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Abstract

Numerous proteins, including cytokines and chemokines, enzymes and enzyme inhibitors,
extracellular matrix proteins, and membrane receptors, bind heparin. Although they are
traditionally classified as heparin-binding proteins, under normal physiological conditions these
proteins actually interact with the heparan sulfate chains of one or more membrane or extracellular
proteoglycans. Thus, they are more appropriately classified as heparan sulfate—binding proteins
(HSBPs). This review provides an overview of the various modes of interaction between heparan
sulfate and HSBPs, emphasizing biochemical and structural insights that improve our
understanding of the many biological functions of heparan sulfate.
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INTRODUCTION

Heparan sulfate (HS) is a linear sulfated glycosaminoglycan (GAG) expressed by virtually
all animal cells. It is an ancient molecule that is present in Cnidaria (e.g., Hydra) and all
metazoans analyzed to date, with the exception of Porifera (1-3). Amazingly, it has
undergone very limited structural variation over ~500 million years of evolution. In contrast,
hundreds of proteins have evolved the capacity to interact with HS, often with great
specificity. This network of HS-binding proteins (HSBPs), termed the heparan sulfate
interactome (4), includes proteins involved in cell attachment, migration, invasion and
differentiation, morphogenesis, organogenesis, blood coagulation, lipid metabolism,
inflammation, and responses to injury (5). All of these processes involve physical docking of
relevant HSBPs to carbohydrate sequences within the HS chains. The absence of HS is not
compatible with life (6, 7), a finding that reflects the capacity of HS to bind and modulate
the activity of the HSBPs.
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Like other macromolecules, HS can be divided into subunits, which are operationally
defined as disaccharides on the basis of the ability of bacterial enzymes or nitrous acid to
cleave the chain into its component units. The basic building block consists of p1-4-linked
p-glucuronic acid (GlcA) and al1-4-linked A-acetyl-p-glucosamine (GIcNAc) (Figure 1).
The copolymer assembles while covalently attached to a limited number of proteins, which
are referred to as proteoglycan core proteins. Only 17 proteoglycans are known to contain
HS (see the sidebar), although other proteoglycans are undoubtedly expressed in a tissue-
specific or developmentally regulated manner or in other organisms. During the assembly
process, the chains undergo a series of processing reactions in which subsets of A-
acetylglucosamine residues become A-deacetylated and A-sulfated; adjacent glucuronic
acids undergo epimerization at C5 to L-iduronic acid (IdoA); and ester-linked sulfate groups
are installed at C2 of the uronic acids, at C6 of the glucosamine residues, and more rarely at
C3 of the glucosamine residues. These modification reactions do not go to completion,
giving rise to sections of the chains with variably sulfated domains (so-called NS domains),
which are interspersed by NAc domains lacking all or most of these modifications, and
mixed NAc/NS domains, which are located in the transition zone between NS and NAc
domains (8, 9). Although all animal cells make HS, the size, composition, and distribution of
the NS domains vary significantly. Unlike DNA, RNA, and protein assembly, the assembly
of HS is not template driven. Thus, the organization and specificity of the biosynthetic
enzymes, availability of precursors, and flux through the Golgi apparatus are thought to
determine chain length, degree of sulfation, and epimerization, as well as the size and
spacing of the sulfated domains. The assembly and degradation of HS have been reviewed
elsewhere and are not considered further herein (10-13). What dictates the size and
composition of HS in different cells at different times in development remains one of the
great enigmas in modern cell biology.

Importantly, the terms heparan and heparin are often used interchangeably, which is
incorrect. HS occurs naturally in all cells and varies enormously in terms of degree of
sulfation and chain length, which depend on its biological origin. The chains typically
consist of 50 to 250 disaccharide units (20-100 kDa). In contrast, heparin is a degradation
product derived from HS isolated from porcine entrails or equine lung and typically consists
of chains ranging from 12 to 14 kDa. Heparin contains larger NS domains and the extent of
modification is greater, giving rise to large sections of the chains containing fully sulfated
(trisulfated) disaccharides and IdoA (Table 1 summarizes the differences between heparin
and HS). The manufacturing process for producing heparin enriches for chains with these
characteristics and for the rare 3- O-sulfate groups that drive the interaction of heparin with
antithrombin (AT), as explained in greater detail below (in the section titled Specificity of
Heparan Sulfate—Protein Interactions). Heparin is the largest biopharmaceutical in
production worldwide because of its potent anticoagulant activity. It is also extremely useful
for identifying so-called heparin-binding proteins, but the high negative charge of the chains
also endows heparin with potent nonspecific cation-exchange properties. Thus, the fact that a
protein binds to heparin does not necessarily mean that it also binds to HS.

The purpose of this review is to provide an overview of HSBPs and the various ways in
which these proteins interact with HS or heparin, drawing on specific examples that
illustrate underlying biochemical and structural principles. Many bacteria and viruses also
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express HSBPs and are discussed elsewhere (14, 15). For brevity, we discuss mostly
eukaryotic HSBPs for which the HS-binding sites have been documented by mutagenesis or
by cocrystallization studies. We hope that this information will demystify HS—protein
interactions and provide insights from a structural perspective into the varied biological
functions of HS.

DEFINITION OF A HEPARAN SULFATE-BINDING PROTEIN

As their name suggests, HSBPs are proteins that show appreciable binding to HS at a
physiologically relevant ionic strength and pH. As a general rule, the following criteria
should be satisfied for a given protein to be referred to as an HSBP. First, the protein should
bind to heparin (usually in the form of heparin/Sepharose® beads) and remain bound
following washing with a buffer containing isotonic saline. This criterion is a convenient
first test because heparin serves as a surrogate for HS and is commercially available in large
quantities and as a chromatography resin. Second, the protein should bind to HS in isotonic
saline. Third, because HS generally performs its biological functions at the cell surface and
in the extracellular matrix, the protein should be present in a relevant biological context.
Many proteins in the cytoplasm or the nucleus (e.g., histones, polymerases, transcription
factors), although capable of binding to heparin or HS, may not be genuine HSBPs. Some
evidence suggests the existence of GAGs in the nucleus, which suggests that the interaction
may have biological consequences. Whether HS in this location docks with specific proteins
is unclear (16-19). Currently, at least 300 secreted and membrane-associated human proteins
are known to bind heparin, and the vast majority of these proteins are expected to be HSBPs
(4). This number probably underestimates the total number of HSBPs, given that new
members are identified and characterized on a regular basis.

Heparan Sulfate—Binding Proteins Are Structurally Unrelated but Evolutionarily Conserved

HSBPs possess many different structural domains that can form binding sites for HS. Thus,
most of the HSBPs appear to be unrelated to each other, suggesting that the capacity of
HSBPs to bind HS arose through convergent evolution (20). Thus, HSBPs differ
significantly from lectins, which share a limited number of structurally similar glycan-
binding motifs or folds. The fact that HS binding can arise from many different protein folds
may partly explain the wide variation in binding affinity between HS and HSBPs
[dissociation constant (K) values generally between 1 nM and 10 uM]. It also fits with the
general observations that most HSBPs can bind to more than one sequence in HS and that
some binding sites in HS may interact with more than one protein. Apparently, this
relationship, although somewhat promiscuous, is highly advantageous on the basis of
evolutionary conservation of most HSBPs, ranging from ancient organisms to more
evolutionarily modern species.

Main Categories of Heparan Sulfate—Binding Proteins

There are several major categories of HSBPs. These include chemokines and cytokines
(~60); growth factors and morphogens that play essential roles in development and tissue
repair (~50); blood coagulation factors such as serine proteases and their inhibitors (~25);
extracellular structural proteins such as collagens, fibronectin, and vitronectin (~25);
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proteins involved in the complement pathways (~20); single-transmembrane signaling
receptors (~15); and cell adhesion proteins (~10) (4). Other groups with a significant number
of HSBPs (5-10 proteins) include the proteases in intracellular granules within the cells
from the hematopoietic lineage, lipid-binding proteins involved in lipoprotein metabolism,
and amyloid proteins. In addition, HS is widely exploited by pathogens for infection, and
many pathogens have evolved or acquired HSBPs to assist their interaction with host cells
(14).

Heparan Sulfate-Binding Proteins May Bind Other Glycosaminoglycans

In addition to HS, many cells express chondroitin sulfate (CS) and dermatan sulfate (DS),
two other major types of sulfated GAGs. The structure of CS differs from that of HS in
several ways, including the presence of different disaccharide repeats and glycosidic
linkages (GlcAB1-3GalNAcp1-4 instead of GIcCAP1-4GIcNAcal-4 in HS, where GalNAc
refers to N-acetylgalactosamine), the lack of Atsulfation, a more even distribution of O-
sulfation along the chain (usually at C4 or C6 of the GalNAc residues), and in general a lack
of highly sulfated regions. DS has characteristics of both HS and CS in that its backbone is
the same as that of CS, but a portion of its GICA units undergoes epimerization to 1doA,
which can then be sulfated at C2.

Given the structural similarity between CS, DS, and HS, it is not surprising that many
HSBPs also bind these GAGs. Although the binding affinity to CS and DS is usually one-
tenth to one-hundredth as strong as the binding affinity to HS, some HSBPs bind to DS with
similar or even higher affinity than to HS (21-23). Therefore, it is wise to assess the binding
property of a given HSBP to a full panel of GAGs. As a general rule, HSBPs that bind to a
unique pattern of sulfated sugars tend to be highly selective for HS. A similar argument can
be made for proteins that bind to DS, which also has sulfated domains containing IdoA (24).
HSBPs that interact with HS simply through a charge-based mechanism tend to show low
selectivity between HS, CS, and DS. This issue is addressed in greater detail in the following
sections.

MODES OF HEPARAN SULFATE-PROTEIN INTERACTIONS

Basic Principles

Due to the highly anionic nature of HS, ionic interactions usually contribute a significant
portion of the binding free energy (25-27). The negatively charged sulfate and carboxyl
groups mediate interactions predominantly with positively charged lysine and arginine
residues in the protein. Polar residues, usually asparagine, glutamine, and histidine,
sometimes participate in hydrogen bonding with HS and can play critical roles in some HS—
HSBP interactions. The nonionic contribution to binding free energy varies widely, ranging
from less than 20% up to 70% (26-29).

Although electrostatics clearly play a major role in HS—protein interactions, note that these
interactions do not occur randomly. This idea is supported by the fact that many proteins
with high isoelectric points and with many lysine and arginine residues bind HS via a
distinct subset of positively charged residues despite the presence of other positively charged
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surfaces. Furthermore, many HSBPs show selectivity between HS and similarly sulfated CS
and DS chains, and some HS—protein interactions involve highly specific HS structures. In
some cases, misplaced charges are detrimental to the interaction. Finally, if charge were the
sole driver of HS—protein interactions, then the evolutionarily conserved, unsulfated NAc
subdomains of HS would make little sense.

Binding of HSBPs to HS has many advantages. It enables spatial control of HSBPs by
immobilizing and concentrating them at a specific location in the extracellular space; it
improves the lifetime of HSBPs by protecting them from protease degradation and
environmental damage; it allows multivalent interaction with HS and thus facilitates
oligomerization; it promotes the binding efficiency of one HSBP to another HSBP when
both bind to a single HS chain; and it functions as a switch to regulate the conformations of
HSBPs. Therefore, gaining the capacity to bind HS creates a convenient and efficient way to
adjust the form, location, and function of HSBPs.

Heparan Sulfate Can Act as a Tether

Perhaps the most fundamental activity associated with HS is its capacity to tether and
present proteins at specific locations in tissues. HS is ideally suited for this role. First, the
HS chains on cells can provide ~10° binding sites for ligands, a number that far exceeds the
number of other types of receptors on the plasma membrane (30). Second, electrostatic
interactions to a large extent drive the interaction between HSBPs and HS, which allows fast
absorption of protein from the soluble phase (31, 32). Third, the length and flexibility of the
HS chain enable bound HSBPs to sample the local region by unidirectional “sliding” along
the chain or by mobility of the chain, allowing bound ligands to stay localized while
sampling the adjacent area (33). Finally, binding to HS often lowers the susceptibility of
ligands to proteolytic digestion, thereby increasing their life span in the extracellular
environment (34, 35). We refer to such interactions as tethering because the interaction
confines or limits the range of the bound ligand.

Tethering plays a critically important role in cell differentiation, a process that depends on
gradients of morphogens and growth factors (36). Differentiation induced by the
morphogens Wnt, hedgehog, and the bone morphogenetic proteins involves HS. The
presence of only a few HS-deficient cells along the path of diffusion alters this process (37—
40). How binding to HS affects the gradient is not fully resolved; it may involve not only
effects on diffusion but also morphogen stability and endocytosis (41). Similarly, mice that
express only the vascular endothelial growth factor (VEGF)-A121 isoform, which does not
bind to HS, show gross defects in vascular patterning presumably because the isoform
cannot form the necessary gradient to guide angiogenesis (42). Tethering also regulates axon
pathfinding by facilitating gradients of axon guidance molecules (43). Tethering of
chemokines via endothelial cell-surface HS generates so-called haptotactic gradients, which
direct leukocyte trafficking to damaged or inflamed tissues and dendritic cells to lymph
nodes (44, 45).

Diffusion of HSBPs is a dynamic process that involves initial binding, dissociation, and
rebinding to HS chains. Recently, Duchesne et al. (33) examined how fibroblast growth
factor 2 (FGF2) diffuses in a thin layer of extracellular matrix by using single-molecule
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tracking, providing the first clear picture of HS-dependent protein diffusion. While some
molecules of FGF2 remain immobile or undergo restricted movement (range ~100 nm),
others display either simple diffusive motion or directed diffusion ~15% of the time, with
substantial translocation up to several micrometers even in fixed cells. This distance is far
greater than the length of a single HS chain (<200 nm); therefore, the translocation probably
occurs by dissociation and retethering of FGF2 to nearby sites in different HS chains.
Directed diffusion can then be explained by the spatial alignment of multiple HS chains that
form a well-defined path of binding sites for FGF2. Tracking trajectories showed that two
different FGF2 molecules actually travel the same path at different times. Different HSBPs
display distinct binding kinetics for HS and bind to different subsequences; thus, several
diffusion paths may coexist and form a network in the extracellular matrix or on the cell
surface.

Heparan Sulfate—Induced Oligomerization

Oligomerization is one of nature’s fundamental ways of deriving new functionality from
existing protein platforms (46). In general, compared with small proteins, large proteins can
perform more complex biological activities because they often consist of multiple functional
domains. However, errors occur more frequently during the assembly of multidomain
proteins due to the complexity of the folding pathways (46). The assembly of large
oligomeric proteins from small building blocks (monomers) circumvents this problem and
contributes to the economy of the cell. In addition, oligomers can assemble and disassemble
in a temporally and spatially specific manner, providing an additional layer of regulation to
protein function.

Oligomerization, in particular homo-oligomerization, is highly prevalent in eukaryotic
proteins (46). The factors that drive the formation of quaternary structures include
hydrophobic and electrostatic interactions; hydrogen bonding; and van der Waal interactions,
usually via a large oligomerization interface. Some secreted and membrane-anchored
proteins find an alternative way to form oligomers by utilizing HS either as a bridge or as an
allosteric factor. The examples described below illustrate these points.

FGF1.—Many members of the FGF family interact with HS and form dimers (47, 48). The
cocrystal structure of FGF1 and a heparin-derived decasaccharide [degree of polymerization
(dp)10] revealed that protein—HS interactions drive dimerization in the absence of protein—
protein interactions at the dimer interface (Figure 2a) (49). A recent isothermal calorimetry
(ITC) study suggested positive cooperativity during FGF dimer formation, probably because
binding of the first FGF1 monomer limits the conformational flexibility of the
oligosaccharide and presents the preferred orientation of charged groups on the opposite side
of the chain for binding to a second monomer (50). Importantly, the two FGF1 monomers
bind HS asymmetrically due to the inherent asymmetry of the HS molecule (reducing and
nonreducing ends). The same dimerization interface observed in the FGF1 dimer has been
observed in two cocrystal structures of FGF1, FGF receptor 2 (FGFR2), and
dodecasaccharides derived from heparin (51, 52). As discussed below, other crystal variants
suggest that heparin oligosaccharides can also act as a template to oligomerize FGF with
FGFR, independently of the formation of FGF dimers.
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RAGE.—The receptor for advanced glycation end products (RAGE) becomes activated in
many inflammatory conditions via ligands such as S100 proteins, high-mobility group
protein B1, and other damage-associated molecular pattern proteins (DAMPS) released from
activated cells or necratic tissue. Oligomerization of RAGE is essential for signal
transduction, which depends on engagement with >dp12 oligosaccharides. Binding to
heparin or HS precedes ligand binding and presumably assembles RAGE into a functionally
ready state for signaling prior to engagement of its cognate protein ligands. ITC experiments
demonstrated a 2:1 stoichiometry for RAGE V-CL1 subunits to oligosaccharide. The crystal
structure of the RAGE hexamer obtained in the presence of heparin-derived
dodecasaccharide demonstrates a trimer of dimers in which each dimer was stabilized by
one dodecasaccharide bound at docking sites that were defined by mutagenesis (Figure 2b)
(53). In addition, small-angle X-ray scattering indicates that the hexamer structure is
retained in solution. The RAGE dimer has a small hydrophobic dimerization interface next
to the HS-binding site with a buried surface area of ~300 AZ2. In spite of its small size (too
small to support a stable dimer by itself under normal conditions), the hydrophobic interface
is essential for the formation of stable dimers. The hydrophobic interactions at the protein—
protein interface and the electrostatic interactions mediated by HS are energetically coupled
to promote RAGE dimerization. Importantly, recent data demonstrate that RAGE
oligomerization induced by HS is required for signaling (53, 54).

Amyloid precursor protein.—Amyloid precursor protein (APP) is the precursor for
amyloid-B, which accumulates in Alzheimer disease (55). APP and its homologs amyloid
precursor—like proteins 1 and 2 (APLP-1 and APLP-2) are single-transmembrane proteins
that play important (but not fully understood) functions in synapse organization (56-58). All
APP family proteins bind HS, which is essential for APP dimerization at the cell surface (59,
60). APP is unusual in that it possesses two HS-binding sites in two different domains, E1
and E2 (61). Apparently, both domains can bind HS independently with micromolar
association constants (62, 63). Quite remarkably, both E1 and E2 undergo HS-dependent
dimerization with a 2:1 stoichiometry of protein:oligosaccharide (64, 65). The interaction
between HS and the higher-affinity HS-binding domain E2 was characterized by
cocrystallization (65). Similar to the RAGE dimer, the HS-binding site is located next to the
dimerization interface (Figure 2c). Although the hydrophobic dimerization interface of the
E2 domain (1,400 A2) is much larger than that of RAGE, the E2 domain remains
predominantly monomeric in solution (Kq for monomer—dimer equilibrium = 161 pM) (62).
Clustering of positively charged residues near the dimerization interface presumably
generates electrostatic repulsion and thus destabilizes the dimer. These positive charges,
many of which are part of the HS-binding site, are effectively neutralized by bound HS,
which consequently shifts the equilibrium toward dimer formation (K4 = 7.8 uM in the
presence of heparin) (62).

Chemokines.—With very few exceptions, all chemokines have a strong tendency to
oligomerize, and oligomerization plays an essential role in chemokine biology (44, 66, 67).
Most chemokines exist as either monomers or dimers at physiological concentrations, but
their interaction with HS drives the equilibrium toward the formation of dimers or higher-
order oligomers (67, 68). The overall folds of most chemokines are very similar (a long N-
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terminal loop followed by a 310 helix, a B-sheet formed by three B-strands ending with a C-
terminal a-helix). However, the mechanism of oligomerization and HS binding varies for
different chemokines (69). Many chemokines in the CXCL family have a dimer interface
formed by the first of the three p-strands. However, the HS-binding sites can differ
significantly within this family. The HS-binding sites of interleukin (IL)-8 and platelet factor
4 (PF4, or CXCL4) are located on opposite sides of the dimerization interface (Figure 2d)
(70, 71), whereas the HS-binding site of stromal cell-derived factor 1 (SDF-1, or CXCL12)
is in close proximity to and just above the dimer interface (Figure 2e) (72). In contrast, most
CCL chemokines use a different dimerization interface that involves interaction of largely
unstructured N-terminal loops (73). The HS-binding site of this family is also adjacent to the
dimerization interface. Interestingly, when a CXCL chemokine (such as PF4) and a CCL
chemokine, monocyte chemoattractant protein 1 (MCP-1, or CCL2), form tetramers, both
dimerization interfaces are used (71, 73). In these cases, the HS-binding sites from all four
subunits form a ring of positive charges that surrounds the whole tetramer. The physiological
significance of chemokine oligomerization is not yet fully understood. The most likely role
of chemokine oligomerization involves better retention at the luminal endothelial surface
because of the higher affinity of oligomers for HS, better stability and longer half-life
because of protection of oligomers from proteolytic digestion, and an added layer of
regulation based on monomer—oligomer equilibrium (67).

Other HSBPs that depend on HS for oligomerization include FGF2 (74), thrombospondin
(75), hepatocyte growth factor/scatter factor (HGF/SF) (76), the membrane proteins
neuropilin-1 and -2 (77), and the receptor protein tyrosine phosphatase o (RPTP-o) (78).
Many other as-yetuncharacterized HSBPs are also likely to undergo HS-induced
oligomerization.

Heparan Sulfate as a Scaffold for Protein—Protein Interactions

It is well known that so-called scaffold proteins play crucial roles in orchestrating signal
transduction events (79). The principal role of a scaffold protein is to bring two proteins into
close proximity to provide a greater chance of successful engagement. Scaffold proteins not
only allow more productive binding between the interacting partners but also afford precise
regulation of where and when signaling events initiate. Structural features of HS, such as the
length, flexibility, and structural diversity along the chain, make HS an ideal scaffold
molecule. Indeed, a common characteristic of HS is that it can act as a scaffold to promote
protein interactions. In the following subsections, we describe two well-established systems
in which HS serves as a molecular scaffold: serine protease—serpin interactions and ligand-
receptor interactions.

Antithrombin/thrombin.—Thrombin occupies a prominent position in the blood
coagulation cascade because it directly converts fibrinogen into fibrin, the major component
of blood clots (80). Several serine protease inhibitors termed serpins regulate the enzymatic
activity of thrombin; AT is the best-known member of this family (81). In the absence of HS,
AT is not an efficient inhibitor of thrombin; however, its inhibitory rate constant increases
more than three orders of magnitude when HS is present (82). The underlying reason for this
dramatic rate enhancement is HS’s ability to act as a scaffold to approximate AT and
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thrombin, both of which are HSBPs (83). By binding simultaneously to both enzyme and
substrate, HS greatly increases the chance of successful engagement of thrombin and the
flexible reactive central loop (RCL) of AT (84). Interestingly, investigators initially observed
that oligosaccharides of =dp18 are required for maximal rate enhancement (85). However,
only an appropriately sulfated pentasaccharide suffices for AT binding, and a sulfated
hexasaccharide is adequate for thrombin binding (86, 87). Two cocrystal structures of the
ternary complex of AT, thrombin, and a synthetic HS mimic (84, 88) provided the
explanation for the requirement of an oligosaccharide of =dp18. The distal locations of the
HS-binding sites of AT and thrombin require an arrangement of two NS domains with an
intervening inert linker of dp8 (Figure 3a). This arrangement is reminiscent of many scaffold
proteins that are organized such that distinct protein-binding domains are separated spatially
by an extended disordered region (79).

Protein C inhibitor/thrombin.—Protein C inhibitor (PCI) is another serpin that acts on
thrombin. Although the structure of PCI is similar to that of other serpins, including AT, the
HS-binding site is located in a completely different region (89). The HS-binding site of PCI
is situated much closer to the PCl/thrombin interface than that found in AT/thrombin
complexes, enabling the formation of a composite HS-binding site composed of domains
from both PCI and thrombin (Figure 3b) (90). The close proximity between the two HS-
binding sites enables shorter but fully sulfated oligosaccharides (=dp14) to act as a scaffold,
in contrast to the dp18 oligosaccharide required for bridging AT and thrombin. This
arrangement suggests that a single NS domain may suffice to facilitate the formation of a
PCl/thrombin complex.

PCI actually has procoagulant activity by inhibiting activated protein C (APC), another
serine protease involved in coagulation (81). PCI inhibition of APC also requires HS to form
a ternary complex (91). Interestingly, the HS-binding site of APC is distinct from the one in
thrombin and is located on the opposite side of the molecule (28), which poses a steric
problem for binding to HS (Figure 3c). The HS-binding site of PCI has substantial plasticity,
which allows HS to bind in a quite different orientation to bridge the PCI/APC complex, in
contrast to the orientation observed in the PCl/thrombin complex (92). What emerges from
these various studies is HS’s enormous versatility as a scaffold.

FGF/FGFR.—The interactions between FGFs and their receptors have been extensively
studied and crystal structures of eight different FGF/FGFR complexes have been solved over
the years (47). All FGFR isoforms bind HS with moderate to high affinity (93-95). FGF and
FGFR can form a complex in solution, but these complexes tend to dissociate during size-
exclusion chromatography (96, 97). However, if heparin is included in the mixture, the FGF/
FGFR/heparin ternary complex is much more stable and can easily be purified by
chromatography (97). Interestingly, two cocrystal structures revealed two different ways that
HS interacts with the FGF/FGFR complex that vary in stoichiometry and orientation of the
subunits; these data may reflect different purification methods and crystallization conditions
(Figure 3d,e). Despite the differences, both crystal structures showed that the HS-binding
site of FGFR, which is located in the D2 domain, merges with the HS-binding site of FGF to
form a large composite docking site for HS (Figure 3d,e). Although the exact orientation
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differs, such composite HS-binding sites are observed in virtually all FGF/FGFR
combinations (51, 52, 96, 98). The bridging function of HS, mediated by a relatively short,
highly sulfated oligosaccharide sequence, resembles the arrangement of HS in the PCI/
thrombin complex. This mode of scaffolding might be relevant to other ligand-receptor
interactions, including those between Slit and Robo (99) and between VEGF and neuropilin
(77).

Heparan Sulfate as an Allosteric Regulator

All proteins are potentially allosteric. Simply put, allostery is the effect of change at one site
on the activity at another site (100). Proteins exist in equilibrium in an ensemble of
conformations. Thus, the allosteric regulation of protein is essentially a redistribution of the
preexisting conformations upon effector binding that biases the equilibrium toward a certain
conformation. If the selected conformation favors interaction with another molecule, positive
cooperativity occurs; if the selected conformation disfavors interaction with another
molecule, negative cooperativity occurs. Importantly, allostery does not necessarily involve
conformational changes of the target-binding site; it can be transmitted simply by changes in
protein dynamics (101).

HS generally is not considered a signal-inducing ligand or substrate for HSBPs, because
binding itself neither evokes signal transduction nor generates products (with the exception
of HS biosynthetic and degradation enzymes). Therefore, HS can best be viewed as an
effector molecule, namely an allosteric modulator of HSBPs. So far, two HSBPs are known
to show HS-dependent conformational change on the basis of evidence from crystallization
studies; these HSBPs are AT and a viral protein known as Vaccinia virus complement
control protein (VCP).

Antithrombin.—All serpins have an RCL that acts as bait to achieve inhibition of target
serine protease (81). AT is unique among serpins in that its RCL adopts a more constrained
conformation, which makes it less accessible for certain proteases (Factors Xa and 1Xa) and
is responsible for the poor inhibitory activity of native AT (102). However, upon binding of a
unique pentasaccharide sequence containing a rare 3- O-sulfated glucosamine, the RCL
constraint is removed through an allosteric mechanism that is now well understood (102,
103). The conformation change starts with the elongation of helix D at its C terminus upon
pentasaccharide binding, which pushes the first two B-strands toward the center of the four-
strand A-sheet; in turn, these B-strands squeeze out the N-terminal portion of the RCL to
allow it to adopt a more flexible conformation (Figure 4a). This flexible conformation
enables two critical electrostatic interactions between Factor Xa (as well as Factor 1Xa) and
AT (86, 104). The HS-binding site of AT plays a pivotal role in triggering the
conformational change. Comparison between the pentasaccharide-bound and native AT
structures reveals the key structural elements of the HS-binding site that undergo significant
rearrangement and allow the side chains of the HS-binding amino acid residues to move by 5
to 17 Ato accommodate the pentasaccharide (Figure 4b) (103).

VCP.—VCP is a viral HSBP that helps Vaccinia virus evade host defense by downregulating
complement pathways (105). This protein is particularly interesting to immunologists
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because it bears high structural homology to two host proteins that regulate complement
activation, Factor H (FH) and C4b-binding protein, both of which bind to HS (106, 107). FH
and C4b-binding protein play essential roles in distinguishing host and pathogen by
downregulating complement pathways at the host cell surface. A cocrystal structure of VCP
and heparin decasaccharide revealed the unexpected finding that HS binding to the C-
terminal short consensus repeat (SCR) domain causes a significant conformational change
that involves domain movement (Figure 4c) (107). In its native conformation, the last two
SCRs of VCP, SCR-3 and SCR-4, form an angle of ~120° (108). When HS binds to the tip
of SCR-4, the angle between SCR-3 and SCR-4 declines to ~80°, bringing SCR-3 much
closer to SCR-4. HS may selectively bind and stabilize this closed conformation (107).
Because SCR-4 contains several residues that interact with complement C3b (107), the
changes in its relative orientation to SCR-1 and SCR-2 (which move with SCR-3 as a rigid
body) would alter C3b-binding affinity and kinetics. HS promotes binding of FH to C3b in
solution, probably by stabilizing the closed conformation of SCR domains of FH (109).
Thus, HS appears to induce positive cooperativity toward C3b binding.

Interestingly, the vast majority of HSBPs do not show any noticeable backbone
conformational changes upon HS binding on the basis of available structures of the bound
and unbound proteins. However, the lack of observable conformational changes in crystals
does not mean they do not occur, because crystallization inevitably biases proteins toward
conformations that are more conducive to crystal formation and therefore may obscure
conformational changes that would occur in solution. Also, as stated above, a
conformational change at the target-binding site is not required for HS to have an allosteric
effect. Presumably, HS binding can have a significant effect on the dynamic fluctuations in
the structure of HSBPs and thus affect their interaction with a second molecule at a distal
site. The most direct way to test this hypothesis experimentally is to use ITC. In one study,
Brown et al. (50) examined FGF1 binding to FGFR2 in the presence or absence of heparin-
derived hexasaccharide. Although the binding of hexasaccharide did not cause any
conformation change of FGFL1, the binding affinity of the hexasaccharide/FGF1 complex to
FGFR2 (0.3 pM) was ~14-fold higher than the affinity between FGF1 and FGFR2 (4.3 uM),
suggesting that the hexasaccharide induced positive cooperativity.

SPECIFICITY OF HEPARAN SULFATE-PROTEIN INTERACTIONS

Specific or Nonspecific?

A central question is whether the interaction between HS and an HSBP is specific; that is,
whether a specific sequence of HS, defined by the arrangement of sulfated disaccharides and
IdoA, drives the interaction or if a number of sequences behave equivalently (110, 111).
During the past two decades, many biochemical and biophysical studies have revealed that
specificity is manifested at many different levels. For some proteins, such as AT and FGF2,
very distinct modifications of HS are required for optimal interaction (modification-specific
interactions) (112, 113), whereas for other proteins, such as IL-8 and interferon (IFN)-vy, the
specificity resides in the domain structure of HS rather than relying on specific
modifications (domain-specific interactions) (114, 115). For still other proteins, such as
thrombin, the interaction appears to be nonspecific and dependent solely on charge density
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(charge-based interactions) (27). Importantly, specificity in binding should not be confused
with biological significance, because even a nonspecific interaction (such as HS—thrombin)
has a profound physiological consequence. The observation that increases of sulfation at
some sites can compensate for alterations in sulfation at other positions in some
developmental contexts supports this idea (116). Lastly, our understanding of the sequence
specificity for many HSBPs is undoubtedly incomplete because of a lack of structurally
defined oligosaccharides to probe the interaction. In many cases, we know only that certain
sets of sulfate groups are important, but we cannot define a specific arrangement of sulfated
disaccharides.

Modification-specific interactions.—As mentioned in the Introduction, each
disaccharide unit can be modified at five different positions, which could give rise to up to
48 different disaccharides; however, only ~20 are commonly observed in HS (10). With this
restriction, the number of permutations resembles the number of primary amino acid
sequences found in proteins (21 amino acids). This observation speaks to the enormous
coding capacity of HS, which prompted many researchers to hypothesize that distinct
combinations of disaccharides, namely HS sequences, represent a code and dictate the
specificity of HS-HSBP interactions (43). Because the term code can imply a template-
driven process similar to that involved in transcription/translation, we prefer not to use this
terminology but rather focus on specificity and selectivity based on structure.

The well-characterized HS—AT interaction supports this hypothesis. The high-affinity
interaction between AT and HS requires a rare 3-sulfo-A-~sulfoglucosamine residue
(GIcNS3S) in a very specific context. Binding studies suggested that the 3- O-sulfate group
contributes ~60% of the binding free energy and that removal of this modification causes a
10°-fold reduction in binding affinity to AT (112). Mechanistic studies determined that the
3-O-sulfate group, along with its amino acid partner in AT (Lys114), occupies a pivotal
position in organizing both ionic and nonionic interaction networks that are responsible for
the AT-HS interaction (Figure 5a). The surrounding sugar residues also play important roles
in promoting this interaction. For example, there must be a nonsulfated glucuronic acid at
the nonreducing side of the GICNS3S unit (Figure 5a). If this residue is replaced with IdoA
or 2-sulfo-1doA (IdoA2S), then the oligosaccharide shows greatly reduced binding to AT
(118). Although only a few proteins are known to depend on 3-O-sulfation, there will
probably be many others because of the large number of HS 3- O-sulfotransferases (10, 119).
Whether these proteins exhibit high selectivity, similarly to AT, awaits their identification
and characterization.

FGF2 is another well-characterized HSBP. Formation of FGF2/HS complexes depends
critically on 1doA2S and A-sulfated glucosamine (GIcNS) (113, 120). The cocrystal
structures of FGF2 and hexasaccharide show that the major interaction occurs via one
disaccharide that makes contact with the so-called high-affinity HS-binding site of FGF2
(121). This disaccharide makes nine salt bridges and hydrogen bonds with FGF2; of these
nine, six are contributed by the 1doA2S residue and three by the A-sulfate group, which
explains the importance of these two modifications (Figure 5b). In contrast, the three 6-O-
sulfate groups of the hexasaccharide do not contact FGF2. The crucial role of IdoA2S and
GIcNS in FGF2/HS interaction is further confirmed by the cocrystal structure of FGF2/
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FGFR1/decasaccharide, in which 8 out of 10 hydrogen bonds between FGF2 and
decasaccharide involve these two sugar residues (96). Interestingly, in this structure 6-C-
sulfates contribute two hydrogen bonds with FGF2, suggesting that a certain degree of
flexibility is allowed in the interaction. Although 6- O-sulfate groups may be dispensable for
interacting with FGF2, they are indispensable for promoting FGF2/FGFR signaling due to
their extended hydrogen bonding with FGFR (122, 123).

A survey of several heparin oligosaccharide/HSBP complexes shows that many sulfate
groups in the oligosaccharides do not contact the protein; therefore, most probably do not
contribute to the binding free energy. Apparently, many HSBPs tolerate these unbound
negative charges, which would explain the successful use of highly sulfated heparin-derived
oligosaccharides in many studies. However, the use of highly sulfated heparin can be
problematic. One study, which tested the binding specificity of FGF7 by using heparin-
derived octasaccharides, found that moderately sulfated octasaccharides with 7 to 8 sulfates
showed higher affinity to FGF7 than did fully sulfated octasaccharides with 11 to 12 sulfates
(124). Thus, fully or nearly fully sulfated sequences (such as the commonly used heparin-
derived oligosaccharide) may create artifacts and potentially obscure a binding site in less-
sulfated domains. In other words, the natural sequences presented in HS may be more
selective than the fully sulfated sequence in heparin. Recent advances in chemical and
chemoenzymatic synthesis of structural defined oligosaccharides should provide the
reagents needed to decode the relevant binding sequences in HS (125).

Domain-specific interactions.—A distinct structural feature of HS is that it is arranged
as alternating sulfated NS domains, rarely sulfated NAc domains, and mixed NAc/NS
domains (10). Analyses by heparin lyase and nitrous digestion suggest that the length of NS
and NAc domains varies considerably, with NS domains that range from dp6 to dp16, NAc
domains as large as dp18, and NAc/NS domains that account for as much as one-quarter of
the length of the chain (8, 9, 126). Investigators initially assumed that proteins interacted
with one sulfated NS domain, which is the case for many HSBPs. However, later research
showed that many proteins, mostly in the chemokine and cytokine families, bind to two
adjacent NS domains simultaneously. A few well-characterized examples include IL-8, PF4,
MIP-1a, and IFN-y (114, 115, 127, 128).

Under physiological conditions, 1L-8 binds to oligosaccharides of at least dp18. Detailed
structural analyses of the bound HS suggest that the active oligosaccharide contains two
dp4—-dp6 NS domains at the ends and one intervening NAc domain (up to dp14) (115). Each
NS domain binds to one subunit of the IL-8 dimer. PF4, which binds HS as a tetramer,
requires a much larger HS fragment for interaction (dp42), with a domain structure
resembling the bipartite structure of the IL-8-binding fragment. The dp42 fragment consists
of one dp10-dp14 or two dp6-dp8 NS domains at each end and one dp14-16 NAc domain
(127). The HS-binding sequence of the MIP-1a dimer is also large (~dp34) and is composed
of two long NS domains (dp12—-dp14) at both ends and a relatively small NAc domain (dp8)
(128). This arrangement is almost the opposite of that observed for IL-8. Finally, the
preferred binding sequence of the IFN-y dimer is ~dp46 (114) and is organized as two
terminal NS domains of typical size (dp6-dp8) and an unusually long intervening NAc
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domain with a length of dp32. The utility of such a long linker, which is commonly regarded
as an inert structure that has no interaction with protein, remains obscure.

A requirement for bipartite binding domains in HS may make suitable sites for binding
somewhat rare. A recent study demonstrated that changing the domain structure of HS by
inactivation of Hs2st (which causes an increase in glucosamine A:sulfation and 6-O-
sulfation by an unknown compensatory mechanism) increased by 10-fold the number of
binding sites for IL-8 on endothelial HS and increased acute inflammatory responses in mice
(129). This finding raises the possibility that regulation of A-sulfation could regulate the
capacity of HS to present chemokines and cytokines. Some data suggest that inflammation
alters the expression of different enzymes in the pathway, but whether these changes alter
the binding of chemokines is unknown (130, 131).

Charge-based interactions.—Many HSBPs interact with HS in a more flexible manner.
Thrombin has often been cited as a classical example of a nonspecific charge-based
interaction partner of HS. Early binding studies revealed that the thrombin-HS interaction
showed a strong dependence on salt concentration, showed a low dependence on nonionic
interactions, and demonstrated an increase in apparent binding affinity with increasing
length of oligosaccharide (27). These characteristics contrast with the behavior of AT-HS
and FGF2-HS interactions, which show mild dependence on salt concentration, have large
nonionic contributions to binding, and have a binding affinity that is relatively indifferent to
the size of the oligosaccharide (29, 112). The cocrystal structures of thrombin and a heparin
octasaccharide showed opposite orientations for the oligosaccharide. Although the amino
acids involved in binding remain the same, any given residue can bind to different sulfate
groups in the two orientations. For instance, residue Lys236, which contributes the most to
the binding free energy, interacts with A/-sulfate and carboxylate groups in one structure,
whereas in another structure, it interacts with 2- O-sufate and a different carboxylate group.
Thus, the arrangement of positively charged residues of the thrombin—HS-binding site
enables it to tolerate different negative-charge patterns in HS, as long as the interaction
satisfies the required five to six ionic interactions (87).

HGF/SF is a large growth factor that relies on HS for activation of its cognate receptor, the
tyrosine kinase MET. The extent of HGF/SF-HS interaction strongly correlates with the
overall sulfation of the chain, but the interaction does not depend on the specific location of
the sulfate groups; selectively de-N\-, de-2-O-, and de-6- O-sulfated heparins bind HGF/SF
equally well (132). Remarkably, more extensively desulfated heparin lacking both A-and 2-
O-sulfates or both 2-O- and 6- O-sulfates can associate with HGF/SF in gel mobility shift
assays and promote HGF/SF signaling (132). Cocrystal structures of HGF/SF/
decasaccharide complexes show that several nonidentical decasaccharide binding modes
exist. Among the seven amino acid residues that form the HS-binding site, only three
(Thr61, Lys63, and Arg73) make invariant contacts with HS in all binding modes, whereas
interactions with the other four basic residues are more variable. The nonspecific nature of
the HS-binding site of HGF/SF also explains its capacity to interact with DS with an affinity
comparable to HS (132).
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Note that this type of charge-based, nonspecific interaction does not imply low affinity
binding or lack of biological impact. It should be considered simply as another way that
some HSBPs can exploit the structure of HS. Low selectivity can also ensure binding across
different cell types and HS presentations, which could prove beneficial for housekeeping
proteins, DAMPs, and receptors for viral or microbial infection. Also, a general feature of
this type of HSPG-HS interaction is that binding strength increases with increasing level of
sulfation. This observation has prompted some researchers to hypothesize that the purpose
of graded levels of sulfation of HS chains is to enable a so-called modulated functional
response, which may well be one of the most fundamental ways in which HS regulates
various biological systems (111).

Structural Features of Heparan Sulfate-Binding Sites

As discussed above, HSBPs consist of proteins that interact with HS by way of many
different protein folds. In this section, we describe well-characterized HSBPs and identify
the structural features that are common to their HS-binding sites, despite their overall
structural dissimilarity. The structures of more than 20 HSBPs are known on the basis of
crystal or NMR structures (either in apo form or in complex with an oligosaccharide). Table
2 lists the residues and secondary structure elements in their HS-binding sites, the
dimensions of the HS-binding sites, and the dissociation constants of binding to heparin.

How many lysines and arginines are usually involved?—Electrostatic interactions
dominate the interaction of most HSBPs with heparin/HS. The vast majority of characterized
HS-binding sites (20 out of 22) contain four to seven lysine or arginine residues.
Interestingly, the number of basic residues does not correlate with the affinity of HSBPs for
heparin, which also includes the contribution of hydrogen-bonding, van der Waal, and
hydrophaobic interactions. For example, the HS-binding sites of FGFR1, thrombin, RAGE,
and RPTP-o contain seven basic residues, yet their affinities for heparin range from 0.3 nM
to 7 uM (54, 78, 87, 96). In contrast, HS-binding sites containing only four basic residues
can have high binding affinity, such as FGF2 and VEGF (121, 133). Note that many HSBPs
bind HS as oligomers (more than 50%), which increases valency and the number of basic
residues involved in binding. For example, each monomer of PF4 contains six basic residues
that interact with HS; thus, a PF4 tetramer docks with HS by way of 24 basic residues (71).

Annexins, which play a role in the fibrinolytic pathway, represent a notable exception to the
general rule of four to seven basic residues per HS-binding site. These proteins bind HS in a
calcium-dependent manner. The cocrystal structures of annexin A2 and heparin-derived
oligosaccharides (up to an octasaccharide) suggest that only two basic residues participate in
HS binding (134). Two calcium ions occupy two negatively charged pockets in close
proximity to the two basic residues and interact either directly or indirectly with the sulfate
and carboxylate groups of the oligosaccharide. Annexin A5, another member of the annexin
family, similarly interacts with HS (135). Other examples of calcium-dependent HSBPs
include L-selectin, P-selectin, and type V collagen (136-138). However, a direct interaction
between calcium and HS has not yet been demonstrated in complexes of these proteins with
heparin.
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Other polar residues form hydrogen bonds.—Amino acids other than lysine and
arginine often contribute to and, in some cases, may be critical for binding HS. Histidine is
not commonly found in HS-binding sites (Table 2) but has been demonstrated by
mutagenesis in the HS-binding sites in MCP-1 and APLP-1 (59, 139) and in the crystal
structures of thrombin and annexin A2 (87, 134). The HS-binding site of APLP-1 is
exceptional because it contains five histidines (59). All five residues create either direct or
water-mediated hydrogen bonds with sulfate groups (65). Consistent with the crystallization
data, mutation of each of the five histidines significantly reduced the salt concentration
required for elution from heparin/Sepharose beads, suggesting that the histidines
substantially contribute to the binding energy (59).

Polar residues, especially asparagine and glutamine, often make hydrogen bonds with sulfate
groups—for example, in FGF1 and FGF2. In both cases, three polar residues participate in
hydrogen bonding with sulfate groups (49, 121). A thermodynamic study of HS-FGF2
interaction demonstrated that ionic interactions contribute only 30% of the binding free
energy and that hydrogen bonding contributes much of the remaining binding energy (29).
The contribution of asparagine and glutamine residues to binding is probably underestimated
in most HS-binding sites because these residues are rarely targeted for study. One way to
identify potential polar residues in HS-binding sites would be to first define the boundary of
HS-binding sites by mutation of lysine and arginine residues, and then to target conserved
polar residues within this region by mutagenesis.

What is the size of a heparan sulfate—binding site?—At first glance, it may appear
that the size of HS-binding sites varies considerably, given that the buried surface areas
range from 200 to 1,050 A2 (Table 2). However, in many cases, these areas reflect the sum
of several individual HS-binding sites (referred to as HS-binding units below) that are
present in the oligomeric form of the HSBPs. The vast majority (19 out of 22) of monomeric
HS-binding sites have a surface area between 200 to 360 A2. In some proteins, such as
FGF1, HGF, and AT, only one HS-binding unit provides high-affinity binding to HS (49,
103, 132). In contrast, other proteins, especially chemokines and cytokines, use more than
one HS-binding unit to assemble a composite HS-binding site. These HSBPs usually interact
with HS in their oligomeric form (69).

The size of the HS-binding site does not serve as a good indicator of the binding affinity.
High-affinity interactions can be supported by either small HS-binding sites (e.g., FGF2,
HGF, RPTP-g, annexin A2) (76, 78, 121, 134) or large HS-binding sites (e.g., PF4, RAGE)
(53, 140). Conversely, some HSBPs exhibiting low affinity for heparin or HS have either
small (e.g., thrombin, IL-8) or large (e.g., FGFR1, MCP-1) HS-binding sites (73, 87, 96). It
follows that the density of basic residues in the HS-binding site does not necessarily predict
affinity as well. For instance, FGFR1 contains seven basic residues in an area of 350 A2 (per
monomer) but has a Ky of only 3 uM (96), whereas RAGE has seven basic residues in an
area of 525 A2 but has a K4 of ~3 nM) (54). The HS-binding sites of thrombin and AT have
surface areas of ~300 A2, Thrombin has a higher density of basic residues, but the affinity of
AT for HS is three orders of magnitude greater than the affinity of thrombin for HS (86, 87).
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Interestingly, most HS-binding sites have a rectangular or half-cylindrical shape. The short
axis is usually between 10 and 16 A. This axis accommodates HS well because it has a rod-
like helical shape with a maximal diameter of 12 A(Figure 1). Lysine and arginine residues
spaced along the binding site typically make salt bridges and/or hydrogen bonds with sulfate
groups located on both faces of the heparin helix. In most cases, the long axes of HS-binding
sites accord reasonably well with the minimal length of oligosaccharides required for
interaction. For example, dp4—dp6 (20-30 Ain length) is the minimal length required for
interaction with FGF1, FGF2, and HGF/SF (49, 121, 132). Accordingly, the long axes of the
HS-binding sites in these proteins are ~25 A. The HS-binding site in RAGE has an axis
length of 55 A, which accommodates a dp12 oligosaccharide (54-60 Ain length), the
minimal length required for inducing dimerization (53).

Secondary structural elements of heparan sulfate—binding sites.—Generally,
HS-binding sites consist of residues contributed by two to four spatially separated structural
elements (21 out of 22 proteins listed in Table 2). Loops appear to be the most common
secondary structural element, which may reflect their flexibility. In fact, only one HS-
binding site (APLP-1) is devoid of a loop (65). a-Helices and p-strands occur less
frequently than loops, but in some HS-binding sites they can be the dominant structural
elements (e.g., APLP-1, thrombospondin) (65, 75). Specificity for subsequences in HS does
not seem to depend on particular secondary structural elements. HSBPs with high selectivity,
including FGF2 (binding requires 1do2S), cyclophilin B, and AT (binding requires
GIcNS3S), have HS-binding sites that are composed primarily of loops (86, 121, 141).

What is the best way to identify a heparan sulfate—binding site?—Several groups
have attempted to find a formula to help identify HS-binding sites in HSBPs (142-145).
However, these algorithms suffer from sampling errors introduced by considering only a
limited number of HSBPs, from the inclusion of hypothetical HS-binding sites that were not
tested experimentally, and from the assumption that a linear sequence of amino acids was
responsible for HS binding. An analysis of the experimentally determined HS-binding sites
listed in Table 2 makes clear that a single linear sequence does not define a HS-binding site
and that two to three primary and secondary elements usually make up the binding site.
Thus, topology rather than linear sequence defines most HS-binding sites. Therefore, we
suggest that it is best to calculate the surface electrostatic potential by using popular
software such as Adaptive Poisson—-Boltzmann Solver. In the absence of a three-dimensional
structure, homology modeling can be performed with structural threading software.

OPPORTUNITIES AND CHALLENGES

Our knowledge about the physiological functions of HS has exploded during the past 30
years, largely because of the identification and characterization of numerous HSBPs (5).
However, among the >300 known HSBPs, only a few have been characterized biochemically
(<20%) and even fewer have been characterized structurally (<10%). Several factors holding
back the field include a lack of availability of the HSBPs (both in adequate quantities and in
their native forms) and a lack of supply of highly purified HS and HS-derived
oligosaccharides. We suspect that many other HSBPs remain undiscovered, having escaped
detection because of their expression in a tissue-specific, developmentally regulated manner

Annu Rev Biochem. Author manuscript; available in PMC 2021 February 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu and Esko

Page 18

or because of their unique presence in different organisms. Thus, identification and
characterization of this large family of proteins remain great challenges.

Characterization of HS—-HSBP interactions requires structurally defined oligosaccharides.
Most studies have utilized heparin, heparin-derived oligosaccharides, chemically desulfated
heparin, HS derived from an arbitrary source, or cell lines or model organisms with defects
in specific HS-modifying enzymes. Although these tools afford useful insights into the
general structural requirements for binding—for example, a specific class of sulfate groups
is important—they provide only a “low-resolution view” of the interaction. ldeally, one
would like to obtain atomic resolution by cocrystallization of an HSBP with an appropriately
sized HS oligosaccharide. However, most structural studies employ heparin-derived
oligosaccharides, in part because heparin is available in large quantities and can be readily
cleaved enzymatically or chemically and fractionated by size-exclusion and ion-exchange
chromatography. Implicit in this approach are the assumptions that the arrangement of
sulfated sugars in HS is represented in heparin, or at least present within the highly sulfated
domains buried among the additional sulfate groups, and that groups that are not directly
involved in binding will not interfere with the interaction (111). Obviously, these
assumptions may not be correct. HS has a heterogeneous domain structure consisting of
partially sulfated NS domains separated by NAc domains of variable size and transitional
zones, which may not be present in heparin. The presence of peripheral sulfate groups and
incorrect orientation of the uronic acids could sterically interfere with binding. Furthermore,
it is very difficult to obtain a pure isomer of a heparin or HS-derived oligosaccharide of the
correct size (generally dp8-dp12). Isomeric heterogeneity in the oligosaccharide results in
heterogeneous crystals or poor resolution of the oligosaccharides in the cocrystals.
Investigators have recently made substantial progress in the chemical and chemoenzymatic
synthesis of structure-defined HS oligosaccharides (125, 146, 147). Thus, in the near future
these methods may give rise to tailor-made oligosaccharides to better characterize the
HSBPs.

This review focuses on the interactions of heparin-derived oligosaccharides and HS with
HSBPs. However, the more relevant ligands in vivo may consist of cell-surface and
extracellular matrix proteoglycans that bear HS chains. Fewer than 20 HSPGs are known
(see the side-bar). Given the large number of HSBPs and the presence of multiple chains on
most proteoglycans, each HSPG may interact with multiple HSBPs. In some cases, genetic
studies have established the relevance of a specific HSPG in a given biological context, but
generally we know little about the complexes that exist in vivo (5). Finally, we should keep
in mind that most investigations focus on internal segments of the chain as potential binding
sites, but in fact the ends of the chains may be essential for binding (e.g., in FGF1/FGFR1
complexes). All cells express heparanase, an enzyme that cleaves HS at specific sites,
thereby generating reducing and nonreducing ends derived from the sulfated domains (148).
These ends may be present in liberated oligosaccharides or may remain attached to
proteoglycan core proteins, thereby serving as the natural carbohydrate ligands for HSBPs.

The biomedical importance of HS—-HSBP interactions should not be underestimated.
Numerous diseases correlate with changes in HS expression and composition, and there are
many examples of inborn errors of metabolism that alter GAG assembly and turnover,
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causing developmental abnormalities and pathophysiology (5). The biological consequences
of altered HS undoubtedly result from alterations in HS—-HSBP interactions. Understanding
the structure of HS-binding sites in HSBPs will also provide targets for potential inhibitors.
One can easily imagine screening of small-molecule libraries for compounds that antagonize
HS-HSBP interaction (149). Other classes of inhibitors include tailor-made synthetic HS

0

ligosaccharides, HS mimetics, and monoclonal antibodies directed to HS-binding sites. The

development of these agents could prove useful for therapeutic intervention to prevent
unwanted activation of an HSBP and as reagents for further exploring the structure and
function of HS—-HSBP interactions.
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Glossary

HS heparan sulfate

GAG glycosaminoglycan
HSBP HS-binding protein

AT antithrombin

Cs chondroitin sulfate

DS dermatan sulfate

dp degree of polymerization
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HEPARAN SULFATE PROTEOGLYCAN

HS proteoglycans (HSPGs) consist of a core protein and one or more covalently linked
HS chains. Of the 17 HSPGs that have been identified so far, many are membrane
associated through either a transmembrane domain (syndecans 1-4, CD44v3, neuropilin,
betaglycan) or a GPI anchor (glypicans 1-6). Several HSPGs, including collagen XVIII,
agrin, and perlecan, are secreted into the extracellular matrix. One proteoglycan,
serglycin, is located in the cytoplasmic secretory granules of endothelial, endocrine, and
hematopoietic cells. Whether the identity of the core protein affects the structure of HS
remains unresolved. The core proteins of HSPGs are not merely carriers of HS; they can
also engage directly in protein binding with either extracellular or intracellular proteins.
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Figure 1.
Structure of heparan sulfate. (&) Chemical structure of a heparin-derived decasaccharide.

Carbon numbers of the modification sites are indicated in red. (6) Stereo view of a heparin-
derived decasaccharide in space-filling representation, based on Protein Data Bank identifier
1E0O, with carbon in gray, oxygen in red, nitrogen in blue, and sulfate in yellow. (¢) Stereo
view of the same decasaccharide in stick representation. Note the helical nature of the chain
and the alternating clusters of three sulfates groups on each side of the sugar backbone.
Abbreviations: GICNS, A-sulfoglucosamine; IdoA, L-iduronic acid.
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Figure 2.
Heparan sulfate (HS)—induced HS-binding protein oligomerization. In the three-dimensional

drawings, one monomer is in green and one in pink; in the surface representations, positive
electrostatic potential is in blue and negative electrostatic potential is in red. For the
oligosaccharide, carbon is gray, oxygen red, nitrogen blue, and sulfate yellow. (&) Structure
of FGF1 (fibroblast growth factor 1) dimer and bound oligosaccharide [Protein Data Bank
(PDB) identifier LAXM]. () Structure of the dimeric V-C1 domains of RAGE (receptor for
advanced glycation end products) (PDB 4IM8). The dodecasaccharide is manually modeled
into the structure on the basis of the observed partial electron density. (¢) Structure of the
dimeric E2 domain of amyloid precursor-like protein 1 (APLP-1) and bound
oligosaccharide (PDB 3QMK). (a) Structure of dimeric interleukin-8 (PDB 21L8) and a
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modeled oligosaccharide (degree of polymerization: 20). (¢€) Structure of dimeric CXCL12
(PDB 2NWG) and a modeled decasaccharide.
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Thrombin

Figure 3.
Heparan sulfate (HS) acts as a molecular scaffold. In all structures, proteins are shown in

surface electrostatic potential, and the oligosaccharides are shown in stick representation.
Each HS-binding site is enclosed in a dashed circle. (&) Cocrystal structure of thrombin,
antithrombin (AT), and a hexadescasaccharide heparin mimic [Protein Data Bank (PDB)
identifier 1TB6]. (6) Cocrystal structure of thrombin, protein C inhibitor (PCI), and a
heparin-derived tetradecasaccharide. Because the tetradecasaccharide cannot be fully
resolved in the cocrystal structure except for two sugar residues, it is manually modeled here
(PDB 3B9F). (¢) A model of the ternary complex of activated protein C (APC), PCI, and
tetradecasaccharide based on PDB 3B9F and biochemical evidence (92). (d) Cocrystal
structure of fibroblast growth factor 1 (FGF1), FGF receptor 2 (FGFR2, D2 and D3
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domains), and heparin-derived decasaccharide (PDB 1E00). (&) Cocrystal structure of
FGF2, FGFR1 (D2 and D3 domains), and heparin-derived decasaccharide (PDB 1FQ9).
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Figure 4.
Heparan sulfate (HS) acts as an allosteric regulator. (8) Overlay of native antithrombin

[Protein Data Bank (PDB) identifier 1E04) (/ight gray) and pentasaccharide-bound
antithrombin (PDB 1AZX) (dark gray). The important structural elements are the D-helix in
purple (native) and blue (bound), the A-sheet in pink (native) and red (bound), and the
reactive central loop (RCL) in yellow (native) and orange (bound). (6) Rearrangement of
HS-binding residues following pentasaccharide binding. For clarity, the pentasaccharide is
not displayed. The native conformation of HS-binding residues is shown as gray sticks, and
the pentasaccharide-bound conformation of HS-binding residues is shown as green sticks.
(¢) Overlay of native Vaccinia virus complement control protein (VCP) (PDB 1G40) (gray)
and decasaccharide-bound VCP (PDB 1RID) (green). Abbreviation: SCR, short consensus
repeat.
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a b

Figureb.
Structural basis of modification-specific heparan sulfate (HS)-HS-binding protein (HSBP)

interactions. (&) Pentasaccharide—antithrombin (AT) interaction [Protein Data Bank (PDB)
identifier 2GD4]. HS-binding residues of AT are shown as green sticks, and the
pentasaccharide is shown as gray sticks with oxygen in red, nitrogen in blue, and sulfate in
yellow. The ionic and nonionic interactions stabilized by 3- O-sulfate and K114 (both
directly and indirectly) are shown as dashed lines. (6) Hexasaccharide—fibroblast growth
factor 2 (FGF2) interaction (PDB 1BFC). HS-binding residues and hexasaccharide are
colored as in panel a. The ionic and nonionic interactions that involve the critical
disaccharide—IdoA2S-GlcNS6S—are shown as dashed lines.
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