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Targeting the glycosaminoglycan-binding
sites on proteins
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Sulfated glycosaminoglycans bind to a wide variety of proteins, and in so doing
have important roles in diverse biological processes. Selective mimics or
inhibitors of protein—glycosaminoglycan interactions could have
broad application in biology and medicine
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Interaction with glycosaminoglycans — especially heparin
and heparan sulfate — appears to be important for the
proper function of diverse cell-surface and secreted
proteins. Compounds that selectively mimic or inhibit the
binding of glycosaminoglycans to these proteins could be
enormously useful in scientific and clinical areas as diverse
as blood coagulation, cell growth control, atherosclerosis,
inflammation, wound healing, tumor metastasis, and
degenerative nervous system disease. Recent studies
suggest that glycosaminoglycan-binding sites are typically
extended clusters or bands of positively charged amino
acids distributed along the surface of a protein, or in a
shallow groove. Synthesizing or isolating compounds that
both interact with these sites and exhibit protein selectivity
could present some technical challenges, but the challenges
would be well worth taking.

The importance of protein-glycosaminoglycan interactions
Sulfated glycosaminoglycans (GAGs) are linear polyanionic
polysaccharides that are produced by most animal cells.
They are constructed by the stepwise polymerization of
simple disaccharide homopolymer backbones, which are
then chemically modified in a variety of ways (for example,
C-5 epimerization, N- and O-sulfation; see Fig. 1). The first
steps of GAG polymerization typically occur on short
oligosaccharides attached to serine hydroxyl groups of
proteins. Generally, GAGs remain attached to the protein
‘cores’ on which they were synthesized; the resulting GAG-
bearing glycoproteins are known as proteoglycans. GAGs
occur abundantly (as proteoglycans) on the surfaces of
animal cells and in the extracellular matrices that lie
between cells. Depending on backbone structure, sulfated
GAGs are said to belong to the heparan sulfate, chondroitin
sulfate/dermatan sulfate, or keratan sulfate family. As a result
of variations in chain polymerization and degree of modifi-
cation, GAGs within any particular class can vary consider-
ably in size, charge density, and fine structure (in other
words, how dense the modifications are along the chain and
the order in which they are arranged).

GAG:s, especially heparan sulfates, are able to bind to a
wide variety of physiologically and developmentally
important cell-surface, secreted, and extracellular matrix
proteins (Table 1). With only a few exceptions, the
biological functions of GAGs are thought to stem from
the effects they have on the proteins to which they bind.

For example, binding to GAGs very effectively protects
some proteins from proteolytic degradation or denatura-
tion. Other proteins are induced to change their confor-
mation, and thus alter their biological activity, by binding
to GAGs. By using GAGs to capture ligands, proteo-
glycans can sequester important proteins or, alternatively,
deliver captured proteins efficiently to cells.

Perhaps the most fascinating functions of GAGs occur
when a single GAG chain binds two protein ligands, an
event that is favored by the large size of GAG chains, If the
two proteins themselves interact, then the presence of a
GAG chain can both catalyze that interaction (by effec-
tively rendering the protein—protein interaction intramol-
ecular, rather than bimolecular) and stabilize it (by forming
a ternary GAG—protein—protein complex). The catalytic
effect appears to explain much of the ability of the GAG
heparin (a form of heparan sulfate) to increase by several
orders of magnitude the rate of inactivation of the GAG-
binding protease thrombin by the GAG-binding protease
inhibitor antithrombin IIT [1]. On the other hand, it
appears to be the stabilization effect that is the main factor
in the ability of cell-surface heparan sulfate to mediate a
large increase in the apparent affinity of the GAG-binding
growth factor FGF-2 (basic fibroblast growth factor) for its
GAG-binding cell surface receptor [2,3].

From these examples, it appears that GAGs are highly
significant modulators of the functions of physiologically
important proteins. The fact that GAGs are ubiquitously
expressed, however, sometimes leads to the misapprehen-
sion that there must be little or no cell- or tissue-specificity
in their actions. In fact, dramatic tissue-specific and cell-
specific differences exist in the sizes and fine structures of
GAGs, and these differences can cause the same type of
GAG (for example, heparan sulfate) isolated from two
different cell types to bind with very different affinities to a
single protein ligand [4]. Indeed, for at least one protein, it
is clear that high-affinity GAG-binding is critically
dependent on a precise sequence of carbohydrate modifi-
cations [5]. For other proteins, however, it is likely that
considerable variability in GAG structure can be tolerated.

How do proteins bind GAGs?
In recent years, considerable progress has been made in elu-
cidating the features of protein structure that are important
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Fig. 1. Structure and biosynthesis of heparan sulfate, a protein-binding GAG. Eight contiguous sugars within a heparan sulfate polymer
are shown (typical polymer lengths are 100-300 monasaccharides). The disaccharide repeat unit (D-glucuronic acid B1-+4 p-N-acetyl
glucosamine o1-+4) is demarcated by dotted lines. For the central disaccharide, all five known modification reactions are shown (three
O-sulfations, one N-deacetylation/N-sulfation, and the epimerization of D-glucuronic acid to t-iduronic acid). In a mature heparan
sulfate chain, each disaccharide may have undergone anywhere from zero to all five modifications, although not all combinations are
possible, as some modifications seem to be prerequisites for others. Heparan sulfates also exhibit larger-scale structural features, in which
blocks of largely unmodified sugars alternate with blocks of heavily modified ones. The GAG heparin is a form of heparan sulfate that is

fairly uniformly and heavily modified; it is usually isolated in the form of GAG fragments of only 20-80 monosaccharides in length.

for binding GAGs. Such progress has relied upon the
analysis of naturally occurring and site-directed mutations
in GAG-binding proteins, as well as determinations of
protein structure by X-ray crystallography and NMR.

Given that GAGs are essentially hydrophilic polyanions,
it is not surprising that all studies have pointed to an
essential role for the side chains of cationic amino acids
(Lys, Arg) in GAG binding. Indeed, most GAG—protein
interactions are predominantly electrostatic in character
(see [6], for example), although at least one exception is

known (FGF-2, which has an unusually high affinity for
heparin, appears to derive up to 70% of its free energy of
binding from hydrogen bonds or van der Waals packing
interactions {7]). Initial examinations of the sequences of
known GAG-binding proteins suggested that certain
short polybasic amino-acid motifs were characteristic of
GAG-binding sites [8]. Recently, however, it has become
clear from new three-dimensional structural information
that GAG-binding sites can also be formed by the juxta-
position of amino-acid side chains that are discontin-
uous in the primary amino-acid sequence. Indeed, for

Table 1. Glycosaminoglycan-binding proteins.

Type of protein
Polypeptide growth factors

Extracelfular matrix
components

Proteases and anti-proteases

Cell-cell adhesion molecules

Proteins involved in
lipoprotein metabolism

Other

Examples

Fibroblast growth factors (FGFs 1-9);
platelet-derived growth factor (PDGF);

vascular endothelial growth factor (VEGF);
hepatocyte growth factor (HGF);

transforming growth factor B (TGFB);

interferon ; interleukin 3 (IL-3);
granulocyte-macrophage colony-stimulating factor
(GM-CSF); heregulins; chemokines

(including interleukin-8, MIP-1B, and others)

Laminins; fibronectins; thrombospondins
tenascins; collagens; vitronectin;
von Willebrand's factor, amyloid fibrils

Thrombin, tissue plasminogen activator;
urokinase plasminogen activator;

clotting factors IX and XI; various complement
components; mast cell proteases; antithrombin lli;
heparin cofactor II; protease nexin I; plasminogen
activator inhibitor-1, amyloid B-protein precursor

N-CAM; L1; myelin-associated glycoprotein;
PECAM-1; selectins

Apolipoprotein B, apolipoprotein E,
lipoprotein lipase, other lipases

Angiogenin; lactoférrin; various viral proteins
(for example, proteins from HIV, herpes viruses)

Physiological significance

Cell proliferation;

blood vesse! formation
{angiogenesis); cell motility;
immune response;
inflammation;

cancer and metastasis

Cell attachment, motility and invasion
cell differentiation, wound repair
metastasis, amyloid diseases (for
example, Alzheimer's disease)

Blood coagulation;

fibrinolysis (dissolution of
blood clots); immune response;
inflammation;

cell invasion;

Alzheimer's disease

Cell attachment; nervous
system development; inflammation

Lipid uptake; atherosclerosis;
Alzheimer's disease

Blood vessel formation (angiogenesis);
inflammation; infectious disease’
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Fig. 2. Apparent GAG-binding sites of representative proteins. () Crystal structure of the active form of antithrombin Iil, a highly GAG-sequence-
specific serine protease inhibitor [21]. Residues important for binding heparin are indicated. Basic residues are colored blue, acidic residues
colored red. Image produced using Quanta 4.0. {(b) Basic fibroblast growth factor. This growth factor has an unusually high affinity for heparin and
heparan sulfate. Amino-acid side chains important for heparin binding are indicated {22]. Nitrogen atoms are colored blue, oxygen atoms red.
(c) Platelet factor four. The AB dimer of the homotetramer is shown (in the tetramer, the CD dimer lies behind the structure shown) [23]. Four
lysine residues known to be essential for heparin binding (labeled) are contributed by each monomer. These eight lysines define a linear array of
positive charge that is continued around the sides of the dimer by additional arginine residues. The nitrogen atoms of Lys and Arg side chains are
colored blue and the oxygen atoms of Asp and Glu side chains red. (d) Lipoprotein lipase. This enzyme remains associated with cell surfaces by
binding to the GAGs of cell-surface proteoglycans. Four clusters of basic residues (labeled) form a highly extended patch of positive charge that
appears to consitute the GAG-binding site [24]. The side chains of basic residues are colored blue; the side chains of acidic residues are red.
Image produced using TurboFrodo, Bio-Graphics, Marseilles. (e) Lactoferrin. Two non-contiguous clusters of residues contribute six Arg and one
Lys (labeled) to the apparent GAG-binding site of this inflammatory response protein [25]. Atoms are colored as in (c).
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oligomeric proteins, GAG-binding sites can involve
residues on multiple polypeptides (see [9] for example).

Some examples of apparent GAG-binding sites are
shown in Fig. 2. Although the assignments of these sites
have yet to be confirmed by direct structural analysis of
protein—-GAG complexes, they are supported by consid-
erable data from protein fragments and mutants. The
overall picture that has emerged is that GAG-binding
sites are extended collections of positive charge, often
lying along one exposed face of a protein, and sometimes
wrapping around multiple faces. The end-to-end lengths
of these extended clusters are comparable to the
minimum GAG chain lengths that are required for
binding (typically 6-12 monosaccharide units, ~25-50 A
long). GAG-binding sites may lie in shallow grooves, but
so far have not been found in deep clefts or pockets. To
date, the protein folding motifs that can be involved in
forming GAG-binding sites include immunoglobulin
domains [10], fibronectin type III repeats [11], kringle
domains [12], four-helix bundles [13], laminin A chain
globule domains [14], and collagen triple helices [15].

Can GAGs be used as drugs? — the good news and the bad
Heparin, a particularly highly modified (and therefore
highly charged) type of heparan sulfate, is relatively easily
and cheaply purified from various animal tissues, and is
widely used both pharmacologically and as an affinity
ligand for protein chromatography (indeed, for most of
the proteins in Table 1, it was adsorption to heparin
affinity columns that provided the first hints of GAG-
binding). The main pharmacological use of heparin stems
from its ability to catalyze the inactivation of thrombin
by the blood protein antithrombin III (see above). As
thrombin is the key enzyme that initiates clotting,
heparin that finds its way into the blood is a potent anti-
coagulant. Because the affinity of heparin for antithrom-
bin III is relatively strong, and because heparin’s effects
are essentially catalytic, it is potent at relatively low
systemic doses. Indeed, heparin has long been the drug of
choice for short-term anticoagulation therapy.

The bad news is that the potent anticoagulant action of
heparin limits its clinical utility to low systemic doses
(excessive anticoagulation can, of course, be fatal).
Unfortunately, the need to use low doses means that
heparin has a less than optimal chance of influencing the
functions of GAG-binding proteins that either have
lower affinities for heparin than antithrombin III, or are
poorly accessible to the circulation. Despite this limita-
tion, studies have shown that physiologically tolerable
doses of heparin can have dramatic effects on serum lipid
metabolism in clinical trials [16], and on blood vessel
growth [17] and vascular smooth muscle proliferation
[18] in animal models.

Were anticoagulation the only problem associated with
heparin as a drug, it could be (and in some cases has
been) surmounted by prefractionating heparin to remove
the chains that bind antithrombin III with high affinity

(only about 30 % of most commercial heparin does so).
Unfortunately, there is a larger underlying problem that is
not so easily solved. The fact that heparin binds to so
many GAG-binding proteins (it binds to most of the
molecules in Table 1) means that it cannot be used as a
specific inhibitor of any one of them. Many approaches
have been proposed, some of which have been tried, to
make heparin a more specific inhibitor. Such approaches
include fractionation of heparin by affinity for different
proteins, fractionation of heparin by size, chemical modi-
fication of heparin, and chemical synthesis ofgeﬁncd
heparin oligosaccharides. In addition, attempts have been
made to develop other GAGs, or other polyanionic poly-
saccharides (for example, sulfated dextrans) as heparin
mimetics. Overall, these approaches have met with
limited success.

How chemists can help

To be fair, it is too early to know whether GAGs,
modified GAGs, or other polysaccharides can ever be
developed into specific drugs that are useful in altering the
functions of individual GAG-binding proteins. Still, it is
worth considering whether some altogether different
approaches might stand a better chance of success. For
example, one might argue that there are inherent limita-
tions in the binding affinity that can be achieved by
compounds that interact with proteins only in the way
that GAGs usually do, that is, by forming multiple electro-
static contacts with cationic amino-acid side chains.
Consistent with this view, most GAG-binding proteins
bind GAGs with dissociation constants in the range of
2 x 108 to 10> M (as mentioned earlier, FGF-2 binds
heparin with a tighter affinity (K, ~10"7 M), but appar-
ently achieves much of this strength through non-ionic
interactions). Although drugs with affinities similar to
GAGs themselves might be useful in mimicking GAG
actions, drugs that are meant to be competitive inhibitors
of GAG binding would benefit from much tighter
affinities (especially as GAGs are so abundant).

Similarly, one might argue that there are inherent limita-
tions not just in the affinity, but also in the specificity that
can be achieved by compounds that bind proteins pre-
dominantly through electrostatic interactions. For
example, studies of protein—protein and protein—nucleic
acid binding suggest that the source of high spécificity
usually lies in hydrophobic and hydrogen-bonding
interactions (see [19] for example).

For these reasons, it is natural to ask whether compounds
could be found that interact with the GAG-binding sites
on proteins, yet make sufficient non-electrostatic contacts
to achieve both high affinity and high specificity. A guess
at what such a molecule might look like is shown
schematically in Fig. 3. In this modular amphiphilic
compound, a central highly anionic module is flanked on
both sides by uncharged polar or apolar modules. The
idea is that the central module would interact electro-
statically with some or all of the cationic resides that
define the protein’s GAG-binding site, while the flanking
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modules form hydrogen bonds or hydrophobic interac-
tions with residues on either side of the GAG-binding
site. Although it might be possible to design molecules of
this type ‘rationally’, based on known protein structures,
it seems that such compounds would just as readily lend
themselves to semi-random combinatorial approaches, in
which active molecules are isolated by screening. For
example, one might want to choose a fixed central
module (such as a large polysulfonated aromatic structure
with derivatizable groups at either end) and add the
flanking modules using any of the random, modular
syntheses that have recently been developed for the pro-
duction of molecule ‘libraries’ (see {20] for review). One
distinct advantage of a combinatorial approach is that
screening for ‘lead’ compounds could be very straightfor-
ward. For example, one could adsorb mixtures of known
GAG-binding proteins to heparin columns, and screen
for compounds that elute single protein species.

Obviously, Fig. 3 illustrates only one of many kinds of
approaches that could be used in synthesizing ligands for
the GAG-binding sites on specific proteins. The hope is
that this discussion will inspire chemists to give serious
thought to GAG-binding proteins as both worthwhile
and feasible targets for the synthesis of specific new
ligands — ligands that should benefit both the scientific
and medical communities.
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Fig. 3. How compounds that bind the
GAG-binding sites on specific proteins
might look. The red central domain is
negatively charged, and might be
constant in many different types of
specific GAG mimics. The ‘arms’ are
variable, and might be generated using
combinatorial chemistry approaches.
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