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An overview of the multivalent requirements of the ligands and the receptors in the general class of carbohydrate-
protein interactions is presented. The discovery that multivalent, clustered patches of carbohydrate ligands are required
to initiate a highly avid interactions with proteins has led to a series of studies, aimed to unravel the mechanisms
of carbohydrate-protein interactions. Synthetic glycoconjugates with clustered sugar ligands have been and continue
to contribute in a significant manner to realize finer details of these interactions. Successful among synthetic
glycoconjugates are the multivalent and polyvalent sugar clusters based on different types of proteins, polymers
and small molecular scaffolds. The extent of clustering of the ligands, their spatial and topological orientations and
the nature of underlying scaffolds are few pertinent issues that have been addressed partly so far to account
carbohydrate-protein interactions in general. Although an unified rationalization is yet to be achieved, few mechanisms
have been established that help to understand molecular level details of these interactions. Various aspects of synthetic
multivalent cluster glycosides, mechanisms of their interactions with lectins and the generally adopted methods of

study are presented in this review.
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‘1 Introduction

Carbohydrate-protein interactions are essential in
order to initiate several biological and cellular
recognition events. The realization of the
involvement of carbohydrates to mediate important
cellular signaling events is becoming increasingly
obvious and many biological functions are linked
critically on the carbohydrate-protein interactions
being the initial step of a cascade of events.
Developments on understanding the functional roles
of carbohydrates have been phenomenal in the past
two decades and these developments have
overshadowed largely the perception of the nature

of carbohydrates as being more relevant to their -~

structural and energy storage roles alone. As a
functional entity, carbohydrates present themselves
primarily in the form of either a glycoprotein or
glycolipid or a proteoglycan. It is now well
recognized that oligosaccharide portions present in
one of the above conjugate forms and their
concomitant interaction with proteins are responsible
for a wide range of biological aberrations. Initial
recognition events between the host cell surface
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bound oligosaccharide components with protein
receptors are necessary, for example, on infectivity
arising from a variety of viral, parasitic and bacterial
pathogens'.

Carbohydrate binding proteins are referred
generally as lectins. Lectins are found widely in
animal, microbes and plants®’. Lectins exist as
aggregates of dimers, trimers and higher order
aggregates and the nature of aggregates is dependent
on the pH, solution conditions and the environment.
Lectins, as opposed to enzymes, are devoid of any
catalytic or functional activities. However, lectins.
are exceptionally specific to the constitutional and
configurational nature of the sugar ligand with
which they interact. The first line of enquiry on the
mechanism of lectin-sugar interactions arise from
lectins existing in the aggregate form, upon
interacting with the sugar ligands, even while the
lectin may exist in the monomeric form before
interacting with the sugar ligand®. Thus, at the
outset, it might appear that a mass action driven
process would favour this particular class of
biological macromolecular interaction. Pertaining
to their interaction with sugar ligands, it is
predominantly the hydrogen bonding interactions
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that stabilizes the complex. Such hydrogen bonding
interactions essentially arise from the sugar hydroxyl
groups and polar side chains of the lectin receptor
site*. Such hydroxyl group mediated hydrogen
bonding with polar side chains of the receptor site
would already exist even in the absence of sugar
hydroxyl groups, through the utilization of hydroxyl
groups of the surrounding water molecules. Thus,
it would become pertinent qualitatively to realize
that a mass action of the sugar ligand at the receptor
site would equally be preferred in order to stabilize
the ligand — receptor complex. In effect, it has
become fully evident now that the sugar ligands
present themselves in multiple copies and as mosaics
or patches at the cell surface for their optimal and
highly avid interactions with the lectin receptor
site’. Understanding the nature carbohydrate-protein
interactions has thus interposed with not only the
aggregate state of the lectins, but also by the presence
of clusters of the sugar ligands in order to achieve
the stability for the sugar-lectin complex. It is noticed
further that the monomeric ligand-receptor complex
is rather low in binding strengths or binding affinities
and the enhancement of the binding strengths in
the ligand-receptor complex required for a
meaningful biological functions is achieved through
interaction of multiple copies of the ligand at the
receptor existing in a oligomeric state. Thus, a
query relating as to how a weakly interacting sugar
— ligand complex could still mediate biologically
significant functions, with high specificities, could
partly be accounted for by the presence of clusters
of the sugar ligands taking part during interactions
with the lectins®. Avidity is a term used prominently
for this type of interaction, i.e. enhancement of
functional affinity attained through multiple
interactions between the binding partoers.
Achieving higher avidities has become a paradigm
in studies relating to carbohydrate-protein
interactions in the last over two decades. Many
significant developments in the experimental
approaches and analytical techniques have
contributed to unravel intricate mechanisms of
carbohydrate-protein interactions. A brief summary
of important developments in studies directed
towards understanding the nature of carbohydrate-
protein interactions is presented in this review article.

2 Multivalent Cluster Glycosides

It was recognized early on that the involvement of
synthetic or semisynthetic sugar ligands would be

desirable in efforts to understand the carbohydrate-
protein interactions. The underlying basis was that
the inner oligosaccharide portions of a naturally
occurring glycoprotein or glycolipid would only
have a structural role’. Those sugar residues at the
non-reducing termini and at the surface of the
oligosaccharide portion were more important for
the functional roles of the glycoconjugate. This
knowledge further strengthens the in vitro studies,
since it would be more difficult to isolate native
oligosaccharide components from the natural sources
with the required levels of homogeneities. Thus,
modifications of the carbohydrate ligands have and
continue to benefit studies of probing the binding
site characteristics pertaining to this class of ligand-
receptor complexes.

2.1 Neoglycoproteins

The realization of the modification of the sugar
ligands was a hall-mark and early seminal
contributions of Lee and co-workers® involving
ligand modification approach set a series of studies
to be followed to unravel the mechanisms of
carbohydrate-protein interactions®. Upon
recognizing that clustered sugar ligands are essential
for achieving highly avid interactions, modified
sugar ligands were also constructed in a clustered
fashion. An experimental proof of the ‘glycoside
cluster effect” was the demonstration by Lee and
co-workers, of tight binding affinities, as measured
by concentration required for 50% inhibition (IC,),
by di- and trivalent N-acetylgalactosamine (Gal-
Nac)-containing cluster glycosides, in comparison
to the monovalent sugar ligand, to inhibit the binding
of a reference compound to the target lectin® ®.
Examples of the mono- (1), di- (2) and trivalent
sugar (3) ligands are presented in Fig 1. For inhibiting
the binding of a '*I-labeled asialoorosomucoid to
the hepatic lectin, the concentration of the inhibitory
ligands required, ie. IC  values, were 100 nm, 3
nm and 0.2 nm, for 1, 2 and 3, respectively. These
results clearly demonstrated the effect of clustering
the sugar ligands on the scaffold, leading essentially
to the enhancement of the binding potencies.

Multivalent or oligovalent or polyvalent have
become common terms to represent the desired
cluster sugar ligands. Multivalent sugar ligands
could be classified to those glycoclusters that are
supported on protein-derived scaffolds. Synthetic
glycoclusters on chosen protein carriers are also
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Fig. 1 GalNAc-containing mono- (1), di- (2) and trivalent (3) ligands®

referred to as ‘neoglycoprotein’. The term
oligovalent sugar ligands are more appropriate to
those glycoclusters having small molecular
scaffolds. The terms ‘multivalent’ or ‘oligovalent’
are however not rigidly defined. Polyvalent
glycoclusters are most commonly used for those
that are supported on synthetic polymers'. These
terms further leads to terms such as ‘multivalency’
and ‘polyvalency’, in order to explain the observed
effects arising from the appropriate glycoclusters.
Early studies involving neoglycoproteins have, to
a large extent, established the ‘glycoside cluster
effect’, i.e. the benefit of enhancing the binding
potencies as a result of presenting multiple copies
of the sugar ligand during lectin interaction®. The
glycoside cluster effect was also observable with
branched oligosaccharides, wherein the active sugar

?ONH(CHZ)G-OLac
CH,
HoN—CH-CONH(CH,)s-O-Lac

components were placed at the non-reducing termini
of the branched sugars'!. Important issues to observe
the enhanced binding affinities were the relative
orientations and the distances existing between the
individual sugar wunits. Thus, multivalent
glycoclusters in which linkers were used to increase
distance between the sugar units were found to offer
better binding potencies than the glycoclusters
having closely placed sugar units. For example, the
effect of intersugar distances was demonstrated
elegantly in the case of tris-glycosylated trivalent
glycoclusters intercepted with or without linking
units between the sugar ligands (Fig. 2) % The
strategy of multivalent presentation was studied in
vivo, providing credibility further to multivalency
in ligand design. In vivo studies involving a
multivalent Lacto-N-fucopentaose — lysyllysine
OH
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Fig. 2 Examples of GlcNAc and Lac-containing bi- and trivalent structures'®
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conjugate (Fig. 3) had shown inhibiting effects on
compaction of the early mouse embryo, whereas
the corresponding monovalent ligand was
ineffective. Multivalent f-lactosyl glycoclusters
on lysyl-lysine scaffold was also tested in vivo as
potential inhibitors of tumor metastasis™.
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Fig. 3 Molecular structure of multivalent Lacto-N-fucopentaose-
lysyllysine conjugate used to study in vivo decompaction
of early mouse embryos”

2.2 Polyvalent Cluater Glycosides

As mentioned before, multiplication of the
ligands are not sufficient to provide enhanced
binding affinities of the ligands to the receptor sites.
Intersugar distances in a multivalent ligand,
orientation of the ligands at the receptor site and
underlying constitutional nature of the scaffold are
some of the determinants that contribute to the tight
binding by multivalent sugar ligands. Following the
utility of proteins as a carrier of multivalent ligands,
synthetic polymers were exploited to generate, in
these cases, polyvalent ligands. Polyvalent ligands
as effective inhibitors of influenza viral infection
were explored®”. Infection caused by influenza virus
is initiated by the binding of the viral protein
hemagglutinin, in this trimeric form, to cell-surface
bound glycoprotein and glycolipids that terminate
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in sialic acid residue. Because of weak binding
affinity of monomeric sialoside ligand to the protein,
with K values being >2mM, it was presumed that
many trimeric hemaggutinins bind many sialoside
ligands, in order to achieve tight binding and
initiation of the infectivity. In early studies, side
chain N-acetyl neuraminic acid (NeuS5Ac)
functionalized polyacrylates were reported (Fig.
4)'® and polyacrylates bearing 10 mol% of the
NeuSAc was shown to be 3 orders of magnitude
more potent than the monovalent sugar ligand®s.
Simultaneous reports on other types of polyvalent
sialosides, especially bivalent sialosides, have
established further the polyvalent effect in inhibiting
viral particle attachment to erythrocytes'’. A bivalent
sialoside having a more rigid oligoglycine based
linker offer 100-fold more inhibitory potency than
the monomeric sialoside ligand alone (Fig. 5). The
enhanced inhibition potential was accounted due
to reduced flexibility of the linker and the
concomitant reduction in the loss of conformational
entropy upon binding to the receptor. The bivalent
sialoside ligands were also rationalized to bind, in
a bidentate fashion, to two different hemagglutinin
trimers. Important characteristics of polymer based
polyvalent glycoclusters are that (i) the effective
loading of the sugar can be controlled either by co-
polymerization of monomers with and without the
sugar unit or by attachment of a defined amount
of sugar to a preformed polymer and (ii) it is
possible to generate an effective molecular volume
of the polymer as a means to evolve a steric control,
during the lectin interaction, through a choice of
molecular weights possible for polymers.
Expectations from polymer based polyvalent
glycoclusters were that (i) the polyvalent presentation
of the sugar ligand will provide the anticipated
enhancement of binding potencies; (ii) there could
be a surface coverage of the receptor by the large

Fig. 4 Examples of polyvalent sialosides' '
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Fig. 5 Structure of a bivalent sialosides with oligoglycine linker".

polymer macromolecule and (iii) only one sugar
ligand attached to a polymer would exhibit much
lesser binding potency than several ligands attached
to the same polymer. Systematic studies by
Whitesides and co-workers on polyvalent sialic
acid containing polymers (Fig. 6)'* ¥ showed that
the above expectations could be fulfilled by
polymeric cluster glycosides. It was shown further
that it was not required to have a very large number
of sugar ligands on the polymer backbone'. Rather,
relatively small number of sugar ligands is sufficient
to provide large enhancements in the binding
potencies of the sugar ligands to the receptor. While
steric stabilization between the large receptor surface
and the polyvalent ligand is a source of enhancement
of binding potencies, absence or inability to control
the ligand presentation in a proper orientation in
.polymeric cluster glycosides is a serious limitation
pertaining to these polyvalent cluster glycosides.
Ease of synthesis, ability to have varied sizes of
polymers and a variety of monomers available for
polymerization are some of the advantages with the
polyvalent cluster glycosides. Recent studies by
Kiessling and co-workers have exemplified further
the utility of polymeric cluster glycosides to study
polyvalent effects in carbohydrate-protein
interactions®. Polyvalent sugar ligands based on
ROMP polymerization protocol (Fig. 7) were
investigated. Specifically, mannopyranoside
appended polyvalent ligands were prepared and
tested to be moderately good inhibitors of erythrocyte
agglutination by lectin Con A. Further, these reports
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Fig. 6 Polyvalent sialosides bearing polyacrylamides®
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Fig. 7 Apolyvalent a-D-mannopyranoside prepared by the ROMP
polymerization®

clarify that minor structural changes in the sugar
linkage to the polymer backbone can have profound
effect on the specificity with which the ligand
differentiate a receptor site. The inhibition
concentrations of polyvalent O- vs. C-glycosides
are profoundly different to inhibit erythrocyte
inhibition by Con A?. Also, reflecting the polyvalent
presentation, the inhibition concentrations of the
polyvalent ligands are significantly lower than the
monovalent ligand. Thus, the polyvalent ligand not
only facilitates enhancement of binding potencies,
but also, small differences in the structural features
could be enhanced in a polyvalent presentation, not
easily achieved with the corresponding monovalent
ligand alone.

Baum, Stoddart and co-workers reported an
interesting polyvalent ligand system based on a
pseudopolyrotaxane recently”. In this polyvalent
system, the sugar epitope, namely, B-D-lactoside,
was appended at one of the primary positions of
a-cyclodextrin and the ligand containing
cyclodextrin was threaded further into a polyviologen
copolymer, consisting of alternating decamethylene
and positively charged bipyridinium segments, so
as to afford the pseudopolyrotaxane (Fig. 8)*. It
was found that the pseudopolyrotaxane exhibited
a valency-corrected 10-fold enhancements in
inhibiting the Gal-1 induced aggregation of T-cells,
when compared to the monovalent lactoside alone,
as assessed by an agglutination assay. The advantage
of the pseudopolyrotaxane system was that the
epitope bearing cyclodextrin could rotate and
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translate along the decamethylene chain, so as to
allow the epitope to orient itself appropriately for
receptor binding. Such an advantage is clearly not
achievable with other polymeric polyvalent cluster
glycosides.

2.3 Polyvalent Polymeric Liposomes

Polymerized liposomes is another distinct type
of macromolecular carrier of sugar ligands and in
these instances, the sugar ligands are presented on
the surface of the liposomes. In order to obtain
polymerized liposomes, carrying various ratios of
sugar ligands, sugar-containing lipid molecule is
mixed with a non-sugar matrix lipid. The presence
of functionalities such as conjugated acetylenic
group in the backbone of the lipids allows
photopolymerization, so as to afford mixed
liposomes with defined shapes (Fig. 9). Studies of
Charych and co-workers on the polymerized
liposomes showed sugar-dose dependent inhibitory
activities in relevant binding assays®. The presence
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of polyacetylenic scaffold afforded further
advantage for direct calorimetric detection of color
change occurring to the liposome upon receptor
binding, i.e. affinity chromism. In these polymerized
liposomes, though a specific sugar ligand detects
a specific receptor protein, the large molecular
volume of the polymerized liposome itself might
intervene to physically block the approach of a
protein to a ligand coated surface.

Early on, tris-glycosylated clusters®
incorporated with a cholesteryl moiety (Fig. 10)
were incorporated with preformed liposomes??. In
vivo testing with glycolipid-containing liposomes
has shown that these liposomes were readily taken
up and localized. Such localization was also found
to be specific only to the liposomes incorporated
with the clustered glycolipid.

Closely related vesicle preparation impregnated
with varying amounts of glycolipids, that form part
of the vesicle, has also been developed and tested
as multivalent ligands. Vesicles prepared from
phosphatidyl choline were explored mostly. Studies
with vesicles involved incorporating the glycolipid
component in various ratios while preparing the
vesicles. Dye-labeled glycolipids (Fig. 11) and the
vesicles prepared from these glycolipids have been
tested as optical sensors for toxin detection®. The
signal transduction optical system has taken
advantage of the multivalent binding of the sugar
ligand — receptor interactions and the multiple
interactions would aid enhancement of the binding
potencies. Mixed POPC based liposomes and the
glycolipids were also idealized to offer a surface
with sugar ligands exposed at the surfaces of
bilayers®. Detection techniques such as surface

(@]
/\/O\/\O/\/O\/\ N )J\/\/\/\
I‘I’{ ==
W
O
= Aq
HO \ interior
/\/O\/\O/\\/O\/\N \
|
H
% Vi
14 HO

Fig. 9 Structure of a polymerized liposome bearing pendant sialosides?.
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Fig. 10 Tris-galactopyranosides linked to a cholesteryl unit are readily incorporated in to liposomes®®

plasmon resonance were employed to assess the
binding of the sugar ligands with appropriate
receptors and subsequent inhibition of the binding
process by competitive multivalent sugar ligands.

2.4 Low Molecular Weight Cluster Glycosides

Small molecular weight scaffolds incorporated
with sugar ligands are a relatively well-studied class
of cluster glycosides. A branched oligosaccharide
itself could be considered to offer multivalent
presentation of the sugar ligands. For example,
bivalent sialic acid containing oligosaccharides were
designed, taking into account the spatial distances
required between the sialic acid ligands to recognize
adjacent receptor sites in a trimeric hemagglutinins
(Fig. 12)”. Bivalent sialosides are approximately
10-fold more potent than the corresponding
oligosaccharide with only one sialic acid unit, as
inhibitors for the attachment of influenza virus to
resialylated erythrocytes.

Tris(hydroxymethyl)aminomethane (Tris) based
cluster glycosides were first among cluster glycosides
prepared on smaller molecular scaffolds® **. Various
tris-cluster glycosides differ in the length of the
intermediate spacers, connecting the sugar portion
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to the branch locations. The distance between the
individual sugar groups have a significant effect
on the biological activities of these cluster
glycosides. Competitive binding studies of the above
cluster glycosides to an asialoglycoprotein receptor
binding with '¥I-labeled specific ligand
demonstrated that the cluster glycosides with the
largest intraglycoside distance (~20 A) afforded a
2000-fold higher affinity for the receptor, than those
with lesser intrasugar distances*®.

Multivalent cluster glycosides specific to the
class of selectin family were designed and tested
as to their efficacy of multivalent presentation in
in vitro biological studies. Selectin family of celi
surface protein is involved in many disorders, such
as, inflammation and injury®. A tetrasaccharide is
known to be the minimum sugar structure involved
in binding to the selectins. Thus, the designed
tetrasaccharide structures are potentially useful as
anti-inflammatory and anti-adhesive drugs.
Multivalent presentation of the tetrasaccharide unit
was one of the design strategies, which would allow
enhancing the efficacy of binding, in efforts to
understand selectin-ligand recognition. Kretzschmer
and co-workers have prepared trivalent sialyl Lewis-

O

(CH2)42CH3

16

Fig. 11 Fluorescently labeled GM1 ganglioside are distributed in the outer surface of vesicles and are further used to detect appropriate

toxin®
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Fig. 12 Branched bivalent oligosaccharides used as inhibitors of
influenza virus. Structure 17 was converted to lactosamine-
containing pentasaccharide 18, which wassialylated further
enzymatically before inhibition studies?.

X tetrasaccharide glycoclusters (Fig. 13)* and with
intersaccharide distances were varied using linkers
of varied chain lengths. The enhanced binding of
3 to 5 fold per trisaccharide moiety of these trivalent
glycoclusters to the selectins was dependent on the
linker length, connecting individual sugar units
with the branch location, i.e. intrasugar distance in
the trivalent cluster glycosides. A medium spacer
of 11-bond length between the sugar and the branch
location was found to be more optimal than other
spacer lengths studied. With ‘particular reference to
selectins, containing lectin domains for the sugar
binding, design of multivalent sugar ligands are not
fully sufficient, though multivalent presentation is
necessary for enhanced lectin binding. Larger
multivalent structures, based on, for example,
liposomes, are required in order to block the lectin
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surface of selectins. Thus, tetrasaccharide containing
glycopeptide and glycolipid (Fig. 14) mixed
liposomes have better ability to block the selectin
than small molecular weight di- and trivalent
tetrasaccharide containing peptides’.

Amino acid and peptide based bifunctional
backbone were often used to construct multivalent
high-affinity sugar ligands. For example, aspartic
acid, glutamic acid and lysine based cluster
glycosides were studied as multivalent ligands.
Structures of few lysine-based bivalent and trivalent
glycoclusters are presented in Fig. 15°2. The
interaction of these ligands with Gal/GalNAc receptor
of a human hepatoma cell line showed a binding
affinity in the order tri- > bi-antennary. Additionally,
optimal interactions were observed for structures
in which linkers were > 2 nm away from the branch
location. Clearly, the nature of branching component
and also the variation in distance between the
vicinal sugar units are important to achieve high
affinity binding.

2.5 Dendritic Cluster Glycosides

Equally well-exploited design principle for
producing cluster glycosides in recent years were
that of the dendritic cluster glycosides. Dendritic
structures represent hyperbranched
macromolecules, in which the branching architecture
exists through out the structure, i.e. 100%
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o
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OH 20

Fig. 13 Structure of a trivalent sialyl Lewis-X glycocluster®.
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branching®. While dendritic macromolecular
architectures evolved with the desire to obtain a
macromolecule whose polydispersity is one, i.e.
monodisperse, the architectural features of
dendrimers have attracted number studies to be
conducted in varied disciplines®. The architectural
features did not escape the attention of those
interested in the study of cluster glycosides. Thus,
incorporating dendritic synthetic principles to
generate newer types of cluster glycosides have
become an actively investigated area of research
in the last few years®. In a synthetic protocol,
dendrimer synthesis involves a step-wise growth,
as opposed to one-step polymer synthesis. Because
of the step-wise growth, the dendritic growth is very
distinct, as the growth can be stopped at any
intermediate stage, yet afford the complete dendritic
structure. As the term ‘dendritic growth’ defines,
it is thus possible to generate first, second, third
and further generations of dedrimers, depending on
the stage at which the growth is stopped. Dendritic
growth is thus ideal in order to generate structures
with well-defined location and number of functional
groups, primarily at their peripheries. First examples
of utilizing dendrimers to generate cluster glycosides

appeared in mid-90’s* and- since then various
different dendritic cluster glycosides have been
reported®’. Some of the early dendritic cluster
glycosides are presented in Fig. 16. Synthesis of
these dendritic cluster glycosides could be achieved
by two distinct methods. In one method, a chemical
modification of the peripheries of dendrimers with
the desired sugar unit is performed, so as to afford
the sugar-coated dendrimers®"*. In the second
method, the glycodendrimer itself is synthesized,
from a glycosylated monomer growing to a
glycosylated dendron and eventually to a dendrimer,
i.e. the so-called convergent growth of a sugar-
coated dendrimer®®***, A third possibility of
dendrimer growth is to utilize highly branched
oligosaccharide itself as a dendron and achieve the
fully carbohydrate dendrimer upon attachment of
the oligosaccharide dendron to a multifunctional
core®. Initial few years have focused primarily in
establishing the synthetic methods to generate these
new types of dendritic cluster glycosides. The
efficacy of dendritic cluster glycosides as inhibitors
of ligand-receptor interactions were tested in several
instances. For example, LacNAc-containing
dendritic cluster glycosides with valencies of two,
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four and eight sugar units at their peripheries (Fig.
17) exhibited inhibition of lectin wheat germ
agglutinin binding to a procine mucin, with 5, 25,
and 170-fold efficiencies, respectively, than the
moncmeric sugar ligand*. Moderate increases in
binding potencies were often observed in many
early dendritic cluster glycosides synthesized. Most
importantly, these early studies have brought-forth
and established the incorporation of dendritic design
principles to generate newer types of cluster
glycosides. An important development of dendritic
cluster glycosides was the report of Magnusson and
co-workers on synthesis and studies of di-, tri and
tetravalent galabiosides (Fig. 18) **. These sugar
units are the constituent of glycolipids present on
the surface of human red blood cells (erythrocytes).
Bacterial species having galabiose-specific lectins
on their surface will agglutinate erythrocytes.
The newly designed dendritic galabiosides were
tested as inhibitor of hemagglutinin by the Gram-
positive bacterium Streptococcus suis and inhibition
efficiency were several hundred times more efficient
than the monomeric galabioside and the inhibitions
were found at low nanomolar concentrations. But
for few noteworthy results on the biological
efficiencies of dendritic cluster glycosides, cluster
glycosides on dendritic scaffolds remained at large,
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Fig.17 An octavalent LacNAc-containing dendritic cluster
glycoside*

in terms of structural and topological arrangements
of multiple sugar units on the scaffolds, rendering
these cluster glycosides unable to maximize the
interaction with the target receptor site.

An excellent example of the cluster glycoside
using small molecular scaffolds has been
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Fig. 18 Structures of dendritic galabioside inhibitors*

demonstrated with the synthesis and studies of
pentavalent galactose terminated multivalent
systems, with a penta-aza cyclopentadecane core
(Fig. 19)®. The pentavalent ligand 29 showed an
IC,, vlaue that was 10°-fold better than constituent
galactose for its binding to a heat-labile enterotoxin,
a member of the AB, family of bacterial toxins. It
was demonstrated further that the pentavalent ligand
formed 1:1 complex with the pentameric lectin.
Critical to the formation of 1:1 complex between
the ligand and the receptor was the crucial role of
linkers and the effective length of the linkers had
to match the binding site distribution in the target
receptor.

A breakthrough of such a design principle to
generate multivalent cluster glycosides was the
report of Bundle and co-workers on a pentavalent
pK trisaccharide (Fig. 20) shiga-like toxin (SLT-1)
complex*. The pentavalent ligand exhibited more
than a million-fold increase in inhibition over the
monovalent trisaccharide. Most importantly, the
ligand-receptor complex was solved by X-ray
structural determination and the analysis had shown

that one pentavalent molecule bound to two subunit
of pentameric SLT-1 and the formation of 1:2 ligand-
receptor was accounted to be more
thermodynamically favorable than the 1:1 complex.
The crystallographic analysis of the 1:2 ligand-
receptor complex showed that the design of ligand
matched the receptor site distribution and thus each
trisaccharide placed itself in each subunit of the
receptor. These results emphasize the importance
of the geometric and topological presentation of the
sugar ligands to the receptor site.

2.6 Photoswitchable Cluster Glycosides

From the above discussion, it is clear that the
issues relating to the carbohydrate-protein
interactions can be probed with the aid of structurally
well-defined multivalent cluster glycosides of varied
constitutions. In almost all the synthetic cluster
glycosides built-up on macromolecular, polymeric
and small molecular scaffolds, such scaffolds are
rather passive and non-functional in nature.
Syntheses of glycoclusters with functional scaffolds
have thus appeared as a relevant design strategy.
In the perspective of small synthetic cluster
glycosides, such functional core would allow
modulating the orientation of the sugar ligands, and
in turn, the changes in the orientation would allow
assessing the differential receptor profiles. Functional
scaffolds responding to light are evidently more
attractive. The prototypical photoresponsive moiety,
namely azobenzene was thus utilized to synthesize
a series of new cluster glycosides. The cis<>trans
isoemerization of the azobenzene is a well-studied
phenomenon® and the efficiency with which this
isomerization occurs had been utilized in several
physico-chemical systems, in which the optical
switching is beneficial as a function®. Molecular
structures of the cluster glycosides built-up on
azobenzene core are presented in Fig. 21¥. In these
cluster glycosides, the cis-isomers exhibited longer
lifetimes in aqueous solutions than in the organic
solvents. Further, energy minimization models have
shown that the distance between the sugar units,
i.e. intrasugar ligand distance have reduced by
more than half in the cis-isomers (~8 A) than the
corresponding trans-isomers (~22 A) (Fig. 22).
Lectin binding properties of these cluster glycosides,
as assessed by isothermal titration calorimetry (ITC),
afforded the thermodynamic parameters of the
ligand-receptor interactions. From these studies, it
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Fig. 19 Molecular structures of a pentavalent glycocluster based on a aza-macrocycle®
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Fig. 20 Decavalent starfish glycocluster by Bundle and co-workers*
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Fig. 21 Molecular structures of the cluster glycosides built-up on azobenzene core®’

was observed that the binding affinities of $-D-
galactopyranoside/B-D-galactopyranosyl-(1—4)-p-
D-glucopyranoside—azobenzene clusters were
enhanced several orders higher, as the valency of
the sugar was increased”. In few cases of B-D-
galactopyranosyl-(1—4)-8-D-glucopyranoside and
a-D-mannopyranoside glycoclusters® (Fig. 23), a
biphasic binding profile was observed, which
indicated the presence of a ‘co-operativity’ in the
binding process. The ‘co-operativity’ in small
glycocluster-lectin interactions is not known

Trans Cis

Fig. 22 Energy minimized CPK models of the trans- and cis-
forms of 31%

previously and the present result forms the first such
observation in small carbohydrate cluster-lectin
interactions. The important conclusions from these
studies are that: (i) in addition to inherent clustering
of the sugar units as a molecular feature, an induced
clustering emanates as a result of the isomerization
of the trans-isomer of the azobenzene scaffold to
the cis-isomeric form in these glycoclusters and (ii)
there can be a ‘co-operativity’ in the binding of
glycoclusters with the lectin. Such ‘co-operativity’
is enhanced even more with the cis-isomer than the
trans-isomer of these azobenzeme — glycocluster
derivatives.

3 Mechanisms of Multivalent Carbohydrate-
Protein Interactions

The above various scaffolds utilized to generate
cluster glycosides establish that affinity enhancement
between the receptor and the ligand ensue wherever
the ligands are presented in a multivalent form, as
opposed to the monomeric form of the ligand, ie.
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Fig. 23 Molecular structures of few o-D-mannopyranoside
containing photoswitchable cluster glycosides®.

the multimeric protein receptor requires equally a
multivalent sugar ligand to achieve the formation
of a stable complex. The factors responsible to
provide enhanced binding affinities are thus in a
way or other related to the benefits derived from
clustering the ligand, as well as the receptor. At the
molecular level, it is the hydrogen bond which
mediates the interactions, i.e. polar hydroxyl groups,
as well as the ring oxygen atom of the sugar interact
with the polar side chains of the amino acid residue
of the protein, especially the carboxylic acid side
chains®. Secondary interactions arising from stacking
interactions between the aromatic residues of the
protein and the carbon skeleton of the pyranosidic
sugar also emanate following the primary hydrogen
bonding interactions. As mentioned before, such
hydrogen bonding would already exist even in the
absence of the ligand, through the involvement of
hydroxyl groups of water to mediate the hydrogen
bonding with the receptor site. These hydrogen
bonded water molecules have to be necessarily
replaced with the incoming sugar hydroxyl groups
to occupy the receptor site. Thus, the role of water
molecules to drive the equilibrium towards the
ligand-receptor complex formation is important. An
excellent review on “how water molecules provide
the impetus for molecular recognition in aqueous
solutions” by Lemieux illustrates the importance of
water molecules in terms of the energetics involved,
with particular reference to the binding of
oligosaccharides to the proteins®. More important
when it pertains to the interaction of cluster glycosides
with the lectins is the binding affinity enhancements
or the avidity. Such avidity effects are rationalized
at present by at least three different mechanisms,
namely, (i) chelate mechanism; (ii) aggregate

formation mechanism and (iii) steric stabilization
mechanism. Each one of the mechanism is useful
to rationalize the interaction behavior of a given
cluster glycoside'® ** .

3.1 Chelate Mechanism

In the chelate mechanism, cluster glycoside
ligands with sufficient intrasugar distance, offered
through involving spacers of appropriate lengths,
would occupy adjacent binding sites within the
oligomeric lectin (Fig. 24). In a oligomeric lectin
structure, separations between the receptor sites are
often in the range of ~ 20-70 A, i.e. linker lengths
that match these binding site separations would
reasonably be anticipated to envelop the adjacent
binding sites and thus forming a source of affinity
enhancement. In energetic terms, reduced entropy
follows as a result of linking two individual ligand
molecules. Not only this, a large reduction in the
conformational mobility of the linker region too
becomes operative. These factors add up, leading
to an entropic penalty due to binding. The loss in
entropy, due to the linker, as well as due to binding,
has to be compensated, in order to elicit enhanced
binding affinities. Thus, either release of bound
water molecules from the surfaces of ligand and
receptor sites, or a progressively increasing negative
enthalpic changes has to account for the observed
enhanced binding affinities. Proper orientation of
the ligand to the second binding site after the first
binding event could also increase the probability
of the interaction with the binding site favourably®.
Additionally, there may be non-specific interactions
between the protein surface and the linker regions™.
Irrespective of any one of the above possibilities
and more®, the chelate mechanism of enhanced
binding affinities rely heavily on the nature and
appropriate lengths of the linkers. Design of linkers
a priori, which suits the specific requirements for
chelate type of binding, is still rather challenging.
The best known of such a design process to generate
a linker for chelate type interaction was that of the
pentavalent and decavalent ligands that target the

@+M__,("

Tetrameric lectin Bwalent ligand

connected by a linker

Lectin-igand complex

Fig. 24 Lectin-ligand complex formation by chelate mechanism



SYNTHETIC MULTIVALENT GLYCOCLUSTERS AND THEIR IMPORTANCE 201

heat labile enterotoxin and Shiga-like toxin® #. A
series of pentavalent, five-fold symmetric 1-f-
amidated-D-galactoside ligands (Fig. 19) were
utilized to inhibit the binding of heat-labile
enterotoxin B (LT-B) pentamer to ganglioside and
it was found that the pentavalent ligand (29)
approached an IC, value (0.56 = 0.06 mM),
approaching closer to that of the oligosaccharide
portion of natural receptor (0.01 + 0.01 mM). The
corresponding monomer of the pentamer, containing
the sugar and linkers, but devoid of the core region
showed an IC, value of 5000 + 200 mM. Results
of this study by Fan and co-workers demonstrated®
that the ligand dimensions should match that of the
binding site distribution in the target receptor sites,
in order to obtain a large gain in the affinity.
Following this, yet another elegant demonstration
of the chelate type mechanism for observing the
enhanced binding affinity was presented by Bundle
and co-workers, in this instance, including a single
crystal X-ray crystallographic determination of the
ligand-receptor complex*. The crystal structure
showed that a single decameric ligand enveloped
two pentameric targets. Solution state studies
suggested that the binding process between the
ligand and the receptor would be sequential in
nature, rather than concerted binding process and
the increased binding constants could be accounted
for by the decreased off-rate of the dimeric complex™.
In a sequential binding process, the first binding
would be intermolecular binding process and the
second binding would be an intramolecular binding
process. The second binding would thus depend
on the effective concentration of the pendant ligand
at the second binding site. It was proposed that a
radial distribution function determine the length of
the tether that offer the required effective
concentration of the pendant ligand at the second
intramolecular binding process™. A factor expressing
the probability of association process was coined
as ‘avidity entropy’ and the chelation-controlled
multivalent effect was reported to be dependant in
the avidity entropy as a determining factor™.

3.2 Aggregation Mechanism

Multivalent sugar ligands can bind to multimeric
lectins in different fashions. Interactions of
multivalent sugar ligands with adjacent binding
sites within a multimeric lectin unit are typified by
the chelate-type interaction. In order for the chelate

type interaction to be favored, the effective length
interconnecting the multivalent sugar ligands has
to be optimal. In the absence of this, the alternate
possibility to interact in an intermolecular fashion
becomes favorable. Majority of the synthetic cluster
glycosides belong to this.type of intermolecular
interactions. The intermolecular interactions lead to
various cross-linked complexes, depending on the
valencies of the sugar ligands and the nature of the
oligomeric lectins®. Thus, a bivalent ligand
interacting with a dimeric lectin will lead to a one-
dimensional cross-linked complex (Fig. 25). At the
initial stages of the interaction, the complex can be
expected to be soluble in nature and upon saturation
of all the binding sites in the receptor with the
ligand, an aggregate state is reached, often
precipitating out from the solution. Formation of
three-dimensional aggregates is favoured with
oligovalent ligand interacting with an oligomeric
lectin. As can be envisaged, factors governing the
intermolecular interactions, leading eventually to
an aggregate state of the complex, are far more
complex than the previously described
intramolecular complexation. The observation of
cloudiness or precipitate formation indicates the
intermolecular complexation between the ligand
and the receptor. In energetic term, such an
intermolecular complexation process would be
favored kinetically and an irreversible aggregation
process drives the complexation®. The binding
affinities at the individual binding sites add up
together, eventually leading to enhanced binding
affinity to the complex.

Intermolecular interactions between the
multivalent ligand and the oligomeric lectin are
largely devoid the influence of the linker component.
In the absence of an a priori knowledge about the
favourable interaction that would ensue in a precisely
designed multivalent ligand-receptor intramolecular
chelate complexation, most of the synthetic cluster
glycoside ligands would lead to enhanced binding
affinities upon interaction with the receptor through
the intermolecular complexation process. The
conformational restrictions imposed on the linker
segment are imparted minimally during the
intermolecular complexation. The multivalent
interaction is enthalpy favored, in which, the
enthalpies of the individual interactions add up
during the aggregate formation and thus the overall
enthalpic changes overcome the loss in entropy due
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Tetrameric lectin

E
Bivalent ligand

Fig. 25 A molecular modeling view of cross-linked complex of a tetrameric lectin and bivalent carbohydrate ligand.

to complexation. Issues relating to the proper
orientation of the ligand at the receptor site for its
maximal interaction, ligand valencies and the
oligomeric state of the receptor, as well as the
complexation  conditions  influence the
intermolecular interactions and a quantitative
assessment of the aggregation process is thus
hampered by interplay of a combination of these
factors. In spite of these factors, the stoichiometry
and the specificities of the ligand-receptor complex
is retained fully. Such a specificity in the
intermolecular interaction process was demonstrated
elegantly by a series of early studies by Brewer and
co-workers®, especially involving mono- and
oligosaccharides (Fig. 26) and remarkable
specificities in carbohydrate-protein interactions
were established through formation of unique,
homogeneous cross-linked complexes between
relevant carbohydrates and lectins, even in the
presence of mixtures of the ligand and the receptor.
Larger oligosaccharides, leading to enhanced
binding affinities and formation of larger cross-
linked complexes, or aggregates, than that in the
monomeric sugar units, can be accommodated by

higher possibilities for better contacts by involving
extended binding site characteristics, available at
the receptor surface. Pertaining to the multivalent
sugar ligands, it is conceivable that intermolecular
interactions are more favorable for a reason that
intersugar ligand distances are often turn out to be
not conducive for an intramolecular interaction, for
which the ligand design requirements are rigid.
Additionally, it is common in smaller cluster
glycosides that sugar units are presented as clusters
intercepted by the linker. Intermolecular associations
of these types of cluster glycosides with lectins will
not be the same as the number or valency of the
sugars present in the cluster glycoside®. Equally,
it could be envisaged that side chain sugar ligand
functionalized polyvalent polymeric system would
not involve all the sugar residues for interacting with
the receptor sites'® . Thus, irrespective of the
effective number of sugar ligands participating in
the intermolecular interaction with the lectin, it is
the incremental increase in the binding affinities
due to simultaneous multiple binding that lead to
overall efficient binding affinities. Systematic
thermodynamic studies® involving multivalent
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Fig. 26 Various pentasaccharides utilized to study cross-linked complex formation with soybean agglutinin®.

trimannoside ligands (Fig. 27) with high affinity
lectins Con A and DGA have shown that in the
intermolecular interactions, the AH values increase
in the direct proportion to the valency of the
multivalent ligands, whereas the corresponding TAS
values do not scale in proportion with the sugar
valencies. Such a behavior is attributed to the binding
of a multivalent ligand to separate, unconnected
receptor molecules. Alternatively, for a multivalent
ligand binding to a single multimeric receptor
molecule, both DH and TDS values would scale
proportionally with respect to the valency of the
ligand, as well as the number of receptor sites within
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a multimeric receptor molecule®™. Crystal structures
of few multivalent ligand-receptor complexes have
been resolved®. Studies by Brewer and co-workers
on the interaction of various branched
pentasaccharides with relevant lectins showed that
distinct cross-linked complexes formed between
these structurally related, isomeric pentasaccharides
and the crystal packing forces were the molecular
basis for the formation of such distinct cross-linked
complexes®®. A recent report by Toone, Naismith
and co-workers on single crystal determination of
a succinylated Con A with various poly(aryl amide)
dendrons and dendrimers terminated with
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Fig. 27 A trivalent mannose trisaccharide utilized to study thermodynamics of its lectin binding properties™™.
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mannopyranoside units (Fig. 28)* showed that
crystal packing forces led to the formation of
tetrameric Con A — ligand complex, as opposed to
what would be seen normally as the dimeric form
of the corresponding unbound lectin alone. Solution
phase studies, by agglutination and isothermal
calorimetry (ITC) methods, were also conducted
and from these studies, it was concluded that
enhancements in affinities as observed from the
agglutination studies of larger generation dendritic
ligands were not real affinities, but rather due to
an irreversible, non-specific aggregation process
and such a process could not be reported by the
ITC experiments. The recent demonstration of
decavalent ligand interacting with Shiga-like toxin,
as mentioned before, stands out to be unique in that
the inhibitory activity of the decavalent ligand is
million fold higher than the corresponding
monovalent trisaccharide. Single crystal X-ray
structural determination showed that the pentavalent
ligand bound two pentameric toxin units, thereby
leading to a 2:1 receptor-ligand complex. This type
of interaction is reasoned to be due to high affinity
to one of the sites, called the binding site 2, and
all the binding sites 2 in both the pentameric units
are occupied by the pentavalent ligand in a sand-
wiched fashion*.

3.3 Steric Stabilization

For polymeric system, yet another mode of
interaction, which allows enhanced activities
between the polyvalent ligands and the lectin
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receptors, is the so-called ‘steric stabilization’'.
With special reference to polyvalent sialoside
containing polymers interacting with influenza viral
particles, Whitesides and co-workers have
rationalized the inhibitory activities of polymeric
inhibitors to be arising through steric stabilization'®
. The polyvalent sialic acid containing polymers
were used as inhibitors of the adhesion of influenza
virus to erythrocytes and the polymeric inhibitors
showed inhibitory potencies more than 10° greater
than a-methyl sialoside monomer. The polyvalent
inhibitor adsorbed on to the receptor, in this instance,
the viral surface, and inhibited the binding of a
polyclonal antibody, which would normally bind
to the viral surface. The inhibition was rationalized
on the basis that the polyvalent sialic acid containing
polymer not only bound to the receptor sites, but
also blocked the approach of the antibody to the
viral surface through formation of a surface coverage
of the viral particle. These results illustrate that in
addition to previously described intra- and
intermolecular ligand-receptor interactions, steric
stabilization could also be a mechanism for
enhancement of inhibitory potencies of the cluster
glycoside ligands.

The most recently reported enhancements of
binding affinities observed with geometrical isomers
of cluster glycosides (Fig. 21) points out that an
asymmetry with which the sugar ligands are
presented at the binding site, as well as the secondary
structural interactions between the lectin surface
and the scaffold which supports the multivalent
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Fig. 28 Dendritic mannopyranoside ligands evaluated by agglutination and ITC experiments by Toone and co-workers®®
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ligands could also constitute to be factors for such
enhanced binding affinities*’.

4 Evaluation of Carbohydrate-Protein Binding
Processes

Given the complexity of carbohydrate-protein
interactions, the evaluation of protein-carbohydrate
binding constants still remains to be a non-trivial
task. A wide range of assays has thus been evolved
for the measurement of the binding affinities. The
most commonly utilized assays are the determination
of inhibition constants by hemagglutination assay
(Landsteiner hapten inhibition assay) and the
enzyme-linked lectin assay ELLA. Other techniques
such as isothermal titration microcalorimetry (ITC)
and surface plasmon resonance techniques provide
reliable information on the thermodynamics and
kinetics of carbohydrate-protein interactions.

4.1 Hemagglutination Inhibition Assay (HIA)

For the past several decades, the strength of
carbohydrate-protein interactions has been
evaluated semiquantitatively by the Landsteiner
hapten inhibition assay, often referred to as the
inhibition of hemagglutination assay, or HIA*. This
assay has been used commonly for the evaluation
of virus and viral antigen titer measurements and
is based on the observation that whole viral particles
agglutinate, or aggregate red blood cells and produce
a gelatinous phase throughout the thickness of the
test solution. Usually, cells from chicken or porcine
erythrocytes are commonly used for inhibition
studies. In a typical experiment, erythrocytes are
anticoagulated in citrate buffer and then diluted.
When a soluble lectin is added, in the concentration
range of 0.1 - 0.01 mg/mL, it results in the formation
of a crosslinked complex or precipitin. This process
is inhibited or diminished by the addition of a
soluble lectin in the presence of a soluble ligand.
At low ligand concentration, multimeric lectin cross-
links erythrocytes, thereby producing a gel-phase
through the thickness of the well. As the
concentration of the ligand increases, the
hemagglutination reaction is inhibited and
anticoagluated erythrocytes settle at the bottom of
the well. Therefore, the complete prevention of
precipitin formation is assessed and the assay
provides the minimum concentration for 50 %
inhibition, ie., IC,, of a carbohydrate ligand that
inhibits the hemagglutination. HIA assays are carried

out in microtiter plates containing several wells
(Fig. 29), wherein serial dilutions of the test
carbohydrate ligand are used for determining the
IC,, value. The magnitude of inhibitory potency is
affected some times by the source as well as the
age of the erythrocytes used for the assay. Thus,
in spite of the simplicity of the technique, the
absolute IC, values themselves may vary widely.

4.2 Solid Phase Assays

The most frequently used assays for the
measurement of carbohydrate-protein interactions
are the enzyme and radioimmunoassays (EIA or
RIA), that are performed as the solid phase assays™.
These assays provide a convenient and rapid method
of antibody binding and, when performed as an
inhibition assay, allow a large number of inhibitors
to be compared in a cor.venient manner, for example

Minimum Inhibitor Concentration or 1Cgg

Decreasing ligand ——————

Fig. 29 HIA assay using a 96 well microtiter plate.

in 96-well EIA plates.

Common method for carrying out EIA assays
involve either direct and indirect methods. Indirect
assays employ antigen immobilized on the solid
phase and anti-body binding to this antigen
(carbohydrate epitope) is detected by a protein that
binds to the antibody recognizing the antigen. This
protein is usually an anti-immunoglobin (anti-Ig)
antibody raised in a different species to the antibody
under investigation. The recognition could also be
based on another protein (protein A) that has the
ability to bind immunoglobins. The detecting protein
is covalently linked to an enzyme reporter molecule.
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The complex formed between the antigen bound
specific antibody and protein-enzyme conjugate
generates a colored product when the enzyme reacts
with a colorless substrate. The typical protocol for
the indirect assay is as follows: sensitizing microtiter
plate with antigen—washing—adding the test
antibody->washing—>adding enzyme-protein
conjugate—>washing—adding the pro-dye—reading
the absorbance. The direct EIA employs immobilized
antibody as the solid phase and this binds an enzyme-
labeled antigen (Fig. 30). This format is well suited
for clinical assays for low molecular weight analytes
and is also the preferred for inhibition assays
designed to compare relative binding strengths of
structural analogues.

In recent years, enzyme-linked lectin assay
(ELLA) which is a variation of the well-known
enzyme-linked immunosorbent assay (ELISA) has
been frequently used for the evaluation of multivalent
glycoside derivatives®. In an ELLA experiment,
soluble and immobilized ligands compete for binding
sites on a lectin-enzyme conjugate, for example,
horseradish peroxidase (Fig. 31). Usually, microtiter
plate wells are coated with a high molecular weight
polymeric saccharide, for example, yeast mannan.

Indirect EIA

® ,

Solid phase
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These wells are added with lectin-enzyme conjugate
and the soluble ligand. After an incubation period,
the wells are evacuated and refilled with a prodye
substrate for the enzyme conjugate. The
development of color, proportional to the
concentration of retained lectin and inversely
proportional to the affinity of the soluble ligand,
is read spectrophotometrically and the IC,, value
is determined by curve fitting.

4.3 Fluorescence Quenching and UV
Difference Spectroscopy

This technique relies on a change in the
fluorecence or UV absorbance of the target protein
receptor upon binding with the carbohydrate ligand.
Often antibodies show a change in fluorescence
quenching, and to a lesser extent, changes in UV
absorption following the addition of the ligand. The
degree of change is proportional to the extent of
ligand saturation and a plot of the change vs. ligand
concentration allows the determination of association
constants as low as 10° M™% Direct-fluorescence
based methods have been employed for the
evaluation of carbohydrate-protein interactions, in
particular, multivalent interactions.
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Fig. 30 Solid phase immunoassays (EIA) by indirect detection assay (A) and direct detection assay (B)
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Fig. 31 Schematic representation of ELLA assay protocol.

4.4 Isothermal Titration Calorimetry

The most general method to determine
thermodynamics of chemical reactions is the
calorimetry. During the last one decade, very
sensitive titration microcalorimeters have become
commercially available and have made small scale
calorimetric measurements possible on several
biological interactions®. Isothermal titration
calorimetry (ITC) directly estimates the binding
thermodynamics through measurement of the
energetics of molecular interactions at constant
temperature®>*. In a titration calorimetric experiment,
small volumes of a ligand solution are added to a
solution (~1 mL) of a protein. Each addition leads
to the release or absorption of heat, the magnitude
of which is dependent on the reaction volume,
concentrations, molar enthalpy, binding constant,
heat of dilution, stoichiometry and the amount of
ligand added previously. The heat change during
titration of the ligand becomes progressively smaller
as the binding sites become saturated by the ligand.
A series of data points representing the amount of
heat released (exothermic) or absorbed
(endothermic) per mole of injectant (usually the
ligand) after each injection is plotted as a function
of the molar ratio ([LT)/[MT]) of the total ligand
concentration ([LT]) and the total protein
concentration ([MT])), to generate a binding isotherm
(Fig. 32).

In a routine ITC instrument, two lollipop shaped
cells are contained within an adiabatic jacket. A
small continuous power is applied by the heater on
to the reference cell. Thermopile/thermocouple

detectors sense temperature differences between
the reference and sample cells. On interaction of
the ligand and the macromolecule, heat is either
absorbed or released. Depending on the nature of
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Fig. 32 A typical ITC binding isotherm: raw (top) and integrated
data (down) from a calorimetric titration.

the association, the feedback circuit will either
increase or decrease the power to the sample cell
to maintain equal temperature with the reference
cell. The heat supplied per unit time to the sample
cell is the observable signal in an ITC experiment
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and a direct measure of the change in heat on
binding of a ligand to a macromolecule.

The thermodynamic binding parameters are
then determined by nonlinear least-square analysis
of the binding isotherm® %, The shape of the
integrated curve is a function of the concentration
of protein receptor in the cell and the binding
constant. A model for the binding of ligand to the
receptor -based on the number/type of binding sites
present on the receptor is assumed and this model
is then used to deconvolute the binding curve to
provide a binding constant, enthalpy of binding and
stoichiometry of binding for each class of binding
sites. The adjustable parameters in the fitting of
binding curves are AH, the change in enthalpy upon
binding, K, the association constant (expressed in
M) and n, the number of binding sites per monomer
of the macromolecule. From equation (1), AG, the
change in the free energy of binding, is calculated.
AG = - RT InK ...(1)

AG = AH - TAS ...(2)

From the Gibbs free energy equation (2), TAS,
the entropy of binding (kcal/mol) at a particular
temperature is calculated. The number of binding
site(s), n, per molecule of the protein is obtained
from the equation (3),

g = nV AH[ML ] ...(3)

where g is the heat absorbed or released, n is the
number of binding site(s) per molecule of the
receptor, V is the cell volume, AH is the binding
enthalpy per mole of ligand, and [ML ] is the
concentration of the bound ligand.

ITC method is ideal for measuring antibody-
antigen binding® in solution and has been used
widely for the characterization of binding
specificities of various lectins towards carbohydrate
ligands®. ITC offers many advantages for the
evaluation of protein-carbohydrate, as compared to
other methods. One of the important differences is
that ITC yields a binding constant, rather than an
IC,, value. ITC is probably the only method capable
of providing the free energy change and the binding
enthalpies directly. Evaluation of the enthalpy of
binding as a function of buffer ionization enthalpy
provides information regarding the change in
protonation state of the ligand and receptor during
the binding event. Evaluation of the enthalpy of
binding as a function of temperature provides a
direct measure of the change in molar heat capacity
accompanying the binding, which provides

information on the effect of solvent reorganization
on thermodynamics of ligand binding®.

There are several reports, wherein ITC is used
for the characterization of the binding of multivalent
cluster glycosides with relevant lectins in order to
study the thermodynamic basis for cluster glycoside
effect® 3% Further utility of ITC method to study
synthetically important low affinity systems is
discussed recently™.

4.5 Surface Plasmon Resonance

Surface plasmon resonance (SPR) technique”
is a surface sensitive optical technique and offers
advantages over many other conventional techniques
for the evaluation of carbohydrate — protein
interactions’ . SPR technique requires very small
amounts of material and also provides rate constants
for both forward and reverse reactions (on — off
rates).

The principle behind SPR is the surface plasmon
resonance effect, which is based on the interaction
between the incident light and free electrons in a
conducting surface layer. When light is reflected
at the interface of two dielectric media, the total
internal reflection takes place above the so-called
critical angle. At the same time, the light generates
an evanescent field. This electromagnetic field has
maximum intensity at the surface of the dielectric
media. When a metal layer is present in the
evanescent field, the field can be changed and the
surface waves of free electrons on the outer surface
(surface plasmons) resonate with the field, referred
to as surface plasmon resonance. These surface
waves absorb some amount of incident plane-
polarized light and ultimately affect the total internal
reflectance of the system in a quantifiable fashion.
Thus, a scan of total internal reflection light as a
function of either incident or reflection angle
produces a sharp minimum. The position of this
minimum is ultimately dependent on the refractive
index and thickness of the surface layer and the
technique detects the changes at the surface. When
a protein in a miniaturized flow cell binds to a ligand
immobilized on a dextran matrix that is attached
covalently to a gold film coated on a glass surface
(sensor chip), the refractive index close to the gold
film changes (Fig. 33a). Light incident on the side
opposite to the gold film is reflected and surface
plasmon resonance occurring at a certain angle of
reflected light is seen as a minimum in the intensity
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of reflected light. A sensorgram (Fig. 33b) of the
change allows the determination of both the kinetics
of association-disassociation and providing the
equilibrium constants.

4.6 Other Techniques

In addition to the above mentioned techniques,
several other techniques such as frontal affinity
chromatography™, high field NMR” and QCM
(Quartz Crystal Microbalance)™ are also being used
to the study of interaction of multivalent and
amphiphilic carbohydrates with lectins.

5 Conclusions

The above discussion on various strategies to design,
synthesize and study multivalent sugar ligands
illustrates that clustering of the sugar ligands is a
primary requirement to establish a highly avid
interactions with lectins. The structural requirements,
upon which the ligands are presented in a multivalent
fashion, are not yet fully generalized, even while

a
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protein

Polarized light Diode array

detector
b Buffer Protein Buffes
[ ¥ ]
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Fig. 33 (a) Schematic diagram of a SPR flowcell; (b) A typical
SPR sensorgram. Changes in refractive index at the
surface, indicative of binding, are monitored as a function
of time, yielding an on-rate of binding. Flow of buffer
removes bound protein, providing an off-rate of binding.
The ratio of on and off rates provides the binding constant.

there exists different types of scaffolds to present
the sugar ligands. Also, though clustering of the
sugar ligands is required, the extent of clustering
itself is not very obvious, as the energetic
requirements of different clusters vary significantly,
depending on their structural features. The sugar
ligands at the cell surface can be likened to ‘sticky’
ends to attract the receptor sites, in which case,
whether the roles of sugar ligands are limited only
to bring two larger protein surfaces together for
further events to unfold. Limiting only to the sugar-
lectin interactions, various practical considerations
still need to be met, in order to bring forth designed
cluster glycoside ligands that are of therapeutic
values. The mechanisms of these interactions are
not fully comprehensive, for example, a
generalization of the role of water molecules at the
ligand and receptor sites during the complexation
process®. Also, controls that are required to exercise
formation of homogeneous inter- or intramolecular
ligand-receptor complexes or aggregates remain to
be addressed for general applicability. Irrespective
of issues to be addressed firmly, studies so far
provide clues for optimal sugar ligand design, their
construction and experimental conditions to bring
upon their physiologically relevant interactions with
protein receptors. Multivalent ligand presentation,
as established for carbohydrate-protein interactions,
could form as a powerful strategy to create new
types of molecules that are of biological and
pharmacological importance.
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