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Heparin, best known as a potent anticoagulant, also interacts with many other proteins for which the natural ligand is heparan

sulfate (HS). The hope that HS would display specific sequences which would bind selectively to each of these proteins has

not been fulfilled, but this may be at least in part due to the relationship between HS sequence and 3D structure. The example

of FGF-1 is used to demonstrate that many different sequences can give rise to the 3D patterns of charge, which form binding

motifs for proteins. Partly because of this redundancy in sequence-to-structure relationship, the application of conventional

high-throughput drug discovery methods for the development of heparin or heparan based therapeutic agents is not yet

practicable. However, it is possible to adapt systematic docking calculations to work in a moderately high throughput manner

to screen protein structures from the Protein Data Bank (PDB) for predicted heparin-binding sites. A survey of protein

structures in the Structural Classification of Protiens (SCOP) superfamily of 4-helical cytokines is presented.
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1. Introduction

The process of drug discovery may be generally defined

as ‘the decision making process in the pharmaceutical

industry by which compounds are identified and selected

for clinical trial’ [1]. Within the last twenty years, the

phrase has come increasingly to refer to a set of

systematic, high throughput techniques for the screening

of small molecule drug candidates. Such techniques

include both experimental and theoretical screening

methods, and there are many possible strategies for

combining the two to yield agents which will interact

effectively and selectively with a particular protein

target, often an enzyme or a receptor.

It is clear that not all useful drugs can be found in this

way: heparin is a case in point. This highly hetero-

geneous polysaccharide (Figure 1), because of its

variable patterns of sulation and its domain structure, is

capable of containing many different sequence motifs. It

is a particularly highly sulated example of the class of

glycosaminoglycans (GAGs) known as heparan sulfate

(HS; [2]), and is found in mast cell granules, where it is

essential for the correct storage of proteases [3,4]. HS is

present as the glycan side-chain of several proteoglycans,

on the surfaces of most cells [2] and in the extracellular

matrix [5], where it interacts with, and modulates the

actions of, many of the cytokines, chemokines, growth

factors, and other proteins which exert their effects in

inflammation [6], reproduction [7], the immune system,

and embryonic differentiation and development [8].

2. Sequence and structure in heparin and heparan
sulfate

The most intensively studied and best understood

sequence of monosaccharide residues in heparin is an

unusual pentasaccharide, which is the minimum

requirement for high affinity to antithrombin. It is this

sequence which accounts for the high anticoagulant

potency of heparin, and hence its use as an antithrombo-

tic agent; the essential pentasaccharide has been prepared

synthetically and is itself used as a drug [9]. When it

became clear that heparin, as a model compound for HS,

was capable of physiologically important interactions

with other classes of protein, such as the fibroblast

growth factors (FGFs) [10], the example of the

antithrombin-binding sequence led to a search for

other, equally specific sequences in either heparin or

HS which would confer particular affinity for any given

binding partner. This search for specificity of a high

order has on the whole been unsuccessful, and a recent

study of structures which are capable of potentiating

FGF-mediated cell growth has concluded that HS fine

structure may be less influential than has previously been

supposed [11]. However, evidence from studies of model
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organisms has shown that sulfation at specific positions

of HS is important for some aspects of correct embryonic

development [12], and it has also been demonstrated, in a

quite separate area, that recognition of sulfation patterns

of polysaccharides by proteins is both possible and

physiologically significant [13,14].

HS is often represented and imagined, in terms of

sequences, rather than 3D structures [15]. The crystal

structure of FGF-1 (2axm.pdb) complexed with a

heparin oligosaccharide (Figure 2; [16]) shows clearly

that the pattern of sulate groups interacting with the

protein can be formed in two ways, involving clusters of

sulfate and carboxylate substituents on either side of the

polysaccharide chain. Two separate molecules of

FGF-1, aligned in opposite directions along the heparin

chain, each interact with a cluster of three sulfates, part

of a second cluster, and the carboxylate between the two

clusters. The charge-based interactions, between the

acidic substituents on the polysaccharide and basic

residues on the surface of the protein, usually dominate

the interface, and the detailed nature of the sugar

backbone carrying the substituents is much less

important, so long as it presents the substituents in an

appropriate 3D pattern. This ‘pseudo-symmetry’, in

which the underlying asymmetry of the sugar backbone

is hidden by the almost symmetrical arrangement of

bulky and highly charged substituents, is a complicating

factor in the interpretation of HS sequence requirements

for affinity with different proteins. Another such factor

is the finding that, for most interactions between heparin

and proteins, substitution with additional sulfate groups

does not decrease affinity. Bearing in mind both factors

together, a simplistic calculation indicates 31 different

pentasaccharide sequences (starting and ending with

glucosamine) which will contain a single FGF-1 binding

motif. Leaving the motif on one side of the molecule

(Figure 2) undisturbed, and assuming that any or all of

the four remaining sulated positions may or may not be

occupied, 16 (24) different possible compounds can be

defined. Repeating this exercise for the second side

gives 31 possible sequences in all (not counting the fully

sulated compound twice). Such a sequence is more

likely to occur in highly sulphated regions of the

polysaccharide. Potentiation of growth factor activity is

more complex than simple affinity for the growth factor

itself, and it is clear that the requirements for functional

interaction with the growth factor/receptor complex are

not the same as for the growth factor alone [17]; still,

the search for a 3D pattern is more likely to be succes-

sful than for a specific sequence.

3. Drug discovery techniques

The use of 3D models in drug design is not a new

concept [18]. Molecular modelling techniques, in

particular those in which a small molecule is docked

into its binding site, are frequently used in the design of

new drugs.

A conventional application of theoretical techniques

to the process of designing a new drug would be to take a

particular protein, for example an enzyme, and to look at

Figure 1. The three disaccharides which make up the
polysaccharide heparin. (a) Alternating a-D-N-acetyl
glucosamine and b-D-glucuronic acid, the predominant
disaccharide in heparan sulphate, forms long unsulated
domains (‘N-regions’). The glucosamine in this disaccharide
can sometimes be sulated at C6. (b) Alternating
a-D-glucosamine and a-L-iduronic acid; almost entirely
N-sulated, this is the most common disaccharide in heparin
and forms the ‘S-regions’ of heparan sulphate. In heparin, most
of these disaccharides are also fully sulphated at C2 of iduronic
acid and C6 of glucosamine. (c) A sequence of non-acetylated
a-D-glucosamine and b-D-glucuronic acid, a combination
found in the complex borders of S-regions. The glucosamine is
almost always 2-N-sulated and may be 6-O-sulated.
Substitutions not shown in the figure, such as 2-O-sulfate for
glucuronic acid, or 3-O-sulfate for glucosamine, are also
possible but rare. N-acetyl glucosamine followed by iduronic
acid does not occur in mammalian glucosaminoglycans.
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the detailed experimental structure of a complex between

the protein and its ligand, for example a substrate or

inhibitor. On the basis of the structural details of the ligand

and its binding site, new compounds may be proposed,

perhaps with a view to increasing the affinity of an

inhibitor. The compounds can be screened by molecular

modelling, using the technique known as docking

calculations, which explore many mutual orientations of

protein and ligand to find out how best to accommodate

the ligand in the binding site. Compounds with the

best affinity for the protein will produce theoretical

complexes with favourably low interaction energies. For

glycosaminoglycan–protein interactions this course of

action is not yet practicable. For one thing, the detailed

modelling of GAG ligands with proteins is technically

challenging [19], and secondly, the definition of a binding

motif in heparin or HS in terms of its sequence is

problematic, as described above. In addition, heparin and

its fragments do not bind tightly to deep clefts in the

protein surface, but to superficial sites, and the complexes

are formed largely by electrostatic interactions. The

molecular modelling of glycosaminoglycan sequences

has therefore not yet reached the stage at which docking

different sequences to one particular protein is useful; but

the reverse process, in which a generic heparin model

ligand is used to find GAG binding sites on the surfaces of

many proteins, is possible. Several groups have developed

protocols for a systematic search of the entire surface of a

protein to find the best heparin-binding site [20–22]. We

have used a combination of predictive docking with

experimental studies in the successful identification of

several heparin-binding sites [23–25].

4. Docking protocol for identification of heparin

binding sites on protein surfaces

Our docking strategy was developed with the aim of

discovering potential heparin-binding sites on protein

surfaces, for use both in the illustration and rationalis-

ation of experimental results such as NMR titrations [23]

or the design of site-directed mutagenesis experiments

[25]. As it is not necessarily the case that heparin

structures will bind to proteins in a single, defined

orientation (see for example the case of FGF-1 described

in the previous section), no emphasis was placed on the

detailed prediction of the geometry of the complexes, or

accurate calculation of the interaction energy. Rather

Figure 2. A detail from the crystal structure of FGF-1 complexed with a heparin hexasaccharide, with the protein shown in ribbon
form and the saccharide in stick form (reproduced from [15] with permission). Two molecules of FGF-1 interact with the
hexasaccharide, on opposite sides. Although the carbohydrate backbone is not symmetrical, the patterns of sulphate and carboxylate
on either side are sufficiently similar as to bind to the same site on the protein.
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than the conventional use of docking techniques, in

which the geometry of a small ligand molecule in a

known high-affinity binding site is optimised, we used a

simple protocol to screen the entire surface of a small

protein for clusters of basic residues which offer suitable

shape and charge profiles complementary to the pattern

of acidic substituents along the heparin chain.

Docking of several heparin oligosaccharide ligand

models to protein structures was performed as previously

described [26] using Autodock, version 2.4 [27], with

partial charges for protein atoms taken from the

AutoDock version of the AMBER force field. Co-

ordinates for the heparin oligosaccharide ligands were

derived from the NMR structure for the predominant

repeating disaccharide of heparin 1hpn.pdb [28] with

partial atomic charges from ab initio calculations using

the Jaguar program (Schrodinger, Inc., Portland, Oregon,

USA) on 1-OMe, 4-OMe substituted monosaccharides.

Two pentasaccharide ligands were used, each with

glucosamine at both reducing and non-reducing termini.

For one of these, the two iduronate residues were both in

the 1C4 conformation, and for the other they were both

in the 2S0 conformation; in heparin both these forms are

in equilibrium. All the exocyclic bonds in these

pentasaccharide models were regarded as rotatable with

the exception of the glycosidic linkages. Some

calculations were also performed using a completely

rigid endecasaccharide ligand model.

Docking was typically performed on a grid of

120 £ 120 £ 120 points, with the addition of a central

grid point. The grid was centred on the mean of the

coordinates of the protein. Grid spacing was 0.7 Å,

leading to a grid of 84 £ 84 £ 84 Å. This determines the

largest protein that can be studied by this protocol.

Separate grids of van der Waals (VDW) interaction

energy are then calculated for each atom type in the ligand

(C, N, H, S, O) and an electrostatic interaction energy grid

is computed for a single electron charge. These grids are

used during the docking process to rapidly calculate the

interaction energy of the ligand with the protein. This is

achieved by finding the grid points surrounding each

ligand atom and using an interpolation procedure to find

the energy contribution at the current coordinates. The

energies are then summed over all atoms in the ligand and

the torsion energy terms added to the VDW and

electrostatic energies. During the docking procedure the

position, orientation and allowed torsion angles of the

ligand structure are optimised by a Monte Carlo simulated

annealing procedure. Initial simulation temperature

(defined in RT units) of 1000 was used and a temperature

reduction factor of 0.95 per cycle was used; typically 128

runs of 300 cycles were performed. As detailed analysis of

the modes of binding was not an aim of the protocol, no

clustering of the results was performed.

These parameters were selected in a validation

study of the protocol, by performing simulations on a

protein/heparin oligosaccharide complex of known

crystal structure, that of FGF2 with a heparin

hexasaccharide (1bfc.pdb; [29]), adjusting parameters

to most reliably reproduce the known heparin-binding

site. Docking was performed with a unit dielectric

rather than a distant dependent dielectric, as this was

found more reliable in reproducing known binding

sites. Docking calculations typically required approxi-

mately 50 min on a 300 MHz SGI octane workstation.

Docked ligand coordinates were extracted from output

files using a set of in-house Perl scripts.

5. Use of docking calculations to screen the

structure database for heparin-binding proteins

The docking protocol can readily be performed on a

medium-high throughput basis, so that the possibility

arises of a systematic survey of proteins with known 3D

structures, in order to supplement the limited number of

experimentally determined heparin–protein complexes

[30]. There are over 41,000 structures in the Protein Data

Bank (PDB), however, so an initial survey of a subset of

solved protein structures is desirable. In the structural

classification of proteins (SCOP) [31] system (http://

scop.mrc-lmb.cam.ac.uk/scop/), members of the Super-

family of 4-helical cytokines (in the Class of all-alpha

proteins) form a suitable group (Figure 3). They are small

proteins, related in functional terms as well as by

structure, and all performing their biological functions

outside the cell, so that their environment is rich in

GAGs.

We have performed semi-automated docking

calculations using the program Autodock, as previously

described [26], with co-ordinates for the heparin-based

oligosaccharide ligands taken from the PDB file

1hpn.pdb [28] and co-ordinates for proteins derived

from PDB files (http://www.rcsb.org/pdb/) correspond-

ing to experimentally determined structures in the

SCOP families of long- and short-chain 4-helical

cytokines, and the interferon/interleukin-10 (IL-10)

group. Only the structures of human cytokines were

chosen. For all the proteins except for IL-5, IL-6 and

IL-10 one monomer of the protein was used for

docking; a single chain was edited from the pdb file

where that file contained more than one chain. No

attempts were made to replace missing co-ordinates in

the pdb files by molecular modelling. Heparin–protein

complexes calculated to have intermolecular interaction

energies of less than 21000 kcal/mol were regarded as

predictions of capacity to bind heparin; those with

interaction energies of more than zero were regarded as

predicting no capacity to bind heparin. The energy units
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of the Autodock function are usually given as kcal/mol;

the high figures in the tables are a consequence of the

high weighting given to electrostatic terms in the

forcefield by using a unit dielectric constant. Values

given should be understood as the results of a ranking

function with no significance in absolute terms. Co-

ordinates were visualised and figures prepared using the

programs InsightII and Weblab Viewer (Accelrys).

6. Long-chain cytokines

Docking calculations were possible for seven members

of this family, listed in Table 1, out of a total of 9. IL-12

was omitted, as inspection of the crystal structure

(1f45.pdb) showed that the 4-helical bundle is a minor

part of this structure, which also includes a second

subunit made up of three Immunoglobulin G (IgG)

domains [32], and the co-ordinates for Oncostatin M

(1evs.pdb) were too incomplete to give anything, other

than an artefactual result. Four members of this group are

strongly predicted to bind to heparin: leukaemia

inhibitory factor (LIF), IL-6, erythropoietin (EPO) and

thrombopoietin (TPO). Heparin is known to interact with

IL-6 and a site involving the A and D helices has been

proposed [33], which is entirely consistent with our

predictions. This face of the bundle is closely involved

with receptor interactions, and the proposed heparin-

binding site lies close to, though not overlapping, the

areas of IL-6 which interact with both its receptors; IL-

6R and gp130. Though, it is possible to imagine heparin

occupying the site at the same time as either of the two

receptors, simple steric factors prevent heparin-binding

to the complete signalling complex of IL-6 with both

receptors. LIF has not so far been identified as a heparin-

binding protein, but the docking results are highly

indicative that an interaction is possible, though in

contrast with IL-6 the proposed heparin-binding site lies

along the length of helix A, extensively overlapping the

gp130 binding site. Ciliary neurotrophic factor (CNTF) is

Table 1. Prediction of heparin binding to long-chain cytokines.

Cytokine (abbreviation)

PDB filename
(monomer or

dimer)

Intermolecular inter-
action energies for

pentasaccharide
ligands

Position of heparin binding
site1IdoA1C4 IdoA2S0

Leukemia inhibitory factor (LIF) 1emr.pdb (monomer) 21769 21785

Along helix A (N25,
Q26, R28) and end
of helix C (R133,
K137)

IL-62 1alu.pdb (dimer) 21270 21262

Helices A (K27, R30,
K66) and D (K171,
Q175, R179, R182)

EPO 1buy.pdb (monomer) 21799 21844

Along helix D (R139,
K140, R143, N147, R150,
K154, R166)

TPO 1v7m.pdb (monomer) 21617 21617

Helices A (R10, K14,
R17, H20, R25) and
D (R136, R140)

Prolactin 1n9d.pdb (monomer) 2627 2625
hGH2 3hhr.pdb (monomer) 2307 2277
Leptin 1ax8.pdb (monomer) þ63 þ81
G-CSF2 1cd9.pdb (monomer) 2154 2169
CNTF 1cnt.pdb (monomer) 2508 2520

1 Residues containing atoms within 3.5 Å of ligand in the five lowest energy complexes. 2 Reported to interact with heparin: see text.

Figure 3. Ribbon diagrams showing structures of three
proteins in the four helix bundle superfamily (reproduced
from [46] with permission). The four helices are labelled A, B,
C and D by convention. Long loops between helices A and B,
and helices C and D, run the length of the molecule, so that A
and B run parallel, as do C and D in the opposite direction.
(a) A short-chain cytokine, showing a short two-stranded beta
sheet. (b) A long-chain cytokine, with a short extra helix after A
and no beta stands. (c) A member of the interferon/IL-10
family, with a helix in the C–D connection.
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involved in neuronal cell growth and survival; like IL-6

and LIF, it has gp130 as part of its receptor complex.

CNTF also shares the LIF receptor, though unlike LIF,

CNTF requires a specific, non-signalling receptor in

addition [34]. Unlike IL-6 and LIF, CNTF has no

plausible heparin binding site.

Both EPO and TPO are classified as long-chain

cytokines with short-chain topology. Although, neither

cytokine is recognised as a heparin-binding protein, the

docking calculations indicate that a well-formed heparin-

binding site is present on both. The crystal structure of

the complex between EPO and two receptor molecules

[35] clearly displays the same linear pattern of basic

residues along helix D, which passes through the centre

of one of the EPO receptor binding regions (Figure 4).

For the remaining long-chain cytokines, the results

are as would be expected for a chance patch of basic

residues on the protein surface rather than a functional

heparin binding site, though heparin has been reported to

interact with some of them (Granulocyte-colony

stimulating factor (G-CSF) [36] and somatotropin

(human growth hormone: hGH); [37]).

7. Short-chain cytokines

Eight structures are listed in Table 2: a ninth,

macrophage colony-stimulating factor, was omitted as

co-ordinates (1hmc.pdb) were incomplete. Strongly

positive predictions of heparin binding were made for

interleukins IL-2, IL-4 and IL-13, and (less strongly) for

IL-3; a positive prediction is also made for the

intertwined dimer IL-5. Interactions have been found

experimentally between heparin and IL-2 [38], IL-3 [39],

IL-4[40], and IL-5 [41], but not reported so far for IL-13.

Overlaid complexes for IL-2, IL-3, IL-4 and IL-13 are

shown in Figure 5.

The NMR structure of IL-3 (1jli.pdb) has as many as

13 altered amino acids. The predicted heparin-binding

site involves none of these, but the prediction should still

be regarded with caution. Like Granulocyte-macrophage

colony stimulating factor (GM-CSF), IL-3 is adsorbed by

HS [39], but no detailed structural description of the

interaction is available.

GM-CSF cannot be confidently predicted to bind

heparin on the basis of the docking calculations. However,

Figure 4. The predicted heparin binding site for EPO. EPO (the central bundle of helices, coloured red) and its receptor (largely blue-
coloured strands) are represented as a ribbon diagram, with the basic residues on EPO predicted to bind heparin displayed as sticks and
coloured green. The potential heparin-binding site runs along helix D and overlaps with the receptor binding site [35].
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pH-dependent interaction between GM-CSF and heparin

has been described, and three histidine residues identified

as important for binding [42]. In the crystal structures,

these residues are not exposed, but it is possible this is not

the case for the solution structure at low pH.

The Flt3-ligand (Flt-3l) and stem cell factor (SCF)

have overlapping biological functions and share a receptor

type [43], but are dissimilar in their predicted behaviour

towards heparin. While it is possible that Flt-3l may bind

heparin, the prediction for SCF is strongly negative. The

crystal structures of both Flt-3l (1ete.pdb) and SCF

(1exz.pdb) contain co-ordinated metal ions, which are not

taken into account in our docking protocol. While for the

acidic protein SCF this is unlikely to introduce any heparin

binding capacity, it is conceivable that the presence of zinc

might influence heparin binding to Flt-3.

8. Interferons/interleukin 10 family

Members of this group have an extra short helix in one of

the crossover connections; their heparin-binding predic-

tions are listed in Table 3. Interferons a-2A (1itf.pdb), b

(1au1.pdb) and g (1eku.pdb) were considered, and here

the results of the docking calculations meet a common

problem. A clear prediction was obtained only for

interferon-b, which has a strong potential binding site

extending over helices A and D; a less clear prediction

places a possible heparin binding site in the same area for

interferon-a2A. For interferon-g, post-calculation review

of relevant literature indicated that prediction of a heparin

binding site by this method is not valid, as the heparin

binding site is known to be situated on an unstructured C-

terminal tail [44]. It is not wise to place reliance on a

prediction of this kind for the globular domain of a protein

with N- or C-terminal unstructured sequences, without

careful inspection of the unstructured sequences for

concentrations of basic amino acids. Modelling of the

complex would require an exhaustive conformation

sampling scheme, followed by docking on each

conformer generated. For an unstructured region of

more than a few residues this procedure is not practicable.

Three IL structures also fall into this family; those for

IL-10, IL-19 and IL-22. IL-10 is an intertwined dimer,

whereas IL-19 and IL-22 are not. Predictions for both

IL-19 and IL-22 are not clear; heparin may bind to IL-22

Table 2. Prediction of heparin binding to short-chain cytokines.

Cytokine
(abbreviation)

PDB filename
(monomer or dimer)

Intermolecular inter-
action energies for

pentasaccharide
ligands

Position of heparin binding site1Ido A 1C4 Ido A 2S0

IL-42 1hik.pdb (dimer) 2 2293 2 2303 Helix C (H74, K77, R81, K84, R85, R88)
IL-22 3ink.pdb (monomer) 2 1225 2 1252 AB (K32, K35, R38) and CD (Q74, K76, R81) loops
IL-13 1ijz.pdb (monomer) 2 1099 2 1120 AB loop (K25) and Helix D (K97, K104, K105, R108)
IL-32 1jli.pdb (monomer) 2 890 2 862 AB loop (K28, R29) and Helix D (R108, R109)
IL-52 1hul.pdb (intertwined dimer) 2 1201 2 1215 Helix C (K70, K77, K84, K85, R90) and N-terminus
GM-CSF 1csg.pdb (monomer) 2 407 2 408
Flt3 ligand 1ete.pdb (monomer) 2 556 2 544
SCF 1exz.pdb (monomer) 2 159 2 199

1 Residues containing atoms within 3.5 Å of ligand in the five lowest energy complexes. 2 Reported to interact with heparin: see text.

Figure 5. Four short-chain cytokines predicted to bind heparin
(Table 1). The structures of IL-2 (3ink.pdb; pale blue), IL-3
(1jli.pdb; yellow) IL-4 (1hik.pdb; purple) and IL-13 (1ijz.pdb;
green) shown as superimposed ribbon diagrams (in a similar
orientation to the structures in Figure 3), each in complex with
its lowest energy heparin pentasaccharide (Table 1). The four
predicted heparin-binding sites do not overlap.
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by the helix-A/helix-D face, and to IL-19 by the C-D

loop and residues at the C-terminus. Heparin is strongly

predicted to bind to IL-10, interacting with both bundles

in the dimer, and heparin-IL/10 binding has been

observed experimentally [45].

9. Discussion

A structural comparison among short-chain helical

cytokines [46] has pointed out that, though these

compounds are structurally and functionally related,

their amino acid sequences are not strongly similar. This

is true of the 4-helical cytokines in general, but in spite of

poor sequence conservation, they are considered a

monophyletic group, arising at some point in the distant

past from a single ancestral gene [47]. Their receptors are

however closely related, and shared subunits are

common: for example the gp130 receptor subunit shared

by several of the long-chain cytokines (such as Il-6 and

LIF) and the common gamma receptor subunit shared by

several short-chain cytokines. There are clearly elements

of surface character in common between cytokines which

share receptors, and it is reasonable to ask whether other

surface features, such as heparin binding sites, are

shared. However, the results of this brief survey do not

indicate that the capacity to bind heparin, or the site at

which heparin might bind, is conserved between the

4-helical cytokines, as is shown by the comparison of the

four heparin binding sites of IL-2, IL-3, IL-4 and IL-13

illustrated in Figure 5. The heparin binding site for IL-2

is constructed from loops [38], whereas, those for the

other three ILs lie across helices A and D, or A and C.

This study was undertaken in part to investigate the

feasibility of high-throughput screening of structures in

the PDB for the presence of heparin-binding sites, in

order to add to the limited number of such sites so far

defined by crystallised complexes. Several problems

arise for this type of exercise. First, there are entries in

the PDB which are incomplete, and missing residues in

loop or terminal unstructured regions may cause a

heparin-binding protein to be missed. Secondly, it is not

always clear which oligomeric form of the protein is

most appropriate for the docking exercise. Other

considerations include glycosylation and other post-

translational modifications, which are not always clear in

the PDB structure. However, it is relatively quick and

simple to generate results from our protocol. Several of

the predictions made will be investigated experimentally.

Detailed analysis of the predicted binding sites has been

avoided as being premature in the absence of experimental

data. Though, these molecular modelling exercises offer no

more than informed predictions, they are in agreement with all

the experimental data so far in failing to identify any single

amino acid sequence motif or feature of secondary structure

common to all heparin binding sites [15,26,48]. The

significance and function (if any) of the capacity of cytokines

to bind heparin or HS cannot be generalised; each case

requires separate investigation. However, it seems unlikely

that HS acts as a co-receptor for these cytokines by analogy

with the FGFs, as so many of the predicted heparin binding

sites overlap receptor binding sites. An ability to bind to

GAGs in the extracellular matrix may reasonably be expected

to affect the diffusion of cytokines, and it may be in the

location, rather than the signalling, of cytokines that HS plays

its part in their action.
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