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Abstract 
 

Heparin modulates diverse key physiological processes, from coagulation to angiogenesis, 
also contributing to the host –pathogen recognition process. New potential roles are still 
emerging, such as the inhibition of amyloidogenesis. To fully understand heparin function, and 
eventually modulate its action, we must first find out who are the travel companions. 

The chapter presents an overview on the heparin binding proteins known up to date. 
Following, the review offers useful tools to assist the discovering of new binding molecules, and 
identify the structural determinants involved in the interaction. 

Heparin  complexes  can  be  studied  by  experimental  and  in  silico  approaches, 
including docking and molecular dynamics simulations. Next, protein-ligand interfaces can be 
further analyzed by chemical-based computational tools to redesign even discontinuous binding 
epitopes in order to develop new active drugs. 

New in silico developed leads can be efficiently synthesized by high-throughput and 
combinatorial chemical synthesis allowing the screening of thousands of compounds. Thenceforth, 
they can be tested by experimental screening analysis to refine the leads designed, which once 
validated can undergo first clinical trials. 
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Introduction 
 

Glycosaminoglycans (GAGs) are complex carbohydrates that participate in key cell biological 
processes by regulation of their binding protein partners [1]. They are linear negatively charged 
polysaccharides with a molecular weight varying from 10 to 100 kDa and a high heterogeneity 
arises from all the enzymatic reactions involved in their biosynthesis pathways. In this chapter we 
will focus on the sulfated polysaccharides: heparin and heparan sulfate (HS). Heparin is synthesized 
by mast cells, whereas HS can be produced by virtually all type of cells. On its turn, heparin 
structure is highly conserved with similar composition in a broad range of vertebrate and invertebrate 
organisms, while HS can be found as components of the heparin sulfate proteoglycans (HSPGs) in 
the extracellular matrix and in the surface of animal cells. 

Heparin and HS are constituted by repeating units of GlcNAcα1–4GlcAβ1–4, which can 
undergo subsequent modifications (Figure 1). HS chain can vary in the extent of sulfation and 
epimerization [2] and heparin can in fact be described as a highly sulfated type of HS. On the other 
hand, HS contains a higher level of acetylated glucosamine. Each heparin disaccharide contain 
between 2 and 3 sulfate groups, giving together with carboxyl groups a very anionic character. 
Indeed, heparin is considered the biological molecule with the highest negatively charged density 
[3]. 

Heparin is a linear molecule that tends to have an extended conformation in solution 
because of its highly hydrophilic nature. The three dimensional structure of heparin  was deduced 
from NMR  studies. The structure is not  unique, as  sugars tend to adopt several conformations. 

NMR data indicates the presence of three possible conformers: the 4C1 and the 
1C4  chairs and the 2S0  skew boat. Mostly, the IdoA2S form shows a predominance over the 
chair (1C4) and the skew-boat (2S0) [4]. The molecule adopts an helical conformation, where 
clusters of sulfate groups align at both sides at regular intervals. The NMR structure of an 

heparin dodecasaccharide has often been used as a reference for modeling  and  docking analysis 
(1HPN [5]). However, crystal structures of protein complexes with short oligomers suggest that 
when heparin binds to a protein, a conformational change is induced for a better fit [1]. 

 

 
 

A Bit of History 
 

Heparin was discovered in 1916 at Johns Hopkins University by a medical student, Jay 
McLean [3]. In 1928 one of the sugars was identified as uronic acid and in 1935 glucosamine was 
found  as  the second sugar component. Later on, it was establish  that heparin was  a 
polysaccharide containing a very high percentage of covalently linked sulfates, making it one of 
more acidic known biological macromolecule. Heparin name derives from the first isolation source: 
canine liver cells (hepar is liver in greek) [6, 7]. By 1935 pure heparin was available for clinical 
tests and the compound was found effective in preventing postoperative thrombosis. The observed 
anti-coagulation activity was in fact due to its interaction with the thrombin inhibitor (antithrombin 
III, AT-III). Pharmaceutical heparin is now usually derived from bovine lung or porcine intestinal 
mucosa. The development of better heparin derived anticoagulant  drugs  is  very  active  and  most  
drug  development  research  is  based  on  the 
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sulfated glycosaminoglycans (GAGs): heparin and heparan sulfate [8]. The undesirable side effects 
of heparin, such as bleeding complications, and the better understanding of the coagulation cascade, 
led to the isolation and analysis of low molecular weight heparin derivates with better defined 
properties [3]. Several heparin –mimetic oligosaccharides are currently under clinical trials [8]. 

 

 
 

 
Figure 1. Disaccharide repeating units in heparin and heparan sulfate (X= H or SO3

-,Y = Ac, SO3 , or H). Scheme 
was modified from [3]. 
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Looking for Identity Patterns 
 

As heparin properties depend on its binding partners, we must first identify which are the 
structural determinants that guide their selective affinity. Heparin protein interaction is mainly driven 
by ionic interactions, dependant on the specific arrangement of sulfated  residues. Among 
glycosaminoglycans, heparin and HS have a greater chemical diversity and capacity to interact with 
proteins through their varied arrangements of sulfate groups and glucuronic acid/iduronic acid 
residues [3], as depicted in figure 1. 

A database of glycosaminoglycan binding proteins (GAGPROT) that collected all the 
available protein- ligand complexes coordinates deposited at the Protein Data  Bank  was created [9]. 
The database was part of a global glycomics project (Glyco3D)  which  also included an 
oligosaccharide database. We include here in this chapter an updated and exhaustive list of the 
currently available protein structures in complex with  heparin  and heparan derivates (Table 1). One 
of the first and best-studied example is  antithrombin complex with an heparin pentamer (Figure 2). 

 
Table 1. Three-dimensional structures of protein complexes with heparin and heparan sulfate 

oligosaccharides 
 

Protein name Protein 
type 

Ligand pdb 
code1 

Complex structure2 Ref. 

Antithrombin Serpin 
(Serine 
protease 
inhibitor) 

Heparin 
pentasaccharide 

1AZX 
(2.9 Å) 

 
 

[43] 

Antithrombin Serpin 
(Serine 
protease 
inhibitor) 

Heparin 
pentasaccharide 

1E03 
(2.9 Å) 

 
 
 
 
 
 

[60] 

Antithrombin Serpin Heparin 
pentasaccharide 

1NQ9 
(2.6 Å) 

 
 
 
 
 
 

[61] 

Antithrombin Serpin 
(Serine 
protease 
inhibitor) 

Trisulfoamino 
heparin 
pentasaccharide 

3EVJ 
(3.0 Å) 

  

Unp 
ubl. 

Antithrombin- 
prothrombin 

Serpin/ 
protease 

Heparin 
heptasaccharide 

1SR5 
(3.1 Å) 

 [62] 
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Antithrombin- 
thrombin 

Serpin/ 
protease 

Heparin mimetic 
SR123781 

2B5T 
(2.1 Å) 

 [63] 

Antithrombin- 
thrombin 

Serpin/ 
protease 

Heparin 
hexadecasacchari 
de 

1TB6 
(2.5 Å) 

 [44] 

Antithrombin- 
Factor X 

Serpin/ 
protease 

Synthetic 
heparin 
pentasaccharide 
(Fondaparinux) 

2GD4 
(3.3 Å) 

 [64] 

Antithrombin 
III- Factor IXa 

Serpin/ 
protease 

Heparin 
pentasaccharide 

3KCG 
(1.7 Å) 

 [65] 

Thrombin Protease Heparin 
disaccharide 

1XMN 
(1.85 
Å) 

 [66] 

Thrombospond 
in-1 

Membran 
e 
glycoprote 
in 

Synthetic 
heparin 
pentasaccharide 
Arixtra® 
(Idraparinux) 

1ZA4 
(1.9 Å) 

 [67] 

Vaccinia 
Complement 
Protein 

Inhibition 
of the host 
inflam- 
mation 
response 

Heparin 
octasaccharide 

1RID 
(2.1 Å) 

 [68] 

Complement 
C1Q subunit 

Subunit of 
the C1 
enzyme 
complex 

Heparan sulfate 
tetrasaccharide 

2WNU 
(2.3 Å) 

 [69] 

RANTES Chemo- 
kine 

Heparin 
disaccharides 
(I-S and III-S) 

1U4L 
(2.0 Å) 
1U4M 
(2.0 Å) 

 [70] 
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Table 1. Continued 
 
 

Protein name Protein type Ligand pdb 
code1

 

Complex structure2 Ref. 

Stromal Cell- 
derived 
Factor-1 
(CXCL12) 

Chemokine Heparin 
disaccharide 

2NWG 
(2.07Å) 

[71] 

 
 

Annexin A2 Extracellular 
protein 

Heparin 
tetrasaccharide 

2HYU 
(1.86 Å) 

[49] 

 
 
 
 

Annexin V Extracellular 
protein 

Heparin 
tetrasaccharide 

1G5N 
(1.9 Å) 

[72] 

 
 
 
 

Sulfotransfera 
se 

Enzyme Heparin, 
tetrasaccharide 

1T8U 
(1.95 Å) 

[73] 

 

 
 

Heparinase II Enzyme Heparin 
disaccharide 

2FUT 
(2.3 Å) 

[74] 

 

 
 
 

Heparinase II 
mutant 

Enzyme Heparan sulfate 
tetrasaccharide 

3E7J 
(2.1 Å) 

[75] 

 

 
 
 

Heparinase II Enzyme Heparan sulfate 
disaccharide 

3E80 
(2.35 Å) 

[75] 

 
 
 
 

Heparin 
lyase I 

Enzyme Heparin 
disaccharide 

3IN9 
(2.0 Å) 

[76] 
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Heparin lyase 
I mutant 

Enzyme Heparin 
dodesaccharide 

3INA 
(1.9 Å) 

 [76] 

Human 
Acidic 
Fibroblast 
Growth 
Factor 

Growth 
factor 

Heparin 
pentasaccharide 

1AXM 
(3.0 Å) 

 [77] 

Human 
Acidic 
Fibroblast 
Growth 
Factor 

Growth 
factor 

Heparin 
hexasaccharide 

2AXM 
(3.0 Å) 

 [77] 

Human 
fibroblast 
growth factor 
(FGF-1) 

Growth 
factor 

Heparin 
synthetic 
hexasaccharide 

2ERM 
(NMR) 

 [78] 

Human Basic 
Fibroblast 
Growth 
Factor 
(bFGF) 

Growth 
factor 

Heparin 
tetrasaccharide 

1BFB 
(1.9 Å) 

 [79] 

Human Basic 
Fibroblast 
Growth 
Factor 
(bFGF) 

Growth 
factor 

Heparin 
hexasaccharide 

1BFC 
(2.2 Å) 

 
 
 
 
 
 

[79] 

bFGF2/ecto- 
domain of 
FGF receptor 
1 

Growth 
factor/ 
receptor 

Heparin 
hexasaccharide 
octasaccharide 

1FQ9 
(3.0 Å) 

 [80] 

aFGF1/ecto- 
domain of 
FGF receptor 
2 

Growth 
factor/ 
receptor 

Heparin 
decasaccharide 

1E0O 
(2.8 Å) 

 [45] 

Nk1 
hepatocyte 
growth factor 

Growth 
factor 

Heparin 
pentasaccharide 

1GMN 
(2.3 Å) 

 [81] 
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Protein name Protein type Ligand pdb 

code1 
Complex structure2 Ref. 

Nk1 
hepatocyte 
growth factor 

Growth 
factor 

Heparin 
hexamer 

1GMO 
(3.0 Å) 

 [81] 

Eosinophil- 
granule major 
basic protein 

Lectin C 
type 

Heparin 
disaccharide 

2BRS 
(2.2 Å) 

 [82] 

Cardiotoxin 
A3 

Snake 
venom toxin 

Heparin 
hexasaccharide 

1XT3 
(2.4 Å) 

 [83] 

Foot-and- 
Mouth 
Disease 
Virus- 
Oligosa- 
ccharide 
Receptor 

Picornavirus 
capsid 
protein 

Heparin 
pentasaccharide 

1QQP 
(1.9 Å) 

 [84] 

Human 
papilloma 
virus18 
(HPV18) 
capsid L1 

Virus capsid 
protein 

Heparin 
trisaccharide 

3OFL 
(3.4 Å) 

 [85] 

Peptidoglyca 
n recognition 
protein 

Receptor for 
bacteria 
recognition 

Heparin 
disaccharide 

3OGX 
(2.8 Å) 

 

Unpu 
bl. 

1 Data resolution is indicated below. 
2 Assemblies of complex structures are depicted as defined by the authors or predicted by the PDBe 

PISA server [86]. Images were taken from the PDBe server. 

 
In 1989 Cardin and Weintraub published the first study aimed at identifying the structural 

requirements for GAGs interaction [10]. The analysis of the available complexes at that time lead to 
the proposal of two binding consensus sequences: XBBXBX and XBBBXXBX [B is a basic and X a 
hydropathic (neutral and hydrophobic) amino acid residue], which would align respectively the basic 
group in beta and alpha-helix structures respectively for interaction with sulfated groups. Cardin- 
Weintraub consensus sequences is indeed present  in  many heparin –binding proteins, as Annexin, 
Vitronectin, AT-III, ApoE or the Protein C inhibitor [1]. A third consensus sequence was later 
proposed,  XBBBXXBBBXXBBX,  serving  as initial sequence probe to determine whether a protein 
can possibly bind heparin [3]. However, the model was not always fitting and spacial orientation 
of basic residues should also be considered. By inspection of heparin binding sites with known 
secondary structure, a spacing 
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of 20 Å between cationic residues was proposed. By using peptide libraries Fromm and coworkers [11] 
assessed the affinity of randomly synthesized heptamers for both heparin and HS, concluding that 
Lys and mostly Arg, together with polar residues, are preferred. In particular, the guanidinium group 
of Arg can provide a specific tight interaction with the sulfo groups, as observed in the antithrombin-
pentamer interactions (Figure 2). In fact, the Cardin and Weintraub motif shows a predominant 
preference for SO4 binding, as shown by statistics analysis upon all currently protein-ligand 
complexes, when performed using the PDBe motif software [12]. Although main interaction between 
protein and heparin would be of ionic type with sulfo and carboxyl groups, the contribution of 
hydrogen bonds with hydroxyl groups should also be considered [13]. A second ligand binding hit 
for the heparin binding motif, as revealed by PDBe motif analysis is the phosphate group. Heparin 
resembles nucleic acids as both are highly charged linear polymers, and not surprisingly several 
heparin binding proteins were reported to bind to nucleotides and the other way round, nucleic acid 
binding proteins show a high affinity for oligosaccharides. 

 

 
 

Figure 2. Protein- ligand interactions at the binding site of the antithrombin- heparin pentamer complex 
(1azx.pdb, [43]). The figure was drawn using LigPlot and provided by the PDBe server. 
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Figure 3. Docking results for heparin [IdoA(2S)-GlcNS(6S)] and heparan sulfate [IdoA-GlcNAc(6S)] [18]. The best 
ligand conformation of each cluster is selected. Rotable bonds are depicted and hydrogen bonds are indicated with 
dashed lines. 

 
As an illustrative example we include here the comparative analysis of RNase 3 binding mode 

by both structural and modeling studies (Figs. 3 and 4). RNase 3, also called the Eosinophil Cationic 
Protein (ECP) is an eosinophil RNase of the RNase A superfamily involved in host defense [14]. It 
is a very cationic protein, with an unusual high pI (~ 11). RNase 3 was already reported to bind 
heparin when first purified from eosinophils [15]. Binding to heparin oligosaccharides was also 
observed later on when using the recombinant protein and mutagenesis studies identified a binding 
stretch required for interaction [16, 17]. Interestingly, the protein RNase catalytic activity is inhibited 
by the presence of heparin [18]. NMR analysis [19] and docking studies (Figure 3, [18]) confirmed 
subsequently that protein residues at the active site cleft [20, 21] were involved in the sugar binding. 
Figure 4 illustrates the overlapping of residues involved in the RNA substrate anchoring, taking 
the RNase A- tetranucleotide complex as a model [22], and RNase 3 docking to an heparin tetramer. 

Cationic RNases binding to heparan sufate by Arg residues was suggested to promote the protein 
internalization in host cells, and may facilitate their cytotoxic side effects [23]. The virulence of 
pathogens such as protozoa also depends on HS binding at the mammalian cell surface and HS are 
used as a receptor for virus entry. 

Critical Arg residues are also contributing to RNase 3 antimicrobial activity [24]. An Arg cluster 
was also identified at lactoferrin N-terminus which could anchor not only heparin and DNA, but 
also the lipopolysaccharides (LPS) present at the Gram –negative species outer membrane, 
accounting for its antimicrobial activity [25]. Screening the RNase 3 primary sequence for an 
antimicrobial activity motif [26] identified the region 33 to 38, which was also involved in LPS 
binding [27, 28]. Patterns for LPS have  been  proposed,  bearing  a striking similarity with the ones 
related to heparin binding, as referred above. In particular, the following stretches were reported 
by Frecer and coworkers [29]: BH(P)HB; HBHPHBH and HBHBHBH, where B, H and P stand 
for basic, hydrophobic and polar residues respectively. 
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Figure 4. Structure of RNase A-d(ApTpApApG) Complex [22] in grey and Eosinophil Cationic Protein 
(ECP)[20] docking to tetrasaccharide (IdoA-GlcN-IdoA-GlcN) in black (1BFB.pdb). ECP interacting residues 
are labeled. 

 
 

Searching for Methodological Tools 
 

Many approaches can be used in order to discover, identify and characterize heparin- 
binding sites in proteins [30]. The techniques employed can be classified depending on the 
information provided (e.g. the resolution achieved) as summarized in Table 2. 

 
Table 2. Summary of selected methods to study the interaction of heparin with proteins 

grouped in experimental and theoretical methods 

 
 Atomic 

resolution
Epitope 
characterization 

Binding affinity* 

 
 
 
 

Experimental 

Nuclear magnetic 
resonance (NMR) 
spectroscopy 

 
 
 

Protein 
crystallography 

 
 
 

Proteolytic 
footprinting 

Heparin affinity 
chromatography 

 
Equilibrium competition 
binding 

 
Isothermal fluorescence 
titration 

 
 

Theoretical 

Molecular docking 
simulation 

 
Molecular dynamics 
simulation 

 
Shape 
complementary 
algorithms 

Molecular docking 
simulation 

 
Molecular dynamics 
simulation 

* Binding affinity assays can be used together with protein mutants to scan for heparin epitopes. 
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The experimental data can provide information on the binding affinity for heparin and even 
offer a kinetic picture of the association/dissociation process and, in more complex experimental 
setups, give atomic resolution details of the protein-heparin complex. In its turn, computational 
methods can easily provide atomic resolution details. Though inexpensive, computational results are 
not as reliable as those provided by experimental methods. 

 

 
 

Experimental Methods for Characterizing Heparin-protein Binding 
Interactions 

 
Heparin Affinity Chromatography 

The main purpose of heparin affinity chromatography is to provide a rough estimation of 
heparin-protein affinity using a fast and easy experimental setup. First, the protein is applied to an 
heparin sepharose column and is eluted using a NaCl gradient from 0 to 1M NaCl. The NaCl 
concentration at which the protein is eluted denotes the protein affinity for heparin. 

The protocol can also be applied to characterize the binding of  engineered  protein mutants with 
respect to the wild type. In that case, the measure of the NaCl concentration that promotes protein 
elution is a measure of the impact of the mutated  residues  on  heparin affinity. Using these values the 
specificity index (∆∆[NaCl]) can be calculated as: 

 

 
 

The superscripts H and S refer to the chromatography type, heparin-sepharose and sepharose 
column respectively and: 

 

 
 

Low amounts of protein are required to calculate the specificity index. However, sepharose 
chromatography assays are biased towards electrostatic interactions and do not give a real value for 
the affinity constant [30]. 

This method has been extensively used in the characterization of chemokines, to study the 
importance of cationic residues (e.g. lysine and arginine) for heparin interaction. As an example, 
Severin et al. [31] studied the heparin specificity index for several mutants of the CXCL11 
chemokine. In addition, they observed that the results correlate well with a model developed using 
molecular docking  simulations  (see  Molecular  Docking  Simulations section). Moreover, the 
results obtained together with equilibrium competition assays (see Equilibrium competition assays) 
and other related tests allowed the authors to  propose  a cationic binding patch on the surface of 
CXCL11. 
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Equilibrium Competition Binding and Tritiated Heparin Binding Assay 
Although the heparin affinity chromatography gives a rough idea on the protein binding affinity 

for heparin, more detailed studies have to be conducted in order to calculate real binding 
constants that cannot be inferred from sepharose chromatography. Equilibrium competition binding 
is a classical assay that can provide accurate binding affinities for protein-ligand complexes. In this 
test, immobilized heparin in sepharose beads are incubated with radioactively labeled protein and the 
binding competition is followed using an increasing concentration of heparin or unlabeled protein. In 
both cases, the competitor will displace the radiolabeled protein bound to heparin. As sepharose 
beads can be easily isolated by filtration, the radioactivity recovered together with heparin-sepharose 
beads can be measured in a scintillation counter. As a result, affinity constants can be determined 
by this method and, when protein mutants are available, it can be used to infer protein-binding 
epitopes. 

On the other hand, the tritiated heparin-binding assay can be used instead of the equilibrium 
competition assay; although it is less reliable and larger amounts of protein are required [30]. In 
this method, radioactive heparin is incubated with increasing concentrations of protein in 96-well 
plates fitted with cellulose phosphate paper. After washing the papers with an appropriate buffer 
to remove unbound heparin, the total amount of protein can be quantified in a scintillation 
counter. 

Tritiated heparin binding assays have been performed by Lau et al. [32] to determine the amino 
acids defining the heparin-binding region of CC chemokine MCP-1 and found that His66 and the 
initiating Met had an active role in heparin binding. These residues could not be detected using 
heparin affinity chromatography. 

 
Isothermal Fluorescence Titration and Surface Plasmon Resonance 

Isothermal fluorescence is a biophysical technique that can be used to  characterize heparin 
binding by monitoring the fluorescence of aromatic residues in the protein. Usually, the tryptophan 
fluorescence signal, rather than tyrosine or phenylalanine, is used because of its higher 
fluorescence quantum yield. The binding isotherms built with this method can be used to calculate 
apparent binding constants. For example, Lau et al. calculated the dissociation constants for the 
interaction of MCP-1 mutants with unfractionated heparin [32]. When no aromatic residue is present 
in the sample, the protein can be engineered to replace a residue for a Trp if that does not affect to 
the protein biological function. 

Surface plasmon resonance (SRP) is a powerful  system  to  study  protein-ligand interactions and, 
particularly heparin-protein interactions. To describe the method briefly, the absorption or desorption 
of proteins in the sensor surface induces a change in the refractive index that is proportional to the 
protein concentration. The heparin substrate is immobilized on the chip and the solution containing 
the protein is constantly flowed over the chip. Heparin immobilization can be achieved by 
biotinylation using streptavidin sensor chip surfaces. The associated kinetics profile is followed to 
obtain the binding constant, detected as a change in protein concentration as a function of time. 
Finally, buffer is flowed over the chip to follow the dissociation. 

SPR sensor chips SA, C1 and CM5 have been employed to determine the kinetic parameters of 
lymphotactin binding to immobilized heparin and used to show that mutation of residues Arg23 and 
Arg43 to Ala decrease the protein affinity for heparin 300-fold [33]. 
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Proteolytic Footprinting Coupled to Mass Spectrometry 
In order to identify protein regions involved in heparin binding, a combination of protein 

digestion with proteases and mass spectrometry (MS) can be used. The protein of interest is 
incubated with or without heparin and subsequently  digested by  trypsin. The peptide MS pattern 
is recorded and compared for both incubated and non-incubated protein. Regions that interact with 
heparin are protected from digestion and are identified. Furthermore, the resolution of this method 
can be improved by digestion with complementary proteases such as chymotrypsin [30]. 

Proteolytic footprinting can be used as a complementary assay to confirm  heparin- binding 
regions in proteins. As a matter of example, Severin et al. have used proteolytic digesting 

combined with MS spectrometry to identify the region 53CLNPKSKQAR62 as a putative heparin-
binding region for chemokine CXCL11 [31]. 

 

 
 

Computational Methods for Characterizing Heparin-protein Binding 
Interactions 

 
Molecular Docking Simulations 

Molecular docking is a computational approach designed to predict the binding sites of 
interacting molecules, from ligand-to-receptor  binding  to  protein-protein  complex interactions, with 
the aim to elucidate drug candidates or study interaction networks. 

Up to date, only few molecular docking methods have been  explicitly  developed  to predict 
protein-heparin complexes [5, 34, 35]. Molecular docking of reasonable heparin fragments (≥ 4 
monosaccharide units) to a protein-binding site is still difficult due to the high electrostatic charge 
carried in both the ligand and the protein. Moreover, the flexibility displayed by the glycosidic rings 
and saccharide linkages also contributes to difficult the procedure. In order to low the computation 
cost of docking heparin oligosaccharides  in proteins, ligands can be treated as semi-rigid bodies, 
with no rotations allowed in the glycosidic rings and linkages. Although this procedure has been 
found not to affect  the precision of the models obtained, it may not be adequate (e.g. precision may 
not be enough) for some models. In fact, the highly sulfated iduronic acid ring of heparin may 
induce some flexibility to the oligosaccharide chain. Also the plasticity on protein-heparin 
complexes due to NA-domains is important in multivalent interactions [34]. Thus, taking into 
account all degrees of freedom on protein-heparin complexes must be considered to obtain a 
reliable model. 

One of the most used docking algorithms is Autodock but  other  algorithms  such  as DOCK have 
been successfully used to predict heparin-binding sites. Here, we briefly describe the docking 
procedure of heparin ligands in Autodock [18]. 

First, water molecules are removed from the structure, hydrogen atoms and atomic partial 
charges assignment and non-polar hydrogen merging can be added using Autodock Tools. The 
assignment of atomic partial charges can also be done using the AMBER force field or the REST 
procedure (available at the RED web server;  http://q4md-forcefieldtools.org/RED/ [36]). 

Then the grid is set depending on the docking strategy. For blind-docking strategies, the entire 
molecule has to be embedded on the grid to search for the potential heparin-binding 
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site.  However,  when  the  binding  site  is  already  known  or  expected,  restricting  the  grid volume can 
lower the docking computation cost. 

An acceptable docking run can be accomplished using 100 to 150 Lamarckian genetic 
algorithms (LGA) runs with 150 individuals in populations. The maximum number of energy 
evaluations that the genetic algorithm should make is usually set to 2500000 with 27000 
maximum generations. The number of top individuals that are guaranteed to survive into the next 
generation was 1. Rates of gene mutation and crossover are usually 0.02 and 0.80, respectively. 
Following docking, all structures generated for the same compound are subjected to cluster 
analysis, cluster families being based on a tolerance of 2 Å for an all-atom root mean square (RMS) 
deviation from a lower energy structure. This protocol has been successfully applied to identify 
the heparin-binding site of the Eosinophil Cationic Protein (Figure 3) [18]. 

For the second stage, the global minimum structure can be subjected to redocking under the 
same conditions and to cluster analysis, using a grid box centered in the ligand with a 0.25 Å of grid 
spacing. Multiple docking runs can increase the performance of docking programs, as was shown 
specifically in the case of Autodock. This two-stage analysis allows a more complete exploration 
of conformational space in the first stage with optimization of only the successful docking modes in 
the second. Also, molecular dynamics simulations can be run at this stage to get more details about 
the interactions and flexibility of the binding site. 

 
Molecular Dynamics Simulation 

Molecular dynamics simulation (MD) is one of the main tools in the theoretical study of 
protein-ligand interactions. The main aim of MD is to calculate the time dependent behavior of a 
molecular system. MD simulations can provide detailed information on the fluctuations and 
conformational  changes of biomacromolecules and complexes, e.g. protein-ligand complexes, and 
also be used to examine the structure, dynamics and thermodynamics of biological molecules and 
their complexes (See [37] for a guide on computational tools for protein-glycan interactions). 

In MD, the time-dependent behavior of a system is obtained by integrating Newton’s 
equations by numerical integration with a potential energy function. Simulation results are time 
series of conformations namely the path followed by each atom according to Newton’s laws. Most 
MD simulations are performed under conditions of constant N,V,E (the microcanonical ensemble) 
though latest methods implement simulations at constant N, T and P to mimic experimental 
conditions. 

The main drawback in running MD simulations is due to the high computational resources 
needed. A typical run about 100 ns time consumes between 5500 to 21000 CPU hours [38] and is 
commonly accomplished on supercomputers or large CPU clusters. However, the details obtained 
are, usually, more reliable and provide more information that those obtained by molecular docking 
simulations. 

The method reproduced here was successfully applied by N. Sapai et al. [34] to study the 
interactions of fibroblast growth factor 2 (FGF2) and chemokine CXCL12 and can be useful to 
study protein-heparin binding interactions.  Protein-heparin systems  are  neutralized with chlorine or 
sodium ions placed in a TIP3P water box and equilibrated over 1 ns with a 2 fs time step. The 
temperature is set to 298 K and a pressure of 1 bar by Langevin dynamics. Non-bonded 
interactions are cut off at 10 Å  and updated every 5 steps. A switch function is applied beyond 9 
Å. Long-range electrostatics is treated by the particle mesh Ewald method 
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using 1 Å grid spacing. Simulations are conducted for 20 ns with coordinates recorded every 
5  ps  to  give  4000  snapshots  per  trajectory.  Visualization  and  analysis  of  the  obtained trajectories 
can be done with VMD. 

The free energy of binding is calculated with the MM/PBSA method (as implemented in the 
AMBER 11 package). Ligand and protein coordinates are extracted every 50 ps giving 400 
snapshots per trajectory. The dielectric constant is set to 1 for solutes and 80 for solvent and the ion 
concentration set to 0. Surface calculation is performed with the MSMS software 
using a probe radius of 1.4 Å. The gamma and beta constants are set to 0.00542 kcal A−̊  2 and - 
1.008  kcal  mol−1.  The  entropy  is assessed  by  running  a  normal  modes  calculation  on  10 
snapshots extracted every 2 ns, after minimization using a convergence criterion of 0.0001 
kcal mol−1. 

 
 
 

Structural Analysis for Characterizing Heparin-protein Binding Interactions 
 

The inherent difficulties in solving three-dimensional structures of protein- carbohydrate 
complexes have delayed the understanding of the structural determinants of heparin recognition. 
Most 3D-complexes have been characterized by the X-ray crystallography methodology and NMR 
has provided a complementary approach when the protein complexes size was not a limiting factor. 
High resolution structure of protein complexes with heparin oligosaccharides are now used as a 
reference for modeling studies and as a template for the development of novel glycotherapeutics. 

 
NMR Spectroscopy 

NMR has been applied to characterize the conformational changes that can take place on both 
protein and ligand upon interaction. The flexibility of certain glycosidic linkage produces multiple 
co-existing conformations. In particular NMR reveal the three conformers present in equilibrium of 
the flexible iduronate ring in the free state, and how each conformer was favored upon binding in the 
distinct complexes analyzed [9]. NMR was  applied  for example to study the conformational fold 
heterogeneity that modifies the heparin binding site for the lymphotactin chemokine [39, 40]. 

Few three-dimensional complexes solved by NMR are now available. The small size of some 
GAG binding proteins enable the NMR analysis, and titration experiments also identified the 
interacting groups [41]. The methodology has also proven appropriate for the analysis of peptide –
oligomer complexes [42]. 

 
X-ray Crystallography 

Crystallization of protein complexes with heparin derived ligands  is  particularly challenging due 
to the heterogeneity of the heparin fragments and  the  multiple  binding modes. Table 1 provides an 
overview on the great diversity of heparin binding proteins. The table includes all the available 
crystal structure complexes, with the corresponding coordinate codes together with an illustrative 
picture of their assembly mode. The heparin pentasaccharide –antithrombin III complex in 1997 [43] 
was a reference starting  step  to unravel the protein interactions to sugar oligomers (Figure 2). 
Another emblematic structure 
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is the ternary complex where an heparin hexadecasaccharide binds to both thrombin and anti- 
thrombin [44]. 

Heparin binding can also promote dimerization, as suggested by the crystal structures of growth 
factor receptor complexes [45]. Chemokines bind GAGs also in a dimeric or tetrameric state, 
regulating thereby their role in inflammation [46, 47]. 

Oligomerization can be induced by sugar interaction, as observed for IFN association [48] 
and corroborated by other complementary methodologies [1]. 

The X-ray crystallography methodology has also provided some examples on how metal ion can 
modulate the GAG binding, as annexin A2 dependence of  Ca2+  [49].  Selective divalent cation, as 
Zn2+ preference for heparin, suggests that the interaction is not merely electrostatic [50]. 

 
Table 3. List of selected reference binding proteins for the main physiological processes 

regulated by heparin, together with their respective known biological roles 

 
Blood 
coagulation 

Cell-cell 
interactions 

Inflammation Lipid 
metabolism 

Cell growth 
and morpho- 
genesis 

Host- 
pathogen 
interaction 

Antithrombin 
AT III 
(Serine 
protease 
inhibitor) 

Selectin 
(adhesion 
protein) 

Lymphotactin 
(chemokine) 

Annexin II 
(lipid 
binding 
protein) 

FGF-1 
(fibroblast 
growth factor) 

HIV-1-gp120 
(viral surface 
glycoprotein 
that mediates 
cell entry) 

Thrombin 
(protease) 

Fribronectin 
(adhesion 
protein) 

Interleukine 
IL-8 
(cytokine) 

Annexin V 
(lipid 
binding 
protein, 
blood 
coagulation) 

FGF-2 
(fibroblast 
growth factor) 

Malaria CS 
protein 
(sporozoite 
attachment to 
hepatocytes) 

Protein C 
inhibitor 
(Serine 
protease 
inhibitor) 

Vitronectin 
(adhesion 
protein) 

Platelet factor 
4 (PF4) 
(Chemokine) 

ApoE 
(lipid 
transport) 

VEGF 
(Vascular 
endothelial 
growth factor) 

Foot and 
mouth disease 
virus (FMDV) 
receptor 

Factor Xa 
(blood 
coagulation) 

Laminin 
(adhesion 
protein) 

CXCL12 
(Chemokine) 

LPL 
(lipoprotein 
lipase) 
lipolysis 

TGF-1 
(Transforming 
growth factor) 

Vaccinia 
virus 
complement 
protein (VCP) 
(inhibition of 
the host 
inflammatory 
response) 
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Searching for Therapeutic Agents 
 

Heparin and GAGs in general are involved in many biological processes, providing a unique 
field for novel drug development. Table 3 illustrates the diversity of related biological functions. 
More detailed information is provided by exhaustive review work [1, 3, 51, 52]. To assess in vivo the 
involvement of heparan sulfate in mammalian physiology numerous knockout and transgenic mice 
have also been generated, as reviewed by Bishop and coworkers [53]. 

Clinical significance of GAGs derives from their diversity of roles in cell function, from cell 
signaling to pathogenesis,  as tumor growth and inflammation. HS at  the cell surface contribute to 
many cell pathways, as lipid metabolism, by binding to apolipoproteins and lipases and 
promoting their endocytosis, participating in cellular crosstalk; cell signaling and tissue repair 
processes and under certain conditions, induce some pathological state. 

Heparin/ heparan GAGs (HSGAG) are involved in several path of the tumor growth. We find 
HSGAG proteoglycans in tumor cell surface, and neighboring cells, such as endothelial cells. 
Exposed HSGAG at tumor cell surface bind to growth factors and endothelial HSGAG bind to 
angiogenic factors. HSGAG at the cell –extracellular matrix (ECM) regulate both the tumor 
development and the metastasis process. Heparin derivates have been applied for the inhibition of 
both tumor growth and metastasis. New heparin derivates are being engineered to remove the 
anticoagulant activity while preserving the required properties for cancer treatment. 

Heparin and HS are also found in Alzheimer’s tissue deposits [54]. In fact, HS have been 
reported to bind amyloidogenic peptides in vitro and in vivo, promoting fibril formation, and derived 
drugs have been considered to slow down or reverse the formation of amyloid deposition [3]. 

GAGs interaction also mediates the microbial infection  process. GAGs are known to promote 
microbial invasion by interacting with structures at the pathogen cell surface, as adhesion 
proteins, such as lectins and adhesins [55]. Many pathogens use HSPGs as adhesion receptors for 
infection [56] and glycocompounds are designed to work as binding competitors [57, 58]. As an 
example, sulfated polysaccharides have a potential for the therapy and prevention of HIV infection 
[59]. 

The potential of heparin derivates is already exploited by many companies, such as Intellihep, 
Zacharon Pharmaceuticals, GlycoMimetics, Endotis Pharma, Polymedix, Progen, OTR3 and 
Momenta. Table 4 includes representative heparin derived agents that have proven of great 
therapeutic [8]. The design of optimized low-molecular-weight heparin molecules is based on the 
knowledge of the spacial distribution and properties of oligosaccharide binding motives [52]. 
Heparin pentasaccharides were taken as a reference for the design of heparin mimetics as 
anticoagulant agents. The crystal structure of the AT-III pentasaccharide complex (Figure 2) mostly 
contributed to the understanding of the structural basis of heparin anticoagulation properties. The 
GlcNAc/NS6S -->GlcA -->GlcNS3S6S --> IdoA2S --> GlcNS6S comprises the anti-thrombin 
binding domain. Natural and synthetic oligosaccharides mostly differ in their substitution pattern 
[8]. The critical charged groups were identified and the N-sulfate groups were replaced by O-
sulfates and alkylated hydroxyl groups.  By  modulating  the  oligosaccharide  structures  and  the  
sulfation  pattern  distinct 
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properties could be achieved and an integrated functional glycomics approach would set the basis for 
the development of new effective drugs. 

 
Table 4. Representative heparin and heparan sulfate based drugs 

 
Commercial drug Molecule Mechanism Function 
Fondaparinux 
(Arixtra®) 

Synthetic pentasaccharide 
analogue 

Factor Xa 
inhibitor 

anti-thrombotic 

Idraparinux (SanOrg 
34006) 

Synthetic pentasaccharide 
analogue with methylated 
hydroxyl groups and O- 
sulfate groups 

Factor Xa 
inhibitor 

anti-thrombotic 

Idrabiotaparinux 
(SSR126517) 

Idraparinux linked to biotin Factor Xa 
inhibitor 

anti-thrombotic 

Rivaroxaban, 
Apixaban and 
Dabigatran 

 Factor Xa 
inhibitor 

anti-thrombotic 

PI-88 (Muparfostat) Sulfated 
phosphomannopentose and 
phosphomannotetraose 
oligosaccharide 

Heparinase 
inhibitor 

anti-angiogenic, 
anti-tumor and 
anti-metastatic 

Tramiprosate 
(alzhemedTM) 

3-amino-1-propanesulfonic 
acid 

Amyloid - 
peptide binding. 
inhibition of Ab 
aggregation 

Alzheimer’s 
disease treatment 

Eprodisate (Kiacts®, 
FibrillexTM) 

1,3 propanedisulfonic acid Inhibition of fibril 
formation and 
tissue amyloid 
deposition 

amyloidosis 
treatment 

M402 Mixture of oligosaccharide 
chains 

Interaction with 
growth factors 

anti-metastatic 

OTR4120 Dextran derivatives with 
carboxymetyl and 
sulfonate groups 

Replacement of 
HS bound to 
matrix proteins 
and growth factors 
destroyed by 
chronic tissue 
injury 

regenerating 
agents 

 
 

Conclusion 
 

The understanding of the structural basis for heparin protein interaction is setting the path to the 
design of novel drugs that work as anti-thrombotic, anticoagulant, anti-inflammatory, anti-
metastatic and anti-angiogenic agents. Past research has highlighted the drawbacks of using 
native heparin oligosaccharides as drugs. Heparin oligosaccharides due to their anionic 
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nature interact with multiple proteins, leading to many side-effects. Besides, the oligosaccharides 
have low tissue permeability, short serum half-life and poor stability. On the other hand, the multi-
step synthesis of oligosaccharides poses serious challenges for chemists. The determination of X-ray 
crystal complex-structures has exponentially increased in recent years contributing to the 
development of GAG-mimetics. Many pharmaceutical companies are now working on GAG-based 
drugs and some have been successful on clinical trials. 
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