selectin from the neutrophil surface;
(vii) delivery of ‘juxtacrine’ signals between the endo-
thelium and the neutrophil (e.g. platelet-activating factor,
interleukin-8); (viii) an unexplained improvement in the
binding affinity of the neutrophil integrins for endothelial
intracellular adhesion molecule (I-CAM); (ix) arrest of
the neutrophil on the endothelium; (x) recruitment of
more integrin receptors to the neutrophil cell surface;
(xi) new synthesis of E-selectin and I-CAM molecules
by the endothelium, enhancing the binding of the neu-
trophils; and (xii) neutrophil spreading and invasion.

Which of these events actually occur in a given situation,
in precisely what order, and how much they each con-
tribute probably depends upon the inciting stimulus, the
specific cell types involved and the overall setting.

Neutrophil extravasation can be harmful

In the normal animal, neutrophils constantly exit the cir-
culation and destroy invading microorganisms. In active
infections this process is accelerated and serves a vital
role in the survival of the host. However, in many patho-
logical states (including some induced by man-made ma-
nipulations), this process proceeds unchecked, result-
ing in unwanted tissue injury by the neutrophil. Because
the selectins appear to be involved at an early phase
of this extravasation, the possibility of blocking or at-
tenuating these pathological processes has raised great
excitement among biologists, synthetic chemists, pathol-
ogists, clinicians, biotechnologists and investors. In this
regard, recent published studies in animal systems have
been very promising [54¢,66°,80°*81], providing strong
grounds for such optimism.

Conclusions and future prospects

The excitement in the field of selectins is palpable, and
with numerous academic laboratories and biotechnology
companies jumping into the fray, progress will continue
to be fast and furious. In fact, this review will no longer
be ‘current’ by the time it is published. However, as with
uncontrolled and excessively rapid DNA replication, the
error rate is likely to continue to be high. Fortunately,
the inevitable self-correcting mechanisms of science will
come into play, and when the dust settles, the major is-
sues should be resolved. Action in the following areas is
likely to continue.

From the biologists point of view, it seems critical to first
elucidate the exact nature of the natural ligand for these
receptors. However, biotechnology companies will con-
tinue to generate synthetic ligands for the selectins, which
could be used as soluble inhibitors in the whole ani-

mal. From the strictly pharmacotherapeutic point of view,
what may be sufficient is a compound with favourable
pharmacology that will effectively inhibit the interaction.
How closely such a compound is related to the natural
ligand is of interest, but is not immediately critical.

The role of the selectins in leucocyte traffic is clear in
acute inflammatory situations, and evidence for their role
in chronic inflammatory states has been forthcoming. Be-
cause the half-life of some cells (e.g. the neutrophil) is
very short even under normal circumstances, the ques-
tion arises of whether the same mechanisms are opera-
tional in regulating normal neutrophil traffic.

The mechanisms for temporal and spatial regulation of
expression of these receptors await further exploration.
In the case of their cognate oligosaccharide ligands, the
regulation of the relevant glycosyltransferases and the
protein scaffolds that carry the sugars requires investiga-
tion.

Because the cytoplasmic tails of the selectin molecules
are highly conserved, they could be involved in delivering
signals upon binding. If the selectin ligands indeed turn
out to be carried by specific proteins, it is also possible
that these molecules deliver signals to the cells carrying
them.

With the limited number of receptor-ligands for blood
cells and endothelia described so far, it is hard to ex-
plain the extent of specificity seen in leucocyte hom-
ing to specific tissues, under specific conditions. Various
combinatorial possibilities between the multiple steps in
leucocyte—endothelium interaction could be responsible
for generating a range of distinct interaction sets. This
may explain the many different types of leucocyte homing
that can occur, using a few ligand-receptor pairs, and a
few juxtacrine signals. Exploration of such combinatorial
possibilities is likely to continue.

Of the receptors described in this review, some were
initially identified as lectins, primarily on the basis of their
amino acid sequence. It is safe to predict that more such
‘reverse glycobiology' [86] will occur, and that the family
of sialic acid-binding proteins will expand. If this hap-
pens, defining the fine specificities of the sialyloligosac-
charide ligands for each receptor will become even more
important.
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