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ABSTRACT 

Glycosaminoglycans (GAGs) are ubiquitous complex carbohydrate molecules present on the 

cell surfaces and in extracellular matrices (ECM) of vertebrate and invertebrate tissues. The 

interactions of sulphated GAGs such as heparin and heparan sulphate (HS) with numerous 

immunologically-relevant proteins is now attracting considerable interest as a source of new 

therapeutics for the treatment of infectious diseases, inflammation and allergies, and cancers. 

Various computational molecular modelling methods are being employed to determine the 

nature of the interactions of heparin oligosaccharides with various proteins in order to 

establish the structural requirements that determine their binding specificity and selectivity. 

The first part of this research focused on understanding the inflammatory cytokine CXCL-8 

(Interleukin-8 or IL-8) and its interactions with GAGs. A variety of molecular modelling 

methods were used to investigate the binding of complex carbohydrates to this protein. A 

number of consensus heparin/HS binding motifs were predicted to be required for the 

binding of monomeric or oligomeric structures of CXCL-8. Bioinformatics analyses showed 

that the basic residues in the heparin binding site are highly variable within the CXC family 

and amongst various CXCL-8 species. Drug-like carbohydrate mimetic molecules (cyclitols) 

that bind optimally to CXCL-8 were identified and characterised. It was established that both 

an optimum number of sulphates and a certain length of alkyl spacers are required for the 

interaction of cyclitol inhibitors with the dimeric form of CXCL-8. Furthermore, explicit 

solvent molecular dynamics simulations of dimeric CXCL-8 showed how its two anti-

parallel helices exhibit domain movements that can bring them in closer proximity. In 

addition, these simulations revealed shearing movements in the C-terminal helices in the 

CXCL-8 dimer. This inherent flexibility of the CXCL-8 dimer can be exploited in drug 

design as it plays an important role in the understanding of the interactions of molecules such 

as sulphated cyclitols with the two monomers. 

Structural bioinformatics and molecular modelling methods were used to generate and 

analyse a three-dimensional model of heparanase, an enzyme involved in metastasis and 

angiogenesis in cancer, in order to gain insight into its protein sequence, and its structural 

and functional relationships. The interactions of heparanase with disaccharide substrates and 

GAG mimetics were modelled to investigate the structural determinants of their protein 

binding specificity and selectivity. The choice of structural template for modelling the 

binding site of heparanase is very critical. Analyses of active-site similarity across groups of 

homologous template structures revealed that these bound oligosaccharides can block ligand 



 

 

binding to the catalytic and heparin binding sites of heparanase. Ligand-protein docking 

simulations further revealed the existence of a large binding site extending at least two 

saccharide units beyond the cleavage site (towards the non-reducing end) and at least three 

saccharides towards the reducing end (towards heparin-binding site 2). Extensive modelling 

of substrate and inhibitor interactions with the catalytically-active glutamic acids and the two 

binding sites for heparan sulphate of heparanase provides information useful for future drug 

discovery efforts focused on the identification of novel inhibitors of this enzyme. 

Free energy calculations of the binding of sGAGs to GAG-binding proteins were pioneered 

with the proteins PECAM-1 (platelet endothelial cell adhesion molecule) and Annexin, using 

the molecular mechanics/Poisson Boltzmann surface area (MM/PBSA) method. Analysis of 

the free energy of binding components revealed that the major contributors to complex 

stability are electrostatic interactions, with equally important contributions from van der 

Waals interactions and vibrational entropy changes, against a large, unfavourable desolvation 

penalty due to the high charge density of sGAG. The calculated absolute free energies of 

binding of the molecules investigated were found to be inaccurate compared to experimental 

values, but the method performed well in discriminating weak and strong binding. 

A final focus of this research was to investigate the conformational properties of sulphated 

iduronic acid (IdoA2S), a hexopyranose present in heparin. IdoA2S adopts more than one 

conformation (skew boat and chair) when internally positioned within an oligosaccharide or 

when it interacts with proteins. The influence of the solvent on the flexibility and 

conformations of this saccharide is of significant interest given that its biomolecular 

interactions occur in an aqueous environment. Therefore, molecular dynamics simulations 

were used to investigate the ability of the GROMOS force field and the GLYCAM 

carbohydrate parameter set in the presence of explicit solvent to successfully predict rotamer 

populations for this ring system. Calculations of theoretical proton NMR coupling constants 

showed that the GROMOS96 force field can predict the skew-boat to chair conformational 

ratio in good agreement with experiment; however, the accuracy of the GLYCAM force field 

in representing ring conformer populations during unconstrained molecular dynamics 

simulations is still debatable. 

  



 

 

ACKNOWLEDGEMENTS 

I am overwhelmed by the tremendous support given by the people who made this thesis 

possible. 

I would like to express my sincere appreciation to my supervisor Prof. Ricardo Mancera, 

who has supported and encouraged me throughout this project. He was always there to meet, 

listen and advice about my ideas and to ask me good questions to help me throughout the 

course of this research work. His patience in reading draft after draft of every paper (torture 

at times!), proposals and ideas I wrote up continues to amaze me. I am very grateful to him 

for introducing me to the field of glycosaminoglycans and for his interest in my future 

career. His mentorship has been invaluable throughout the research. It is difficult to overstate 

my gratitude to him. 

I would like to take this opportunity to thank Prof. Linda Kristjanson in her former role of 

Deputy Vice-Chancellor- Research and Development for her confidence and willingness to 

help me achieve my goals in my Ph.D. as well as for her generosity in helping to support my 

future postdoctoral position. Prof. Erik Helmerhorst deserves special thanks as the 

chairperson of my thesis committee and as an advisor. I would also like to thank Mrs. Sandra 

Spears and Dr. Geraldine Pinto in the School of Biomedical Sciences for their friendship 

during this study.  

I am grateful for the award of an Endeavour International Postgraduate Research Studentship 

(EIPRS) and a Curtin University Postgraduate Scholarship (CUPS) that made it possible for 

me to do my PhD research. I also gratefully acknowledge the Western Australian Interactive 

Virtual Environments Centre (IVEC) and the National Computational Infrastructure (NCI) 

facility for access to high-performance computing. 

My most sincere thanks go to my mentors, the Lohray’s - Dr. Braj Bhushan and Dr. Vidya. I 

thank them for introducing me to the wonders and frustrations of drug discovery research 

and giving me opportunities in the field of Bioinformatics and Molecular Modelling. I thank 

Dr. Vidya for teaching me important lessons in project management, leadership and 

communication during my tenure with them and for all her moral support via email. I also 

value the support from my colleagues at Zydus Research Centre who helped me to learn in 

the fields of biotechnology and medicinal chemistry. 

I am indebted to my parents Suresh and Saroj Gandhi for their unconditional love and for 

inculcating in me the dedication and discipline to do whatever I undertake. All my life my 



 

 

father has been my inspiration and my mummy has been a special and best friend who is 

always there to listen patiently and help me fulfill my aspirations. On a more personal note, I 

would like to thank my brother Samir, my sister-in-law Meghna and my cousin Prashant, 

who support and encourage me on all of my endeavours, and gave me strength to move 

forward to something better in life. Without the support and constant encouragement of my 

friends this work would not have been possible. I owe a debt of gratitude to my friend and 

colleague Jestin Mandumpal, who taught me so much and whom I miss every day. I wish to 

thank my best friends from school (Manisha and Shabana) for helping me to get through the 

difficult times, and for all the emotional support and caring they provided. Grateful 

acknowledgement goes to my friends Pradeep Shukla, Miguel Renteria, Daniel Hernandez, 

Mario Lausberg Leena Sharma and Deepa Sharma, who never give up in giving their support 

and care to me in all aspects of life and trusting my capabilities. Special thanks go to 

Michael Connaughton for getting me interested in good food and cars, and for defending me 

against all odds. I also appreciate the timely help from my colleagues Zak Hughes, Zhili Zuo 

and Cara Kreck, as well as present and past members of the group. I also acknowledge my 

house owners Denise and Louise at Walpole St. for making my stay in Bentley memorable. I 

was pleased to have housemates like Shamila, Priyanka, Elvis and Mahmood, who were a 

constant source of entertainment. My genuine appreciation goes to my teachers from school 

who laid a solid foundation of techniques, knowledge, discipline and respect. My friends on 

networking sites also deserve acknowledgement for keeping in touch to date.  

 

 

 

 

 

 

 

 

 

 



 

 

List of publications included as part of this thesis 

REFFERED PUBLICATIONS 

Neha S. Gandhi and Ricardo L. Mancera, The structure of glycosaminoglycans and their 
interactions with proteins. Chemical Biology and Drug Design, 2008, vol. 72, pp. 455-482. 
Front cover of the issue, most downloaded and cited paper of 2009.  

Neha S. Gandhi and Ricardo L. Mancera, Free energy calculations of glycosaminoglycan-
protein interactions. Glycobiology, 2009, vol. 19, pp. 1103-1115. 

Neha S. Gandhi and Ricardo L. Mancera, Can current force fields reproduce ring puckering 
in 2-O-sulfo-α-L-iduronic acid? A molecular dynamics simulation study. Carbohydrate 
Research, 2010, vol. 345, pp. 689-695. 

Neha S. Gandhi and Ricardo L. Mancera, Heparin/heparan sulphate-based drugs. Drug 
Discovery Today, 2010, vol. 15, pp. 1058-1069. 

Neha S. Gandhi and Ricardo L. Mancera, Molecular dynamics simulations of CXCL-8 and 
its interactions with heparin fragments and sulphated linked cyclitols. Journal of Chemical 
Informatics and Modeling, 2011, vol. 51, pp. 335-358. 

Neha S. Gandhi, Craig Freeman, Christopher Parish and Ricardo L. Mancera, 
Computational analyses of the catalytic and heparin binding sites and their interactions with 
glycosaminoglycans in glycoside hydrolase family 79 endo-β-D-glucuronidase 
(Heparanase). Glycobiology, 2011, in press. 

  

 

 

 

 

 

 

 

 

I warrant that I have obtained, where necessary, permission from the copyright owners to use 

any third party copyright material reproduced in the thesis (e.g. questionnaires, artwork, 

unpublished letters), or to use any of my own published work (e.g. journal articles) in which 

the copyright is held by another party (e.g. publisher, co-author). 



 

 

Statement of Contribution of Co-Authors 

 

To Whom It May Concern 

 

I, Neha S. Gandhi, conceived, developed, implemented and carried out all computational 

analyses to the paper/publication entitled below: 

Neha S. Gandhi and Ricardo L. Mancera, The structure of glycosaminoglycans and their 
interactions with proteins. Chemical Biology and Drug Design, 2008, vol. 72, pp. 455-482. 
Front cover of the issue, most downloaded and cited paper of 2009.  

Neha S. Gandhi and Ricardo L. Mancera, Free energy calculations of glycosaminoglycan-
protein interactions. Glycobiology, 2009, vol. 19, pp. 1103-1115. 

Neha S. Gandhi and Ricardo L. Mancera, Can current force fields reproduce ring puckering 
in 2-O-sulfo-α-L-iduronic acid? A molecular dynamics simulation study. Carbohydrate 
Research, 2010, vol. 345, pp. 689-695. 

Neha S. Gandhi and Ricardo L. Mancera, Heparin/heparan sulphate-based drugs. Drug 
Discovery Today, 2010, vol. 15, pp. 1058-1069. 

Neha S. Gandhi and Ricardo L. Mancera, Molecular dynamics simulations of CXCL-8 and 
its interactions with heparin fragments and sulphated linked cyclitols. Journal of Chemical 
Informatics and Modeling, 2011, vol. 51, pp. 335-358. 

The author conducted the research, analysed the data, implemented the research plan and 

wrote the papers in consultation with Prof. Ricardo L. Mancera. 

 

(Signature of Candidate) 

I, as a Co-Author, endorse that this level of contribution by the candidate indicated above is 

appropriate. 

 

Prof. Ricardo L. Mancera (Signature of Co-Author ) 

 

 



 

 

Statement of Contribution of Co-Authors 

 

To Whom It May Concern 

 

I, Neha S. Gandhi, conceived, developed, implemented and carried out all computational 

analyses to the paper/publication entitled below: 

Neha S. Gandhi, Craig Freeman, Christopher Parish and Ricardo L. Mancera, 
Computational analyses of the catalytic and heparin binding sites and their interactions with 
glycosaminoglycans in glycoside hydrolase family 79 endo-β-D-glucuronidase (Heparanase). 
Glycobiology, 2011, in press. 

The author1 analysed data, guided the research plan and wrote the papers in consultation with 

Prof. Ricardo L. Mancera. Craig Freeman and Christopher Parish suggested this work and 

provided advice. 

 

(Signature of Candidate) 

I, as a Co-Author1, endorse that this level of contribution by the candidate indicated above is 

appropriate. 

 

Prof. Ricardo L. Mancera (Signature of Co-Author1) 

We, as Co-Authors2,3, endorse that this level of contribution by the candidate indicated above 

is appropriate. 

 

Dr. Craig Freeman (Signature of Co-Author2) 

 

Prof. Christopher Parish (Signature of Co-Author3) 

 



 

 

List of additional publications published during my PhD  

REFEREED PUBLICATIONS 
Zhili Zuo, Neha S. Gandhi and Ricardo L. Mancera, Calculations of the free energy of 
interaction of the cJun-cFos coiled-coil: Effect of the solvation model and the inclusion of 
polarisation effects. J Chem Inf Model, 2010, 50, 2201-2212. 
 
Miguel E. Renteria, Neha S. Gandhi, Pablo Vinuesa, Erik Helmerhorst and Ricardo L. 
Mancera, A comparative structural bioinformatics analysis of the insulin receptor family 
ecto-domain based on phylogenetic information. PLoS ONE, 2008, e3667. 
 
Neha S. Gandhi and Ricardo L. Mancera, Computational approaches for the prediction of 
the structure and interaction of coiled-coil peptides. Curr Bioinform, 2008, 3, 149-161. 
 
Neha S. Gandhi, Kathy Young, John Warmington and Ricardo L. Mancera, 
Characterisation of sequence and structural features of the Candida krusei enolase. In Silico 
Biol, 2008, 8, 0034. 

ORAL PRESENTATIONS 
Neha S. Gandhi, Molecular modelling of polyanionic carbohydrates and their interactions 
with proteins, 2010, MolSim Winter School, Curtin University of Technology, Perth, 
Australia. 
 
Neha S. Gandhi, Molecular dynamics simulations of CXCL-8 chemokine and sulphated 
GAG mimetics, 2009, 6th international Conference on Proteoglycan, Aix-les-Bains, France. 
 
Neha S. Gandhi, Molecular modelling of the interactions of complex carbohydrates with 
proteins, 2009, WABRI symposia, Curtin University of Technology, Perth, Australia. 

POSTER PRESENTATIONS 
Neha S. Gandhi and Ricardo L. Mancera, Free energy calculations of glycosaminoglycan-
protein interactions, 2009, 6th international Conference on Proteoglycan, Aix-les-Bains, 
France.  
 
Neha S. Gandhi, Craig Freeman, Christopher R. Parish and Ricardo L. Mancera, Molecular 
dynamics simulations of CXCL-8 and its interactions with sulphated linked cyclitols, 2009, 
6th international Conference on Proteoglycan, Aix-les-Bains, France.  
 
Neha S. Gandhi and Ricardo L. Mancera, Molecular modelling of the interactions of 
glycosaminoglycans with PECAM-1/CD31, 2009, Combined Biological Sciences Meeting, 
Perth, Australia. 
 
Neha S. Gandhi and Ricardo L. Mancera, Interactions of complex carbohydrates with 
proteins. A molecular modelling approach, 2008, ComBio, Canberra, Australia.  
 
 
I warrant that I have obtained, where necessary, permission from the copyright owners to use 

any third party copyright material reproduced in the thesis (e.g. questionnaires, artwork, 

unpublished letters), or to use any of my own published work (e.g. journal articles) in which 

the copyright is held by another party (e.g. publisher, co-author). 



 

Contents 

ABBREVIATIONS .............................................................................................................................. 1 

1 Introduction and Overview................................................................................................. 3 

1.1 Motivation, Background, Aims and Scope of the Present Work ........................... 4 

1.2 Organisation of this thesis ............................................................................................ 13 

1.3 References .......................................................................................................................... 15 

2 The Structure of Glycosaminoglycans and their Interactions with Proteins . 18 

3 Heparin/Heparan Sulphate-based Drugs ................................................................... 47 

4 Molecular Dynamics Simulations of CXCL-8 and its Interactions with a 

Receptor Peptide, Heparin Fragments, and Sulphated linked Cyclitols .................. 61 

5 Computational Analyses of the Catalytic and Heparin Binding Sites and their 

Interactions with Glycosaminoglycans in Glycoside Hydrolase Family 79 Endo-β-

D-Glucuronidase (Heparanase) ............................................................................................ 101 

6 Free Energy Calculations of Glycosaminoglycan-Protein Interactions.......... 147 

7 Can Current Force Fields Reproduce Ring Puckering in 2-O-Sulfo--L-

Iduronic Acid? A Molecular Dynamics Simulation Study ............................................. 169 

8 Epilogue ................................................................................................................................ 179 

8.1 Epilogue: Current challenges and future prospects ........................................... 180 

8.2 References ........................................................................................................................ 190 

BIBLIOGRAPHY ........................................................................................................................... 195 

APPENDIX A .................................................................................................................................. 229 

APPENDIX B .................................................................................................................................. 230 

APPENDIX C .................................................................................................................................. 231 

APPENDIX D ................................................................................................................................. 232 

APPENDIX E .................................................................................................................................. 233 

APPENDIX F .................................................................................................................................. 234 

APPENDIX G .................................................................................................................................. 236 

 



1 
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Molecular dynamics MD 
Monocyte-derived neutrophil chemotactic factor  MDNCF 
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Monocyte-derived neutrophil-activating peptide MONAP 
Monte carlo multiple minima MCMM 
Multiple sequence alignments MSA 
Neutrophil-activating factor  NAF 
Neutrophil-activating protein 1 NAP-1 
Normal modes analysis NMA 
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Vascular endothelial growth factor VEGF 
Venous thromboembolism VTE 
α-L-iduronic acid IdoA 
β-L-glucuronic acid GlcA 

 

 

 

 

 

 

 



3 

 

 

 

1 Introduction and Overview 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 

 

1.1 Motivation, Background, Aims and Scope of the Present Work 
 

A large number of carbohydrate-based derivatives are used as therapeutics or in diagnostics. 

Sulphated GAGs (sGAGs) such as “heparin-like agonists” have important uses, such as anti-

coagulants. Current research efforts are aimed at designing potent and selective antagonists 

that can bind to the heparan sulphate (HS)-binding site of a protein and block HS–protein 

interactions. Several methods have been developed to study sGAG-protein interactions, 

including affinity chromatography, analytical ultracentrifugation, electrophoretic mobility 

shift assays, competition experiments, mass spectrometry-based approaches, isothermal 

titration calorimetry and surface plasmon resonance. To date, only a few molecular 

modelling methods have been specifically developed to investigate HS-protein complexes. 

In this thesis various recent advances in the field of structural bioinformatics and molecular 

modelling and simulation of sGAGs are described. Conformational studies of sulphated 

iduronic acid-containing GAGs in the presence of water shed light on the ability of these 

methods to describe GAG structures. Structural bioinformatics, molecular modelling and 

molecular dynamics simulations were used to characterise in detail the interactions of 

heparin fragments and their mimetics with proteins of therapeutic importance: the cytokine 

CXCL-8, the enzyme heparanase, the cell adhesion molecule PECAM-1 and the calcium-

dependent phospholipid-binding protein Annexin A2. The roles and importance of CXCL-8 

and heparanase and the properties of saccharides are briefly described below, while a more 

detailed discussion is provided in the corresponding chapters in this thesis. The findings of 

the molecular modelling studies reported are aimed at providing a rationale for the future 

development of new selective, potent drug-like carbohydrate-mimic molecules that can 

target CXCL-8 and heparanase and which may be useful for the treatment of inflammatory 

diseases and angiogenesis. 

CXCL-8 is a potent neutrophil chemotactic and activating factor and is a primary 

inflammatory cytokine produced by many cells in response to proinflammatory stimuli [1]. 
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Its function is partly to attract neutrophils to the site of inflammation and to activate them. In 

humans, the CXCL-8 protein is encoded by the IL-8 (interleukin-8) gene mapped to a region 

on chromosome 4q which includes several other family members (α-chemokines) [2-5]. The 

CXCL-8 cDNA sequence is a protein of 99 amino acids (Uniprot: P10145) that includes a 

signal peptide of 22 residues [6] (Figure 1).  

CXCL-8 was initially described as a monocyte-derived neutrophil chemotactic factor 

(MDNCF) [6]. It has also been referred to as neutrophil-activating factor (NAF) [7], 

neutrophil-activating protein 1 (NAP-1) [8, 9], granulocyte chemotactic peptide (GCP) [10], 

leukocyte adhesion inhibitor (LAI) [11], 3-10C protein [12], lung carcinoma-derived 

chemotaxin (LUCT) [13, 14], lymphocyte-derived neutrophil-activating peptide (LYNAP) 

[15], alveolar macrophage chemotactic factor-1 (AMCF-1) [16, 17], monocyte-derived 

neutrophil-activating peptide (MONAP) [18], endothelial cell neutrophil-activating peptide 

(ENAP-beta) [19], K60 [20], T-cell chemotactic factor (TCF) [21], to name a few. CXCL-8 

(1-77) is referred to as Interleukin-8 (IL-8) and it is differentially processed into four forms 

encompassing 69, 72, 77, and 79 amino acids. These variants include IL-8 (5-77), IL-8 (6-

77), IL-8 (7-77), IL-8 (8-77) and IL-8 (9-77). The 77 amino acid variant (1-77) is 

predominant in endothelial cells, whilst the 72 amino acid variant (5-77) is found in other 

leukocytes [22]. IL-8 (6-77) has 5-10-fold higher neutrophil activation, IL-8 (5-77) has 

increased activity for neutrophil activation and IL-8 (7-77) has a higher affinity for receptors 

CXCR1 and CXCR2 compared to IL-8 (1-77) [9, 22].  

CXCL-8 is a member of the neutrophil-specific CXC (the two N-terminal cysteines are 

separated by one amino acid "X") subfamily of chemokines [23] and hence shares the 

characteristic chemokine secondary structure comprising a NH2-terminal loop including 

conserved disulphide bridges, three anti-parallel β-strands connected by loops and a COOH-

terminal α-helix (Figure 1). CXCL-8 can form non-covalent dimers in solution, especially at 

high concentrations, and the quaternary structure consists of a six-stranded anti-parallel β-

sheet and two anti-parallel helices lying across the β-sheet.  



6 

 

 

Fi
gu

re
 1

. 
 S

ch
em

at
ic

 r
ep

re
se

n
ta

ti
o

n
 o

f 
th

e 
p

ri
m

ar
y 

st
ru

ct
u

re
 o

f 
C

X
C

L-
8

. 
Th

e
 C

X
C

L-
8

 c
D

N
A

 s
eq

u
en

ce
 i

s 
a 

p
ro

te
in

 o
f 

9
9

 a
m

in
o

 a
ci

d
s 

(U
n

ip
ro

t:
 

P
1

01
45

).
 R

e
m

o
va

l o
f 

th
e 

22
-r

es
id

u
e 

si
gn

al
 p

ep
ti

d
e 

ge
n

e
ra

te
s 

a 
m

at
u

re
 p

ro
te

in
 o

f 
7

7
 a

m
in

o
 a

ci
d

s.
 F

u
rt

h
er

 p
ro

te
o

ly
si

s 
o

f 
th

e 
N

-t
e

rm
in

al
 e

n
d

 

le
ad

s 
to

 a
 v

ar
ia

n
t 

fo
rm

 w
it

h
 7

2 
am

in
o

 a
ci

d
s.

 F
u

ll 
ac

ti
va

ti
o

n
 o

f 
C

X
C

L-
8

 m
ay

 r
e

q
u

ir
e

 c
le

av
ag

e 
to

 t
h

e 
7

2
 a

m
in

o
 a

ci
d

 f
o

rm
. 

Se
co

n
d

ar
y 

st
ru

ct
u

re
 

re
p

re
se

n
ta

ti
o

n
 o

n
 t

h
e 

p
ri

m
ar

y 
st

ru
ct

u
re

 f
o

r 
C

X
C

L-
8

 s
h

o
w

s 
d

is
u

lp
h

id
e

 b
o

n
d

 c
o

n
n

e
ct

io
n

s 
re

p
re

se
n

te
d

 b
y 

ye
llo

w
. 

Th
e 

gr
ee

n
 b

lo
ck

s 
re

p
re

se
n

t 

th
e 

fi
rs

t,
 s

ec
o

n
d

 a
n

d
 t

h
ir

d
 β

-s
tr

an
d

s,
 r

es
p

ec
ti

ve
ly

. 
Th

e
 r

e
d

 b
lo

ck
 r

e
p

re
se

n
ts

 t
h

e
 3

10
-h

el
ix

 p
re

se
n

t 
b

ef
o

re
 t

h
e 

fi
rs

t 
β

-s
tr

an
d

 a
n

d
 t

h
e 

C
-

te
rm

in
al

 α
-h

el
ix

. 

 



7 

 

 

Fi
gu

re
 2

.  
Sc

h
em

at
ic

 r
ep

re
se

n
ta

ti
o

n
 o

f 
th

e
 p

ri
m

ar
y 

st
ru

ct
u

re
 o

f 
h

u
m

an
 h

e
p

ar
an

as
e

. S
ig

n
al

 p
ep

ti
d

as
e 

cl
ea

va
ge

 o
f 

th
e 

p
re

 p
ro

-e
n

zy
m

e 
(M

et
1

-

A
la

35
) 

ge
n

er
at

e
s 

th
e 

65
 k

D
a 

la
te

n
t 

fo
rm

 (
p

ro
-h

ep
ar

an
as

e
).

 T
h

e
 l

at
e

n
t 

fo
rm

 o
f 

h
e

p
ar

an
as

e 
is

 s
ch

em
at

ic
al

ly
 r

ep
re

se
n

te
d

 a
s 

a 
co

n
ti

gu
o

u
s 

fu
si

o
n

 o
f 

8
 (

G
ln

3
6

-G
lu

1
09

) 
an

d
 5

0
 (

Ly
s1

5
8

-I
le

5
43

) 
kD

a 
su

b
u

n
it

s 
co

n
n

e
ct

e
d

 b
y 

an
 in

te
rv

e
n

in
g 

lin
ke

r 
re

gi
o

n
 (

Se
r1

1
0

-G
ln

1
5

7
).

 T
h

e 
 m

at
u

re
 a

n
d

 

ac
ti

ve
 f

o
rm

s 
o

f 
th

e 
en

zy
m

e 
(h

et
e

ro
d

im
e

r)
 is

 s
u

b
se

q
u

e
n

tl
y 

p
ro

d
u

ce
d

 b
y 

p
ro

te
o

ly
si

s 
o

f 
th

e
 p

ro
-e

n
zy

m
e

 a
n

d
 e

xc
is

io
n

 o
f 

th
e 

in
te

rv
en

in
g 

6
 k

D
a 

lin
ke

r 
re

gi
o

n
 (

S1
1

0
–Q

15
7)

. 
Th

e 
ac

ti
ve

 r
es

id
u

es
 (

G
lu

2
2

5
 a

n
d

 G
lu

3
4

3
) 

re
q

u
ir

e
d

 f
o

r 
H

S 
cl

e
av

ag
e 

ar
e 

b
o

th
 c

o
n

ta
in

ed
 w

it
h

in
 t

h
e 

5
0

 k
D

a 
su

b
u

n
it

. 

Th
e 

h
ep

ar
in

-b
in

d
in

g 
d

o
m

ai
n

s 
1 

(H
B

D
-1

, 
re

si
d

u
es

 L
ys

1
5

8
-A

sn
1

6
2

) 
an

d
 2

 (
H

B
D

-2
, 

re
si

d
u

es
 G

ln
2

7
0

-L
ys

2
8

0
) 

ar
e 

in
 c

lo
se

 p
ro

xi
m

it
y 

to
 t

h
e 

ca
ta

ly
ti

c 
re

si
d

u
es

, t
h

u
s 

m
ak

in
g 

it
 a

n
 im

p
o

rt
an

t 
ta

rg
e

t 
fo

r 
th

e
 d

ev
e

lo
p

m
e

n
t 

o
f 

h
ep

ar
an

as
e

 in
h

ib
it

o
rs

. 

 



8 

 

While CXCL-8 is one of the major mediators of the inflammatory response, increased 

heparanase activity contributes to metastasis and angiogenesis. The human heparanase gene 

is located on chromosome 4 at band 4q21.3 [24]. The cDNA encodes a pre-propolypeptide 

of the 543-amino acid long heparanase [25-27] (HPSE, HPA1, HEP, HPR1, HPSE1) with 6 

potential N-glycosylation sites (Figure 2). Heparanase is synthesised as a latent enzyme (pro-

heparanase) of 65 kDa where the NH2 terminal peptide (Met1-Ala35) directs its secretion. 

Proteolytic cleavage removes a 6 kDa linker segment (Ser110- Ser110-Gln157), yielding an 

8 kDa at the amino terminus (Gln36-Glu109) and a non-covalently linked 50 kDa catalytic 

domain (Lys158-Ile543) that heterodimerises to form the active enzyme [28].  

Heparanase is an endo-β-D-glucuronidase that catalyses the hydrolytic cleavage of the β-1,4-

glycosidic bond between a D-glucuronic acid and a D-glucosamine in heparin/HS. 

Pronounced correlation between heparanase gene expression and different stages of tumour 

progression in humans has been established in clinical studies [29, 30]. Overexpression of 

heparanase has been observed in tumours of the head and neck [31], pancreatic tumours [32], 

hepatocellular carcinoma [33], colon cancer [34], cancer of the bladder [35], esophageal 

carcinoma [36] and cultured human tumour cell lines and tissues [37, 38]. Besides the well-

documented catalytic activity of the enzyme, heparanase has also been reported to have non-

enzymatic functions [39], including enhanced cell adhesion mediated by activation of 

signalling molecules such as Akt, Src, EGFR, and Rac in HS-dependent and -independent 

manners, cross-talk with matrix metalloproteinases, and induction of p38 and Src 

phosphorylation associated with vascular endothelial growth factor (VEGF) and tissue factor 

gene induction.  

The human heparanase gene is located in chromosome 4 at band 4q21.3, and its cDNA is 

composed of 14 exons and 13 introns [24]. The heparanase gene is alternatively spliced, 

producing two isoforms: HPSE 1a (5 kb) and HPSE 1b (1.7 kb) [24, 40]. The purification of 

heparanase and the characterisation of its activity have been reported by various groups [40-

45], suggesting that the heparanase cDNA encodes a polypeptide of 543 amino acids that 
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appears as a ~65 kDa protein. HPSE acts via a retaining reaction mechanism that involves 

general acid/base catalysis by Glu225 and nucleophilic catalysis by Glu343 (Figure 2). The 

crystal structure of heparanase has not been resolved yet and hence molecular modelling of 

the interactions of amino residues Glu225 and Glu343 and heparin/HS binding domains [46] 

with the substrates is the only way to try to perform the rational design of inhibitors of 

angiogenesis and metastasis. 

The key objectives of performing the molecular modelling of GAG binding proteins CXCL-

8 and heparanase are summarised below: 

 Predict heparin/HS binding sites for CXCL-8 and heparanase based upon their 

secondary structures and a survey of sulphate binding motifs from public databases. 

 Build a homology model of heparanase. 

 Characterise the structural determinants of heparin-protein binding specificity and 

selectivity using well established molecular modelling methods, focusing on the 

chemokine CXCL-8 and the HS-cleaving enzyme heparanase. 

 Predict the interactions and binding affinities of heparin/HS fragments with CXCL-8 

and heparanase. 

 Validate these binding affinity estimates using sophisticated free energy methods 

like MM/PBSA. 

 Characterise the conformations in aqueous solution of various carbohydrate/heparin 

fragments using molecular dynamics simulations. 

Monosaccharides can be coupled to more than one monosaccharide through glycosidic bonds 

to form chained and branched structures. The glycosidic linkage is a covalent bond between 

the hydroxyl of the anomeric carbon of a monosaccharide and a hydroxyl group of another 

saccharide. Glycosidic linkages can be either α or β based on the relative stereochemistry of 

the anomeric position and the stereochemical centre furthest from C1 in the saccharide. 

Glycoside hydrolases (or glycosidases) are enzymes that break glycosidic bonds. For 
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example, heparanase acts on β-glycosidic bonds. Glycosidic linkages accounts for most of 

the flexibility of oligosaccharide structures. The conformation assumed by a glycosidic 

linkage can be expressed by means of the torsion angles defined by its rotatable bonds. Most 

glycosidic linkages have two torsions, namely phi (φ) and psi (ψ). In the present work, 

torsions are measured using the IUPAC definition (Figure 3), which defines the angles of the 

(1→X) linkage as φ = O5-C1-O-C’X and ψ = C1-O-C’X-C’X+1. 

 

Figure 3. Saccharides are joined through a glycosidic bond to form polysaccharides. The 

conformation of the torsional angles around the glycosidic linkage imparts flexibility to 

the polysaccharide. The orientations of these torsions, typically phi (φ) and psi (ψ), fall 

within an expected range of values. 

Aqueous solvation effects play an important role in determining the conformation of GAGs. 

The hydroxyl groups within the sugar ring have a tendency to orient themselves in chains 

due to hydrogen bonding following a clockwise or anti-clockwise arrangement. These 

conformations are generally energetically optimal, although the aqueous solvent may favour 

other stable configurations involving hydrogen bonds with water or due to entropic effects 

[47]. A generalised notation to represent these conformations is used wherein the 

approximate conformation of the ring is indicated with an italic capital letter, which 

designates the ring shape, and numerals, which distinguish between the variant forms of each 

shape. For example, 1C4 denotes a chair conformation in which the C1 lies above the plane 

and the C4 below the plane of pyranose ring. Alternatively, these conformations are 

represented through the Cremer-Pople ring puckering formalism [48] by means of using the 
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reduced Cartesian coordinates q, θ and φ2. The θ and φ2 parameters reveal the relative 

orientations of the puckering about the ring and the magnitude of puckering (the mean 

deviation of the atoms from the plane) is given by q. The parameters θ and φ2 are angles in 

the range 0°≤ θ≤180° and 0°≤φ2 ≤360° respectively.  

Hexopyranoses have 38 basic conformations: 2 chairs, 6 boats, 6 skew-boats, 12 half-chairs 

and 12 envelopes [49]. Canonical chair structures 4C1 and 1C4 for hexopyranose rings 

correspond to values of θ = 0° and 180°, respectively, and hence are at the north and south 

poles, respectively, of the Cremer-Pople sphere while the half-chair and envelope are 

positioned between the poles and the equator (Figure 4). In solution, there is a dynamic 

interconversion between the equatorial forms, which is referred to as pseudorotation. 

Therefore, at the equator of the Cremer-Pople sphere, where θ = 90°, there exist six boat 

(3,0B, B1,4, 2,5B, B3,0, 1,4B and B2,5) and six skew-boat or twist-boat ring conformers ( 3S1, 5S1, 

2So, lS3, 1S5 and oS1) with different φ2 values. For IdoA2S, the 2So twist boat has a φ2 value of 

150°. The last aim of this research is to consider the conformational equilibrium of sulphated 

α-L-iduronic acid (IdoA2S), which is the major uronic acid component of heparin. Given 

their inherent flexibility, the conformational analysis of IdoA2S is more complicated than 

comparable studies with other pyranosides, as the interconversion between different ring 

conformations takes place on the microsecond time scale. 

Together with ring puckering and glycosidic linkages, J-coupling (dipolar coupling) is 

another important observable effect for all solution structures accessible to a molecule at the 

temperature of the measurement and averaged on the NMR timescale. J-coupling is the 

coupling between two nuclear spins due to the influence of bonding electrons on the 

magnetic field running between the two nuclei. It contains information about dihedral angles, 

which can be estimated using the Karplus equation [50]. The J-coupling constants computed 

from snapshots collected from MD trajectories are indicative of average ring torsional 

motion corresponding to 4C1, 2S0, and 1C4 geometries. It should be noted that if motion 

occurs close to a Karplus maximum or minimum, deviation from ideality and increased 
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monosaccharide ring flexibility result in decreased magnitude of the observed coupling, 

whereas if the Karplus equation is close to zero, deviation and motion generally result in an 

increase in coupling magnitude. Comparion of experimental J-coupling constants with those 

obtained from MD simulations also allows parameterisation of force fields.  

 

Figure 4. Ring puckering parameters for the chair, boat, and twist-boat forms of the 

hexopyranose ring as defined by Jeffrey and Yates [51] according to Cremer and Pople 

[48]. The parameters θ and φ2 are angles in the range 0°≤ θ≤180° and 0°≤φ2 ≤360°, where 

the chair conformations (4C1 and 1C4 ) are found at opposite poles (θ = 0° and 180°, 

respectively) and boat and skew-boat forms are found around the equator (θ = 90°). 

Interconversion between the equatorial forms is referred to as pseudorotation. 
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1.2 Organisation of this thesis 
 

This thesis has been organised as a compilation of an exegesis and several research papers 

published during the doctoral research period that describe work aimed at addressing the 

above-defined objectives. Each chapter outlines its own objectives and has well defined 

abstract, methods, results and discussion and conclusion sections. This format makes it easier 

to read any chapter with minimal referral to previous chapters. The following chapters are 

organised in accordance to the objectives defined above.  

Chapter 2: This chapter is a comprehensive compilation of literature providing historical and 

general insights on the structure of GAGs, GAG-binding proteins and their clinical 

significance. The review paper focuses on understanding the complexity of GAG–protein 

interactions and mechanisms using classical examples such as growth factors, anti-thrombin, 

cytokines and cell adhesion molecules. Furthermore, the nature of GAG-protein interactions 

and the experimental and computational approaches that are used to address them is 

discussed.  

Chapter 3: This chapter provides a broad review of the field of heparin-based therapeutics 

with a focus on the most important, recent advances in the field of heparin-mimetic 

oligosaccharides and other small molecules in pre-clinical development and clinical trials for 

treating cancer, inflammation and infections. 

Chapter 4: This chapter describes explicit solvent molecular dynamics simulations that 

capture and contrast the the motions of terminal helices in the X-ray and NMR structures of 

CXCL-8. The structures of CXCL-8 are analysed in detail, including the prediction of its 

likely heparin/HS binding regions. This chapter further describes molecular docking 

simulations used to model the interactions of GAGs and its mimetics (cyclitols) with CXCL-

8. In addition, the calculations of relative free energies of binding of cyclitols with CXCL-8 

using MM-GB/PBSA simulations are described. 
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Chapter 5: This chapter describes the construction of a three-dimensional model of 

heparanase using homology modelling and threading methods. The model of heparanase is 

analysed in detail, including the prediction of its likely heparin/HS binding regions. 

Molecular docking simulations used to investigate the interactions of substrates and 

inhibitors (GAGs and their derivatives) with heparanase are also described. This publication 

is currently in press.  

Chapter 6: This chapter reports the use and effectiveness of free energies calculation 

methods using continuum solvation methods to estimate the binding affinities of GAGs with 

representative protein molecules. It has been found experimentally and through molecular 

docking studies that PECAM-1 exhibits different binding affinities for heparin 

oligosaccharides of different size, sulphation and ring conformations. To provide 

mechanistic insight into these GAG–protein interactions, molecular dynamics simulations 

using the MM/PB(GB) SA approach. Similar investigation was carried out for Annexin A2, 

which is another protein known to bind heparin with high affinity and in a calcium-

dependent manner. Molecular dynamics simulations were also used to analyse the 

fluctuations in glycosidic linkages of bound and free GAGs in solution.  

Chapter 7: This chapter describes the investigation of the accuracy of commonly used force 

fields to reproduce the torsional potential parameters (Cremer-Pople) that determine the ring 

conformations of monosaccharides (IdoA2S) in solution by comparing the predictions of 

explicit solvent molecular dynamics simulations with known experimental data. The 

GLYCAM and GROMOS force fields are studied given their widespread use to simulate 

hexopyranose-based carbohydrates.   

Chapter 8: This chapter summarises the implications and limitations derived from the 

various studies described in previous chapters and provides a discussion of the likely 

direction of future work in this field. 
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4 Molecular Dynamics Simulations of CXCL-8 and its 

Interactions with a Receptor Peptide, Heparin 

Fragments, and Sulphated linked Cyclitols 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

62 

 

 



 

63 

 

 



 

64 

 

 



 

65 

 

 



 

66 

 

 



 

67 

 

 



 

68 

 

 



 

69 

 

 



 

70 

 

 



 

71 

 

 



 

72 

 

 



 

73 

 

 



 

74 

 

 



 

75 

 

 



 

76 

 

 



 

77 

 

 



 

78 

 

 



 

79 

 

 



 

80 

 

 



 

81 

 

 



 

82 

 

 



 

83 

 

 



 

84 

 

 



 

85 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

86 

 

  



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

87 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

88 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

89 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

90 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

91 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

92 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

93 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

94 

 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

95 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

96 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

97 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

98 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

99 

 

 



Supporting Information 

J Chem Inf Model, 2011, 51, 335-358 

100 

 

 



 

101 

 

 

 

5 Computational Analyses of the Catalytic and Heparin 

Binding Sites and their Interactions with 

Glycosaminoglycans in Glycoside Hydrolase Family 

79 Endo-β-D-Glucuronidase (Heparanase) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

. 
 



Glycobiology, 2011, in press 

102 

Computational analyses of the catalytic and 
heparin binding sites and their interactions 
with glycosaminoglycans in glycoside 
hydrolase family 79 Endo-β-D-glucuronidase 
(heparanase) 
Neha S. Gandhi2,3, Craig Freeman5, 
Christopher Parish5 and Ricardo L. 
Mancera1,2,3,4 

2Curtin Health Innovation Research Institute, 
Western Australian Biomedical Research 
Institute, 3School of Biomedical Sciences and 
4School of Pharmacy, Curtin University, GPO 
Box U1987, Perth, WA 6845, Australia. 
5Cancer and Vascular Biology Group, 
Department of Immunology, The John Curtin 
School of Medical Research, The Australian 
National University, P. O. Box 334, Canberra, 
ACT 2601, Australia. 

Received on April 23, 2011; revised on July 4, 
2011; accepted on July 6, 2011 

Mammalian heparanase is an endo-β-
glucuronidase associated with cell invasion in 
cancer metastasis, angiogenesis, and 
inflammation. Heparanase cleaves heparan 
sulphate proteoglycans in the extracellular 
matrix and basement membrane, releasing 
heparin/heparan sulphate oligosaccharides of 
appreciable size. This in turn causes the 
release of growth factors, which accelerate 
tumour growth and metastasis. Heparanase 
has two glycosaminoglycan binding domains; 
however, no three-dimensional structure 
information is available for human 
heparanase that can provide insight into how 
the two domains interact to degrade heparin 
fragments. We have constructed a new 
homology model of heparanase that takes 
into account the most recent structural and 
bioinformatics data available. Heparin 
analogues and glycosaminoglycan mimetics 
were computationally docked into the active 
site with energetically-stable ring 
conformations and their interaction energies 
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Institute,  Curtin University, GPO Box 
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were compared. The resulting docked 
structures were used to propose a model for 
substrate and conformer selectivity based on 
the dimensions of the active site. The docking 
of substrates and inhibitors indicate the 
existence of a large binding site extending at 
least two saccharide units beyond the 
cleavage site (towards the non-reducing end) 
and at least three saccharides towards the 
reducing end (towards heparin-binding site 
2). The docking of substrates suggests that 
heparanase recognises the N-sulphated and 
O-sulphated glucosamine at subsite +1 and 
glucuronic acid at the cleavage site, whereas 
in the absence of 6-O-sulphation in 
glucosamine, glucuronic acid is docked at 
subsite +2. These findings will help to focus 
the rational design of heparanase-inhibiting 
molecules for anti-cancer drug development 
by targeting the two heparin/heparan 
sulphate recognition domains.  

Keywords: Heparin, heparanase, molecular 
dynamics, glycol-split, glycosidase. 

Introduction 
Mammalian heparanase (Heparanase 1, HPSE 

or Hpa1) is an endo-β-D-glucuronidase that 

hydrolyses/cleaves HSPGs (heparan sulphate 

proteoglycans) at sites of injury or 

inflammation (Dempsey, L.A., Plummer, T.B., 

et al. 2000, Parish, C.R., Freeman, C., et al. 

2001). This facilitates the structural alteration of 

the ECM and disrupts the basement membrane 

to allow extravasation of inflammatory cells 

and liberation of growth factors and 

chemokines that induce proliferation and 

migration of endothelial cells and fibroblasts 

(Vlodavsky, I. and Friedmann, Y. 2001). 

Heparanase activity may therefore play a 

decisive role in disease-related processes such 

as cell invasion, angiogenesis, and cancer 

metastasis (Barash, U., Cohen-Kaplan, V., et al. 

2010b, Elkin, M., Ilan, N., et al. 2001, 

Nakajima, M., Irimura, T., et al. 1988, Parish, 

C.R., Freeman, C., et al. 2001, Vlodavsky, I., 

Elkin, M., et al. 2008). 
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Fig. 1. Molecular representation of the mechanism of action of heparanase based on the retention 

mechanism of a β-glycosidase. Retaining glycosidases involve two carboxylates: one acts as a 

nucleophile and the other as an acid/base, with the distance between the nucleophile and acid/base 

being less than 5.5 Å. These enzymes operate through a two-step mechanism, with each step resulting 

in inversion, for a net retention of stereochemistry. During the first step, the nucleophile attacks the 

anomeric center, resulting in the formation of a glycosyl enzyme intermediate, with acidic assistance 

provided by the acidic carboxylate. In the second step, the now deprotonated acidic carboxylate acts 

as a base and assists a nucleophilic water to hydrolyze the glycosyl enzyme intermediate, giving the 

final hydrolyzed product. 

 

Human heparanase cDNA encodes the pre 

pro-enzyme, which consists of 543 amino acid 

residues (65 kDa) with six N-glycosylation sites 

(Simizu, S., Ishida, K., et al. 2004b), five 

cysteine residues and a NH2 terminal signal 

peptide (Met1-Ala35). Signal peptidase 

cleavage of the pre pro-enzyme at Ala35 

generates the latent (pro-heparanase) 65 kDa 

heparanase. Proteolytic processing of the pro-

enzyme removes a 6 kDa linker peptide 

(Ser110-Gln 157), yielding an 8 kDa domain at 

the N-terminus (Gln36-Glu109) and a non-

covalently linked 50 kDa catalytic domain with 

a lysine residue at the N-terminus (Lys158-

Ile543) (Fairbanks, M.B., Mildner, A.M., et al. 

1999). These two polypeptides form a 

heterodimer that is the mature and active form 

of heparanase (Fairbanks, M.B., Mildner, A.M., 

et al. 1999). Heparanase acts with a β-retaining 

hydrolytic mechanism (Figure 1) and belongs to 

family 79, clan A glycosyl hydrolases, 

containing an (α/β)8 TIM-barrel fold (Henrissat, 

B. and Bairoch, A. 1993, Henrissat, B. and 

Bairoch, A. 1996, Hulett, M.D., Hornby, J.R., et 

al. 2000, Parish, C.R., Freeman, C., et al. 2001). 

Site-directed mutagenesis and sequence 

alignments have indicated that catalysis 

involves two conserved acidic residues (Figure 

1), a proton donor at Glu225 and a nucleophile 

at Glu343 (Hulett, M.D., Hornby, J.R., et al. 

2000).  

Three heparin/HS binding sites have been 

identified: HBD-1 (domain 1, residues Lys158-

Asn162), HBD-2 (domain 2, residues Gln270-

Lys280) and HBD-3 (domain 3, residues 

Lys411–Arg432) (Levy-Adam, F., Abboud-

Jarrous, G., et al. 2005). Attention has focused 

on HBD-1 and HBD-2 because of the presence 

of the GAG consensus motifs XBBXBX and 

XBBBXXBX (where B is basic and X is neutral 

and hydrophobic amino acid). The amino acids 

present in HBD-1 [KKFKNSTYSRSSVD(C); 

termed KKDC] directly interact with 

heparin/HS, resulting in the inhibition of both 

heparanase uptake and enzymatic activity, most 

likely due to competition of HS with the 

substrate. Notably, the KKDC sequence is in 

close proximity to catalytic residues Glu225 

and Glu343 in the active site of the enzyme, 

thus making it an important target in the 

development of heparanase inhibitors. The 

above mode of action probably represents a HS-

dependent non-enzymatic function of 

heparanase in its simplest form; however, 

evidence gathered in recent years indicates that 

heparanase also elicits HS-independent 

signalling (Fux, L., Ilan, N., et al. 2009). 
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Table I. The structures of human heparanase sensitive (enzymatically cleaved) and inhibitory 

oligosaccharides 

Substrates/Inhibitors Oligosaccharide units 

1 GlcA-GlcNAc (heparosan) 

2 GlcA-GlcNAc6S 

3 GlcA-GlcNS 

4 GlcA-GlcNS6S 

5 GlcA-GlcNS3S 

6 GlcA2S-GlcNS 

7 IdoA2S-GlcNS 

8 GlcNS6S-GlcA-GlcNS 

9 AGA*IA 

10 gs-AGA*IA 

11 MHS 

 

12 PI-88  

 

13 

 

ΔHexA = unsaturated uronic acid, GlcA = β-D-glucuronic acid, GlcN = α-D-glucosamine, 2S = 2-O-

sulphate, 6S = 6-O-sulphate, NS = 2-N-sulphate, AGA*IA = GlcNAc6S-GlcA-GlcNS,3,6S-IdoA2S-

GlcNS6S, gs = glycol split, MHS = maltohexaose sulphate, PI-88 = phosphomannopentaose 

polysulfate, AGA*IA taken from X-ray structure (PDB:2GD4). 
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Heparanase cleaves both heparin and HS 

presumably at sites of low sulphation, releasing 

saccharide products of appreciable size (5–7 

kDa) and biological potencies. Large efforts 

have been made to elucidate the substrate 

specificity and recognition mechanism of 

heparanase (Bame, K.J. 2001). Studies of the 

enzyme expressed in mouse and human 

melanoma cell lines have suggested that 

heparanase and heparin/HS interacting protein 

(HIP) recognise the same GAG sequence 

(Marchetti, D., Liu, S., et al. 1997) and may 

cleave the chain either within or adjacent to the 

octasaccharide that contains the highly 

sulphated anti-thrombin III (AT) binding 

sequence (Thunberg, L., Backstrom, G., et al. 

1982). It has been observed that if the 2-O-

sulphate group on the IdoA residue adjacent to 

the heparanase cleavage site is removed, the 

octasaccharide is no longer a substrate, 

suggesting that 2-O-sulphation on the IdoA or 

GlcA is essential for recognition by heparanase, 

but not N-sulphation (Pikas, D.S., Li, J.P., et al. 

1998). Substrate specificity of recombinant 

heparanase was later investigated using tetra- 

and hexa-heparin/HS fragments (Okada, Y., 

Yamada, S., et al. 2002). It was found that (1) 

the minimum heparanase recognition site is a 

trisaccharide GlcN-GlcA-GlcN, wherein the 

GlcA is in the sulphated region; (2) the IdoA2S 

residue located two residues away from the 

target GlcA in the octasaccharide is not 

indispensable for heparanase cleavage; and (3) 

heparanase cleaves the glycosidic linkage 

between GlcA and GlcNS, where GlcNS is 

either 6-O-sulphated or 3,6-O-disulphated. A 

recent study revealed that heparanase cleaves 

repeating disaccharides with certain sulphation 

types (Peterson, S.B. and Liu, J. 2010). In 

addition to the cleavage of GlcA-GlcNS6S (or -

3S), heparanase cleaves the linkage between 

GlcA and GlcN with a GlcA2S residue in close 

vicinity, but not IdoA2S. Interestingly, a 

polysaccharide with repeating IdoA2S-GlcNS 

units is not a substrate of heparanase, but rather 

inhibits the activity of this enzyme (Peterson, 

S.B. and Liu, J. 2010). 

Different classes of molecules, including 

chemically modified natural products, small 

molecule inhibitors and antibodies, have been 

described as heparanase inhibitors (Ferro, V., 

Hammond, E., et al. 2004, Miao, H.Q., Liu, H., 

et al. 2006, Nasser, N.J., Avivi, A., et al. 2007). 

A strong affinity inhibitor of heparanase is 

heparin (Nakajima, M., Irimura, T., et al. 1984), 

wherein inhibition is best achieved by a heparin 

sequence containing 16 or more sugar units and 

having sulphate groups at both the N and O 

positions (Vlodavsky, I., Mohsen, M., et al. 

1994). The HS mimetic PI-88 is a potent 

inhibitor of tumour growth and metastasis, and 

its anti-cancer activities are attributed are 

attributed to its inhibition of heparanase as well 

as antagonism of the interactions of angiogenic 

growth factors with their receptors (Ferro, V., 

Dredge, K., et al. 2007, Gandhi, N.S. and 

Mancera, R.L. 2010, Kudchadkar, R., Gonzalez, 

R., et al. 2008, Parish, C.R., Freeman, C., et al. 

1999). Currently molecules are being developed 

that lack the anti-coagulant activity typical of 

heparin but that are potent inhibitors of the 

enzymatic activity of heparanase (Casu, B., 

Vlodavsky, I., et al. 2008, Irimura, T., 

Nakajima, M., et al. 1986, Naggi, A. 2005). 

Examples of such molecules are glycol split 

heparins (chemically-modified heparins through 

the perodate oxidation of non-sulphated uronic 

acid residues) (Fux, L., Ilan, N., et al. 2009, 

Naggi, A., Casu, B., et al. 2005). In the absence 

of the three-dimensional (3D) structure of 

heparanase, structure and/or ligand based 

approaches have been implemented in the 

rational design of new high-affinity inhibitors 

(Gozalbes, R., Mosulen, S., et al. 2009, Ishida, 

K., Hirai, G., et al. 2004, Ishida, K., Wierzba, 

M.K., et al. 2004, Jalali-Heravi, M., Asadollahi-

Baboli, M., et al. 2008, McKenzie, E.A. 2007, 

Zhou, Z., Bates, M., et al. 2006).  

This paper reports the molecular modelling 

study of various substrates and inhibitors such 

as glycol-split and PI-88 derivatives (Table I). 

A deeper understanding of the nature of 

heparanase-heparin interactions will provide 

crucial information for the future design of 

novel molecules which might act as anti-

angiogenesis inhibitors to down-regulate the 

actions of heparanase. 

 

Results and discussions 

ConSeq analysis  

A ConSeq analysis using the 543-residue long 

human heparanase as the query sequence was 

carried out. The ConSeq results (Figure 2) 

reveal that 53 residues are predicted to be 

functionally important and 37 residues to have a 

structural role. ConSeq assigned conservation 

grades above average (colour grades 6–9) in the 

catalytic domain, whereas the heparin binding 

domains are not predicted to be conserved.  

Among all heparanases, heparanase-2 

(which is unable to degrade its substrate) 

possesses only ~40% homology to heparanase-1 

(Levy-Adam, F., Feld, S., et al. 2010, 

McKenzie, E., Tyson, K., et al. 2000). Two 

alternatively spliced variants of human 

heparanase-1 identified as having 485 and 169 

amino acids are closely related to wild type 

active enzyme heparanase-1. The 485 isoform 

results from the skipping of exon 5 and, as a 
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consequence, lacks 174 base pairs encoding for 

58 amino acids, including the active site proton 

donor (Glu225). Consequently, this 

alternatively spliced variant of heparanase-1 

escapes proteolytic cleavage and is devoid of 

HS degradation activity (Nasser, N.J., Avivi, 

A., et al. 2007, Sato, M., Amemiya, K., et al. 

2008). The 169 amino acid spliced form of 

human heparanase, termed T5, is a truncated, 

enzymatically inactive protein formed when 

144 base pairs of intron 5 are joined with exon 

4 (Barash, U., Cohen-Kaplan, V., et al. 2010a). 

The similarity tree (Figure 3) shows that Spalax 

is situated on a branch separate from the mouse 

and rat heparanases, as reported previously 

(Nasser, N.J., Nevo, E., et al. 2005), and rodents 

are situated in a cluster separate from the other 

mammals (human and bovine). The Florida 

lancelet B. floridae exhibits additional regions 

in the N-terminus although the core region is 

homologous to family 79 of glycosyl 

hydrolases. All the plant sequences are aligned 

on one side of the cladogram. These plant 

sequences comprise an additional conserved 

motif, e.g. “WWPpdKCdYgtC”, where the 
lowercase indicates semi-conserved residues as 
compared to other species.  

 
Fig. 2. ConSeq predictions on human heparanase (SWISS-PROT: Q9Y251), using nonredundant 

homologs obtained from the CLEAN_UNIPROT (filtered UNIPROT database in Consurf). The 

sequence of the query protein is displayed with the evolutionary rates color coded in each site (see 

legend). The residues of the query sequence are numbered starting from 1. The residues in the 

catalytic sites are predicted to be structurally and functionally important, “s” and “f”, respectively, 

whereas the heparin-binding domains are not conserved but exposed to the surface. 
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Fig 5. Polar phylogenetic trees of heparanase sequences derived from a multiple sequence alignment 

using MAFFT. The phylogenetic tree produced by ConSeq was plotted using FigTree 1.2.2.(Rambaut, 
A. 2006a) 

 

Homology modelling  

The secondary structure of the amino acid 

sequence predicted by the PSIPRED and NPSA 

servers are shown in Figures S1 and S2, 

respectively. The secondary structure prediction 

reveals the presence of approximately 25% 

helices, 12% strands and 63% coils at various 

positions in the protein structure, shown along 

with level of confidence of the predictions. 

However, some discrepancies were observed 

between the predictions from PSIPRED and 

those from NPSA. PSIPRED predicted the 

presence of beta sheets in the region Lys161-

Thr164 and Leu183-Gly188, and predicted the 

presence of an α-helix in the region Tyr216-

Leu222. On the other hand, PSIPRED, PHD 

and Predator predicted the presence of a strand 

in region Glu378-Gln383, whereas DSC and 

MLRC overestimated the extent of the α-helix 

preceding this region. These differences in 

secondary structure do not affect the modelling 

of HBD-1, HBD-2 and the catalytic residues. 

Analyses of the heparanase sequence by 

various 3D protein structure modelling web-

servers, such as Phyre (Kelley, L.A. and 

Sternberg, M.J. 2009), HHPred (Soding, J., 

Biegert, A., et al. 2005), I-TASSER (Roy, A., 

Kucukural, A., et al. 2010, Zhang, Y. 2008, 

Zhang, Y. 2009) and Fugue (Shi, J., Blundell, 

T.L., et al. 2001) resulted in structural template 

matches with a sequence identity <17%. The 

templates, along with their sequence identity 

from HHPred, are reported in Table II. The 

templates are all retaining enzymes with very 

similar (β/α)8 folds and are superimposable over 

the main chain atoms. However, most of the 

enzymes differ in their respective catalytic sites, 

depending on the ability of a glycoside 

hydrolase to cleave a substrate at the end (exo-

acting) or within the middle of a chain (endo-

acting). The active sites of exo-acting glycosyl 

hydrolases is pocket shaped, whereas endo-

acting enzymes generally have an open, 

extended substrate binding cleft that can 

interact at random positions along the 

saccharide chains (Davies, G. and Henrissat, B. 

1995). Hence, the selection of the templates on 

the basis of the type (endo- or exo-acting) of 

glycoside hydrolases is critical for the rational 

design of inhibitors of heparanase. 
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Table II. Structures and mechanism of reaction in various families of glycosyl hydrolase (clan A) 

families homologous to human heparanase. 

 

The top hit templates (PDB codes 2C7F, 

1QW9, 2VRQ, etc.) (Hovel, K., Shallom, D., et 
al. 2003, Paes, G., Skov, L.K., et al. 2008, 
Taylor, E.J., Smith, N.L., et al. 2006) belong to 

the exo-acting arabinofuranosidase family 51, 

which preferentially hydrolyses the α(1→3) 

linkage of arabinose-containing branched 

substrates and releases arabinofuranosyl 

moieties. The crystal structures of branched 

substrate complexes with arabinofuranosidase 

reveal the presence of extended substrate 

binding sites that appear to be induced by 

substrate binding. Hence, caution should be 

exercised while using members of this family as 

templates for the homology modelling of 

heparanase. The homology modelling of 

heparanase previously reported (Ishida, K., 

Hirai, G., et al. 2004, Zhou, Z., Bates, M., et al. 

2006) was carried out using the structure of 

family 10 1,4,β-xylanase (PDB code 1BG4) 

(Schmidt, A., Schlacher, A., et al. 1998) which 

has a shallow active site. Similarly to 

heparanase, xylanase (PDB code 1BG4) is β-

retaining and endo-acting; however, the two 

PDB 

codes 

Enzyme Organism Substrate Mechanism Ref Seq. 

Identity 

(%) 

2C7F 
2C8N 

Family 51 
arabinofur
anosidase, 
Araf51 

Clostridium 
thermocellum 

α-1,3-
arabinofuranosy
l from xylose 

α-retaining, 
exo-acting 

(Taylor, E.J., 
Smith, N.L., et 

al. 2006) 

12 
 
 

1QW9 
1QW8 
1PZ2 
1PZ3 

Family 51 
arabinofur
anosidase 

Geobacillus 
stearothermop
hilus 

α-1,3-
arabinofuranosy
l from xylose 

α-retaining, 
exo-acting 

(Hovel, K., 
Shallom, D., 
et al. 2003) 

12 

2VRQ 
2VRK  

Family 51 
arabinofur
anosidase 

Thermobacillu
s xylanilyticus 

Branched 
pentasaccharide 
and α-1,3-
arabinofuranosy
l from xylose 

α-retaining, 
exo-acting 

(Paes, G., 
Skov, L.K., et 

al. 2008) 

12 

3II1 
3FW6 

Family 44, 
Cellulase 
CelM2 

Uncultured 
bacterium 

β-1,3/4-glucan 
and β-1,4-xylan 

β-retaining, 
endo-acting 

(Nam, K.H., 
Lee, W.H., et 

al. 2010) 

16 

3IK2 Family 44, 
Endogluca
nase 

Clostridium 
acetobutylicu

m 

cellotetraose, 
cellopentaose 
and 
cellohexaose 

β-retaining, 
endo-acting 

(Warner, C.D., 
Hoy, J.A., et 

al. 2010) 

14 

2E4T 
2E0P 
2E07 
2EJ1 
2EEX 
2EQD 

Family 44, 
Endogluca
nase 
Cel44A 

Clostridium 
thermocellum 

cellooligosaccha
ride, xylan, 
lichenan, and 
various 
celluloses 

β-retaining, 
endo-acting 

(Kitago, Y., 
Karita, S., et 

al. 2007) 

16 

1W91 
2BS9 
2BFG 

Family 39, 
β-D-
Xylosidase 

Geobacillus 
stearothermop
hilus 

xylooligosaccha
rides 

β-retaining, 
exo-acting 

(Czjzek, M., 
Ben David, 
A., et al. 2005) 

15 

1UHV 
1PX8 

Family 39, 
β-D-
Xylosidase 

Thermoanaero
bacterium 
saccharolyticu

m 

xylooligosaccha
rides 

β-retaining, 
exo-acting 

(Yang, J.K., 
Yoon, H.J., et 

al. 2004) 

15 
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enzymes differ in their substrates. Aldopentose 

serves as substrate for xylanase whereas 

hexapyranose is a substrate for heparanase. A 

current PSI-BLAST search shows β-D-
xylosidase (PDB codes 1UHV, 2BS9, etc.) 
(Czjzek, M., Ben David, A., et al. 2005, Yang, 
J.K., Yoon, H.J., et al. 2004) to be a closer 
match; however, this enzyme hydrolyses the 
substrate at the end. Furthermore, Modbase 

considers family 30 human β-glucoside (PDB 

code 1OGS)(Dvir, H., Harel, M., et al. 2003) as 

the best template but is only able to provide a 

model of heparanase in the amino acid range 

187-466 due to the lack of structural folds in 

other regions. On other hand, members of 

family 44 (clan not classified), which have 

composite domains of the glycosyl hydrolase 

families 5, 30, 39 and 51, are endo-acting and 

act on substrates containing (β-D-

glucopyranosyl-(1→4))n-β-D-glucose motifs 

(where n=1-5). Besides family 79, β-

glucuronidase is classified under the glycosyl 

hydrolase family 2, which also catalyses the 

hydrolysis of β-D-glucuronic acid residues from 

the non-reducing end of HS. However, human 

β-glucuronidases in families 2 and 79 lack 

appreciable sequence and structural similarity 

(PDB codes 1BHG and 3HN3) (Jain, S., 

Drendel, W.B., et al. 1996). In particular, all 

threading programs fail to correctly align the 

HBD-1. Heparanase is endo-acting and cleaves 

pyranose substrates with a 1,4-β linkage. 

Consequently, endoglucanases (PDB codes 

3IK2 and 2E4T) (Kitago, Y., Karita, S., et al. 
2007, Warner, C.D., Hoy, J.A., et al. 2010) 
were selected as the most appropriate templates 

to model the heparanase sequence. The 

sequence alignment as obtained using HHPred 

is shown in Figure 4. 

 

 

 

Fig. 4. Alignment of the sequence of heparanase with the sequences of two template proteins of 

family 44 endo-acting glucanases. The lighter rectangles show the conserved α-helices and the darker 

regions show the presence of β-strands. Overall, the alignment is consistent with the consensus 

secondary structure prediction. 
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Fig. 5. Ramachandran plot of the derived 

homology model of heparanase (residues 125–

543). It can  be seen that 86.6, 11.0 and 1.8% of 

the residues are located within the most 

favorable, additionally allowed and generously 

allowed regions of the Ramachandran plot, 

respectively, with only two residues found in 

the disallowed region. Given the low sequence 

identity and abundant presence of coils, the 

model can be described as being of good 

quality. 

 

Generally speaking, the alignment in the 

catalytic regions is consistent with the 

secondary structure prediction (Figure 4); 

however, sequence-structure alignment with the 

majority of the templates mentioned in Table II 

using any of the 3D recognition method fail to 

assign conserved secondary structures in the 

region from Asp125 to Gln157. As a 

consequence, secondary structure restraints 

were applied while producing a homology 

model with MODELLER. As a further 

evaluation of the homology-modelled structures 

of heparanase (residues 157-543), the model 

with the lowest probability density function 

(PDF) energy was selected from a set of 20 

models and its backbone ψ and φ dihedral 

angles were analysed using a Ramachandran 

plot. In this model, 86.6%, 11.0% and 1.8% of 

the residues are located within the most 

favourable, additionally allowed and generously 

allowed regions, respectively, with only two 

residues being found in the disallowed region 

(Figure 5). The C-terminal residues were the 

ones in the generously allowed and disallowed 

regions. The heparin binding sites and the 

catalytic residues were found within the most 

favourable region of the Ramachandran plot. 

The homology model was also analysed using 

VERIFY 3D, which assessed and confirmed the 

quality of the predicted structure of heparanase 

with acceptable 3D-1D average scores. The 

scores were added and plotted for residues 157 

to 543 (Figure 6). Residues at the C-terminal 

with values  0.1 are predicted with less 

accuracy and are likely to have less stable 

conformations. It can be seen that most of the 

residues, including the heparin binding domains 

and catalytic sites have values in the range 0.2-

0.78. These assessments suggest that the 

modelled structure is of reasonable quality, 

given the low sequence homology between the 

templates and the target, as shown in Figure 4. 

 
Fig. 6. Evaluation of the model of heparanase with VERIFY 3D. Very few residues cross the 

reference line (negative values), suggesting that the model is of good quality. 
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Fig. 7. (A) Electrostatic potential surface of the model of heparanase, showing the heparin-binding 

sites HBD-1 and HBD-2. The molecular surfaces are colored according to electrostatic potential. 

Positive potential is shown in blue and negative potential is in red. The figure is rotated by 90° to map 

the residues in the binding site. (B) Superimposition of the binding sites of cellooctaose (in stick) in 

Cel44A (PDB code 2EQD) onto the model of heparanase (represented in blue ribbons). The distance 

between the two domains (HBD-1 and HBD-2 shown in yellow) is large enough to allow binding of 

oligosaccharides with at least six pyranose rings. 

 

Table III. Differences in residues between 

heparanase and C. thermocellum Cel44A based 

on a tertiary structure alignment. 

  

Notes Residue in 
heparanase 
model 

Residue in C. 

thermocellum 

Residues 
in the 
catalytic 
site 

Asn224 
Glu225 
Pro226 
Gly269 
His296 
His297 
Tyr298 
Glu343 
Gln383 

Asn185 
Gln186 
(mutant) 
Pro187 
Tyr233 
His283 
Trp284 
Tyr285 
Glu359 
Trp392 

Residues 
in HBD-
1 

Lys158 
Lys159 
Phe160 
Asn162 

Ala60 
Asp63 

- 
Trp 64 

Residues 
in HDB-
2 

Gln270 
Pro271 
Arg272 
Arg273 
Lys274 
Thr275 
Ala276 
Lys277 
Met278 
Leu279 
Lys280 

Gly234 
Phe235 

- 
- 
- 

Glu239 
- 

Trp256 
Phe257 
Ile258 
Asp259 

Analysis of the molecular surface and 

electrostatic potential of modelled heparanase 

reveals the presence of electropositive regions 

(due to positively charged residues) in HBD-1 

and HBD-2 (Figure 7A). The distance between 

the centroid of residues in HBD-1 and HBD-2 

is approximately 26 Å, which is important for 

the binding of heparin oligosaccharides larger 

than a hexasaccharide. The crystal structure of 

the Cel44A structure bound with substrate 

(cellooctaose) from C. thermocellum (PDB 

code: 2EQD) was used to compare residues 

with the model of heparanase. This structure 

was chosen in order to get a general impression 

of how heparanase might require an 

oligosaccharide to bridge the heparin binding 

domains and cleave an octasaccharide (Figure 

7B) that contains the highly sulphated anti-

thrombin III (AT) binding sequence. Table III 

shows a list of the residue differences in the 

catalytic and heparin binding domains. The 

pyranose rings in cellooctaose are surrounded 

primarily by tryptophan residues, whereas other 

residues dominate this site in heparanase (Table 

III). Superimposition of a complex of cellulase 

with its substrate shows that the acidic groups 

of Glu225 and Glu343 are very close to the 

cleavage point between the β-1,4 glucose units; 

however, there are steric clashes observed with 

cellooctaose and HBD-1. HBD-1 has a coiled-

coil structure at the terminal and may undergo 

further conformational changes during MD 

simulations. These steric clashes with HBD-1 

can be avoided by replacing the β-1,4 linkage 

with an α-linkage in the ligand.  
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PSFloger (Protein Structure and Function 

Loger) (Mukherjee, S., Roy, A., et al. 2010) 

was used to identify the structural and 

functional analogues of heparanase. This 

webserver takes the ligand(s) in analogue 

structures and transfers them to the model 

structure to compare the local structure and 

sequence similarity in the binding site. It also 

annotates the function of the target protein 

(ligand-binding sites, Gene-Ontology terms, 

enzyme classifications) by global and local 

matches of the structure with known protein 

function libraries. Table S2 in the Supporting 

Information shows the binding site residues 

identified on the heparanase model. Members of 

family 30 glycoside hydrolase, which is 

responsible for hydrolysing the β-glucoside 

from the glycolipid glucosylceramide, show 

high resemblance in the catalytic binding site to 

heparanase (PDB codes 2VT0 and 2V3F). 

Although these analogue structures are co-

crystallised with sulphate ions, none map to the 

heparin binding domains in the heparanase 

model upon superimposition. In fact, three 

sulphate ions map to the C-terminal -barrel 

domain. These results suggest that the heparin 

binding domains (in particular HBD-1) are 

highly variable compared to other members of 

clan A, which might explain variations in 

specificity of different binding substrates.  

For catalysis to take place the proton donor 

must be protonated and the nucleophilic attack 

and the stabilisation of the intermediate are 

mediated by a protein residue with a free lone 

pair or a negative charge (nucleophile). 

Consequently, the pKa of the proton donor (Glu 

225) should be at least 5.0 and the pKa of the 

catalytic nucleophile (Glu 343) should be at 

least 1.5 units lower than the pKa of the proton 

donor (Nielsen, J.E. and McCammon, J.A. 

2003a, Nielsen, J.E. and McCammon, J.A. 

2003b). Subsequent benchmarking of the two 

approaches (H++ and PROPKA) to predict pKa 

values with the set of templates listed in Table 

II show the PROPKA approach to be superior, 
with pKa values of titrable groups in the active 

site matching those mentioned in the literature. 

PROPKA gave equally good predictions with a 

set of xylanases reported previously (Davies, 

M.N., Toseland, C.P., et al. 2006, Kongsted, J., 

Ryde, U., et al. 2007). In all the glycosyl 

hydrolases, including the heparanase model 

reported here, the pKa of the proton donor (Glu 

225) was higher than 5.0 and hence it was 

protonated, while the pKa of the catalytic 

nucleophile (Glu 343) was lower than the pKa 

value of the proton donor. Table S3 (Supporting 

Information) lists residues chosen based on 

initial pKa predictions using PROPKA with the 

energy-minimised homology model of 

heparanase. 

 

 
 

Fig. 8. Docking predictions for the MHS with the catalytic binding sites and heparin-binding domains 

HBD-1 and HBD-2 in heparanase. The superimposition of maltohexaose (in magenta) with MHS is 

shown in the inset, wherein maltohexaose adopts a “U-shaped kinked structure” and MHS has a 

different binding mode. The heparanase 128–430 domains are represented as ribbons. 
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Fig. 9. Conformations of docked substrates (compounds 1 and 5) and inhibitor (compound 7) in the 
heparanase-binding site. Hydrogens are not shown for clarity. (A) Docking of compound 1 shows that 
the distance between the anomeric carbon of GlcA and the side chain of nucleophile Glu343 is greater 
than 6.0 Å, rendering compound 1 resistant to catalytic digestion. The hydroxyl groups of GlcNAc 
form hydrogen bonds with the side chains of Tyr298 and Lys231. (B) The top-ranked pose of 
compound 5 reveals that the distance between the oxygen of the glycosidic linkage and the protonated 
Glu225 is 3.8 Å and that the distance between the anomeric carbon and Glu343 is 3.9 Å. This 
indicates that heparanase can cleave this substrate. (C) Docking of inhibitor 7 shows that IdoA2S in 
the skew-boat conformation fits in the cleavage site with GlcNS being placed at subsite +1; however, 
the distance between the glycosidic bond oxygen and Glu225 was measured to be >5 Å. 

Molecular dynamics simulations 

The homology model of heparanase was further 

refined using MD simulations, which also 

allowed an assessment of conformational 

changes in the HDB-1. After energy 

minimisation and equilibration, a 1.0 ns 

production run was performed and trajectory 

data was collected for analyses. The time-

dependent profile of the potential energy was 

plotted (Figure not shown) wherein the 

potential energy decreases gradually from the 

start and then stabilises after 500 ps. The 

RMSD of backbone atoms (C, Cα and N) 

between the initial modelled structure and the 

final structure at the end of the MD simulation 

was ~1.5 Å. The Lys residues in the 158-160 

range adopt a 310-helical conformation after 

800ps, which matches the secondary structure 

prediction of the NPSA server (see above). 

Even after the MD refinement of heparanase 

model alone, steric clashes are still observed 

upon superimposition of the cellooctaose 

substrate discussed above. The persistence of 

this steric hindrance may cause a considerable 

deterioration in the accuracy of ligand-protein 

docking approaches. While a longer simulation 

may be necessary to sample the conformational 

change in the modelled enzyme, such an 

extended simulation without restraints might 

result in distortions of the catalytic binding site 

and changes to the rotamersic preferences of the 

nucleophile and proton donor residues located 

in the loop regions. Such problems may be 

rectified by local refinement of ligand-binding 

regions (in this case, the catalytic and heparin 

binding regions) in protein models using 

remotely related templates identified by 

threading or using induced-fit docking. 

 

 

Binding site analysis and molecular docking 

To dock substrates into the modelled structure 

of heparanase, FINDSITE was used to identify 

the putative ligand binding pose and conserved 

anchor region geometries based on binding-site 

similarity across groups of weakly homologous 

template structures identified by threading. The 

results of FINDSITE are provided as data files 

in the Supporting Information.
2
 The top-ranked 

binding sites included the catalytic residues and 

heparin binding domains HBD-1 and HBD-2. In 

most of the cases, the ligands were 

hexapyranoses with β-(1,4)-linkages and belong 

to the anti-protonation class of retaining 

enzymes. Superimposition of heparanase with 

the holo-enzymes indicates that family 79 

enzymes such as heparanase are anti-

protonators. In addition, the two catalytic 

residues are separated by a distance of 4.87 Å, 

which is consistent with hydrolysis occurring 

via a retention mechanism. 

                                                           

2  The file findsitepocket.rtf contains 
information on binding pockets identified by 
the spatial clustering of template-bound ligands 
aligned to the target crystal structure and ranked 
by the number of binding ligands. The file 
findsitefunction.rtf contains function annotation 
(GO ontology) of heparanase using the 
templates selected by structure similarity. The 
file findsitealignments.rtf has template 
structures that have been selected from the 
template library by structure alignments to the 
native heparanase model. 
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The results of FINDSITE also suggest the 

presence of β-D-glucose rings at subsite -1 

(cleavage occurs between subsites −1 and +1, 

with non-reducing ends and reducing ends 

being labelled with −n and +n signs, 

respectively (Davies, G.J., Wilson, K.S., et al. 

1997)). To start docking, the last non-reducing 

ring of each substrate described in Table I was 

superimposed with the average position of the 

pyranosyl rings at the cleavage site (near subsite 

-1) of the substrates derived from the results of 

FINDSITE.  

Apart from hexapyranose rings and furanose 

rings, core structures containing ring systems 

such as piperidin, morpholin, pyridine and 

indole rings were mapped near the cleavage 

site, according the FINDSITE analysis. Ligands 

such as cellooligosaccharides and their sulphur 

(thio) substituted glycosidic linkage, and 

GlcNAc covered the rest of the subsites from -4 

to +4. Thio-linked oligosaccharides, wherein at 

least one glycosidic bond oxygen atom is 

replaced with a sulphur atom (PDB codes 1E5J 

(Fort, S., Varrot, A., et al. 2001), 1H5V (Varrot, 

A., Schulein, M., et al. 2001), 2O9R (Isorna, P., 

Polaina, J., et al. 2007) and 3CUI), are well 

established substrate mimics and competitive 

inhibitors of glycosidases (Driguez, H. 2001), 

and one such potential inhibitor of heparanse, 

the S-linked trisaccharide, is already known 

(Cao, H. and Yu, B. 2005). 

The mapping of molecules into the various 

subsites of heparanase might help to establish if 

such molecules are good substrates of 

heparanase and, if so, whether the introduction 

of side chain substituents such as sulphone or 

phosphate groups on core structures and/or 

changes in the substituents at the glycosidic 

linkage (β v/s α) can be employed to search for 

carbohydrate-based inhibitors of GAG-

heparanase interactions. For example, one of 

the ligands bridging HBD-1 and HBD-2 (site 18 

of FINDSITE analyses, PDB code 3K8L 

(Koropatkin, N.M. and Smith, T.J. 2010)) is 

maltohexaose/maltoheptaose (α-1,4 linked 

glucose), whereas its polysulphated analogue 11 

(MHS; maltohexaose sulphate with at least 3 

sulphate groups per internal sugar and up to 

four sulphates in the terminal sugar residues) is 

already known to be a good inhibitor of 

heparanase (IC50 = 5 μg/mL compared to 

heparin with IC50 = 2 μg/mL) (Parish, C.R., 

Freeman, C., et al. 1999). MHS was docked 

onto the heparanase catalytic binding site and 

heparin binding domains and its various 

interactions are shown in Figure 8. Residues 

Lys159 and Lys161 of HBD-1 and Arg272 of 

HBD-2 make electrostatic interactions with the 

sulphates, whereas Gln270 is involved in 

hydrogen bonding with one of the sulphates of 

MHS. The majority of docked poses showed 

similar binding with Tyr298 through hydrogen 

bonding at a distance of 3.0 Å. Several 

interactions are made with the loop, which 

consists of residues Asn227-Leu230. Phe229 

and Leu230 are involved in hydrophobic 

interactions, the side-chain of Asn227 makes 

hydrogen bonds with the sulphates and the side 

chain and backbone of Lys231 make 

electrostatic interactions and hydrogen bonds 

with the side chains of MHS. In general, 

maltohexaose adopts a “U-shaped kinked 

structure”; however, superimposition of the 

docked MHS and maltohexaose (PDB: 3K8L) 

indicates the occurrence of a different binding 

mode. This binding mode of MHS blocks the 

catalytic site as well as bridges both HBD-1 and 

HBD-2. This validates our hypothesis that the 

addition of sulphated substituents to the core 

structure can be used in the rational design of 

new GAG mimetics. 

Manual docking of compound 1 has been 

reported previously (Ishida, K., Hirai, G., et al. 

2004). The disaccharide unit in compound 1 in 

the absence of sulphation is known to be 

resistant to catalytic digestion (Okada, Y., 

Yamada, S., et al. 2002, Peterson, S.B. and Liu, 

J. 2010). The docking simulations reported here 

revealed that cluster 1, with the majority of the 

binding poses, has GlcA in subsite +1 while 

GlcNAc is docked near cleavage site (Figure 

9A), whereas an inverse binding mode was 

reported in a previous study (Ishida, K., Hirai, 

G., et al. 2004). As a consequence, the distance 

between the anomeric carbon of GlcA and the 

side-chain of nucleophile Glu343 is greater than 

6.0 Å, which might render compound resistant 

to catalytic digestion. The hydroxyl groups of 

GlcNAc form hydrogen bonds with the side 

chains of Tyr298 and Lys231. The second 

largest cluster with 14 poses has GlcA placed in 

subsite -1 and the glycosidic linkage is located 

further away from the catalytic residues. 

Similarly, 6-O-sulpho heparosan (2) and N-

sulpho heparosan (3) are resistant to cleavage 

by heparanase (Peterson, S.B. and Liu, J. 2010, 

Pikas, D.S., Li, J.P., et al. 1998). Clustering of 

the docked poses of compound 2 indicates that 

the catalytic residues are at a distance of 5.8 Å 

from the glycosidic linkage and, hence, the 

substrates cannot be cleaved. The GlcA residue 

is not exactly placed at the subsite -1. The 6-O-

sulphate of compound 2 is involved in hydrogen 

bonding with Gln270, whereas the carboxylic 

acid of GlcA interacts with the charged side 

chain of Lys159 and with Tyr298. The adjacent 

hydroxyl groups (at C2 and C4) of GlcA are 

within hydrogen bonding distance from Glu343 

and Glu225. The average binding energies for 

compound 3 in most of the clusters were 
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positive. The GlcA residue is docked in subsite 

+2 in the vicinity of Gln270, while the N-

sulphate makes electrostatic interactions and a 

hydrogen bond with Lys159 and Tyr298, 

respectively. The NH of GlcNS forms a 

hydrogen bond with Glu 343. 

Both N- and O-sulphations (6-O-sulphation 

or 3-O-sulphation) are required for cleavage by 

heparanase, as shown by experimental data for 

substrates 4 and 5. In the top-ranked pose of 

compound 4, the distance between the oxygen 

of the glycosidic linkage and the protonated 

Glu225 is 4.0 Å and the distance between the 

anomeric carbon and Glu343 is 4.2 Å. The N-

sulphate of compound 4 interacts with the 

charged side chain of Lys231 while the O-

sulphate interacts with the side chain of Gln270. 

The hydroxyl group at position 3 of GlcA of 

compound 4 is within hydrogen bonding 

distance of the side chain of Tyr296. Docking 

of compound 5 revealed the formation of a 

hydrogen bond between the carboxylic acid of 

GlcA and Tyr298, whereas the 6-O-sulphate 

and the pyranose oxygen form hydrogen bonds 

with Gln270. In top ranked pose of compound 

5, the distance between the oxygen of the 

glycosidic linkage and the protonated Glu225 is 

3.8 Å and the distance between the anomeric 

carbon and Glu343 is 3.9Å (Figure 9B). The 

most populated clusters upon docking 

compounds 4 and 5 show that the GlcA residue 

is in the plane of Glu225 and that the C1-O5 

bond is ‘anti’ to the catalytic residue. In the 

case of substituted GlcA (compound 6), the 

docking simulations indicate that GlcA2S is 

located towards site 2, whereas GlcNS is 

between the cleavage site and subsite -1. These 

findings are consistent with experimental data 

showing that heparanase does not cleave the 

linkage of GlcA2S-GlcNS directly, but rather 

cleaves the linkage of the neighbouring GlcA-

GlcNS.(Peterson, S.B. and Liu, J. 2010) 

Electrostatic interactions between the 2-O-

sulphate of GlcA2S of substrate 6 and the side 

chain of Lys 159 and between the N-sulphate of 

GlcNS and His 296 are also observed. The 

hydrophobic Phe 160 is in close proximity to 

the glycosidic linkage of substrate 6. The 

hydroxyl groups in GlcNS form hydrogen 

bonds with the side chain of Glu225. Hydrogen 

bonds are also observed between the amide of 

GlcNS and Gly269 and between the sulphate 

and backbone of Tyr298. 

Sulphated iduronic acid (IdoA2S) adopts 

either the 
1
C4 chair conformation or the skew-

boat 
2
S0 conformation (Mulloy, B., Forster, 

M.J., et al. 1993). Therefore, docking 

simulations of compound 7 were performed 

with IdoA2S using both conformations. The 

IdoA2S in the skew-boat conformation was 

found to fit at the cleavage site with GlcNS 

being placed at subsite +1; however, the 

distance between the glycosidic bond oxygen 

and Glu225 was measured to be > 5 Å. In the 

chair conformation, the IdoA2S was found to sit 

at subsite +1. The 2-O-sulphate of IdoA2S 

interacts through electrostatic interactions and 

hydrogen bonds with the side chains of Arg272 

and Gln270, respectively. The amide group 

makes a hydrogen bond with the side chain of 

Tyr298. An electrostatic interaction between 

Lys159 and the N-sulphate group is observed, 

whereas the hydroxyl groups of GlcNS form 

hydrogen bonds with Glu343 and Lys231. The 

computed free energy of interaction of this 

disaccharide is lower with the chair 

conformation of IdoA2S compared to that of the 

boat conformation (Table IV). The computed 

free energies of interaction and the cluster 

analyses show that the chair conformation of 

IdoA2S might be the preferred form adopted in 

the heparanase binding site. The α-linkage 

containing disaccharide is further away from 

catalytic residues and hence might be resistant 

to cleavage (Figure 9C); however, the docking 

simulations performed are not able to explain 

the mechanism of action of compound 7 as an 

inhibitor on the basis of the interactions of 

sulphates alone. The sequence preceding and 

proceeding this disaccharide unit might also 

influence its behaviour as an inhibitor or 

substrate. However, taken together, the results 

from FINDSITE discussed above and the 

docking of maltohexaose and compound 7 

suggest that it is possible that the 

conformational change in the linkage (α in the 

IdoA2S disaccharide versus β in the GlcA 

disaccharide) might be one of the factors that 

determine the behaviour of these molecules as 

inhibitors.  

The docking simulations of substrates listed 

in Table IV suggest that heparanase recognises 

the N- and O-sulphated glucosamine at subsite 

+1 and interacts with GlcA at the cleavage site 

(near to subsite -1). In the absence of 6-O-

sulphation in glucosamine, GlcA is found at 

subsite +2, which is in agreement with 

experiments (Peterson, S.B. and Liu, J. 2010).  

The top ranked cluster of 8 shows that GlcA 

is docked at the cleavage site i.e. the distance 

between oxygen of the glycosidic linkage and 

protonated Glu225 is 3.4 Å and the distance 

between anomeric carbon and Glu343 is 4.36 Å. 

As for free energy of binding, heparanase 

showed the highest activity against the 

trisaccharide (Table IV). The 6-O-sulphate and 

N-sulphate of GlcNS6S at subsite +1 forms 

hydrogen bond with the backbone of Tyr298 

and with side-chain of Gln270, respectively at a 

distance of 3.5 Å. No ionic interactions with the 
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COO
-
 group of GlcA were observed. The N-

sulphate of GlcNS6S at subsite +1 forms 

hydrogen bond with the side-chain of Tyr298 

and the amide forms hydrogen bond with the 

backbone oxygen of Gly389. Although 6-O-

sulphate at non-reducing end is in close 

proximity of HBD-1, we did not observe any 

ionic interactions at 3.5 Å. Docking simulations 

of compound 8 reveal that, while the 

trisaccharide is essential for recognition by 

heparanase, the binding site is large enough to 

accommodate another sugar residue such as 

ΔHexUA at subsites -2 or +2. Consequently a 

tetrasaccharide containing the above sequence 

would be an ideal substrate. 

The optimal length of a heparin chain 

required to bridge HBD-1 and HBD-2 for the 

effective inhibition is known to be an 

octadecasaccharide (Simizu, S., Ishida, K., et al. 

2004a, Vlodavsky, I., Ilan, N., et al. 2007), 

whereas heparin tetra and hexasaccharides as 

well as N-acetylated heparins (N-acetylation 

higher than 50%) are poor inhibitors of 

heparanase (Bar-Ner, M., Eldor, A., et al. 1987, 

Naggi, A., Casu, B., et al. 2005). Nonetheless, 

the pentasaccharide AGA*IA (compound 9), 

corresponding to the heparin/HS sequence that 

interacts with the active site in anti-thrombin III 

(AT), is susceptible to cleavage by heparanase 

(Bisio, A., Mantegazza, A., et al. 2007). 2D 

NMR determinations revealed the presence of a 

strong interaction of this pentasaccharide with 

HBD-1 (Levy-Adam, F., Abboud-Jarrous, G., et 

al. 2005). The docking simulations reported 

here revealed that the GlcA is positioned at 

subsite -1 and the 6-O sulphate of GlcNS6S 

preceding GlcA make electrostatic interactions 

with Lys158 and Lys161, whereas the N-

sulphate of GlcNS6S interacts with the side 

chain of Lys231. The 3-O-sulphate of 

GlcNS3S6S is not directly involved in 

electrostatic interactions whereas the 6-O-

sulphate makes a hydrogen bond with Tyr298. 

The 6-O-sulphate of GlcNS6S at the reducing 

end makes electrostatic interactions with the 

side chains of Arg272 and Gln270 in HBD-2. In 

some of the predicted binding modes, the 

carboxylic acid of GlcA makes an electrostatic 

interaction with Lys 161. The catalytic residues 

were found to be at a distance of ~4.5 Å from 

the anomeric carbon and glycosidic linkage and, 

hence, make the oligosaccharide susceptible to 

cleavage. The 2-O-sulphate of IdoA2S was not 

involved in any interaction, which explains the 

experimental observation that the desulphation 

of the IdoA residue has very little effect on the 

inhibitory activity of heparin (Naggi, A., Casu, 

B., et al. 2005).  

 

Fig. 10. Conformations of docked 

pentasaccharides in the binding site of 

heparanase: (A) AGA*IA, wherein the sulfates 

alternate in each disaccharide and (B) the 

glycol-split derivative of AGA*IA. The glycol-

split residue is highlighted with a circle. Glycol-

splitting introduces conformational changes in 

the linkage between GlcA and GlcNS3S6S and 

the A*IA trisaccharide, such that the sulfates 

reside on the same side of the GAG chain. 

These sulfates form close interactions with the 

enzyme.  

 

The sequence AGA*IA (compound 9) has 

anti-coagulant activity. Consequently, 

heparanase inhibitors need to be non-

anticoagulant heparin mimics, with anti-

metastatic and anti-angiogenic activity and 

without favouring the release and activation of 

growth factors. Examples of such molecules are 

acetylated heparins in their glycol-split forms 

(which involves splitting of C2-C3 bonds of 

non-sulphated uronic acid). The N-acetylated, 

glycol-split heparin such as 
100

NA,RO.H inhibit 

heparanase activity at nanomolar concentrations 

and have no anti-coagulant activity (Naggi, A., 

Casu, B., et al. 2005, Nasser, N.J., Avivi, A., et 

al. 2007). In this study, a glycol-split was 

introduced in the AGA*IA sequence 

(henceforth referred to as gs-AGA*IA). In 

principle, the sugar units A*IA of compound 10 

should occupy similar positions in the catalytic 

binding site as the natural pentasaccharide. 

Docking simulations revealed the presence of 

conformations that can be grouped into two 

clusters and are different from that of AGA*IA 

bound to heparanase. The difference in both 

ligand conformations lies in the interaction of 

the terminal end residue. The N-sulphate in one 

conformation interacts with HDB-1 whereas in 

the other it interacts with HBD-2. Hence, this 

suggests that at least one N-sulphate group is 

required to inhibit heparanase activity as 

effectively as the corresponding N-acetylated 

glycol split derivatives (Naggi, A., Casu, B., et 

al. 2005, Nasser, N.J., Avivi, A., et al. 2007). 

Furthermore, in both clusters the 2-O-sulphates 

of IdoA2S form hydrogen bonds with the side 
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chain of Ser228 and with the backbones of 

Phe229 and Ala230. The glycol-split GlcA 

modifies the glycosidic linkage between 

unsulphated GlcA and GlcNS3S6S. This 

conformational change is propagated to the 

remaining three sugar residues in the 

pentasaccharide. The N-sulphate, 2-O-sulphate 

and 6-O-sulphate are alternately arranged on 

each side of the AGA*IA pentasaccharide 

(Figure 10A) or the N-sulphated heparin 

structure, while glycol-splitting introduces a 

“kink” and generates novel structures where the 

O-sulphate groups of adjacent disaccharide 

units reside on the same side of the GAG chain 

and are involved in the binding to the enzyme 

(Figure 10B). These binding modes are in 

agreement with the previously proposed 

hypothesis of binding of the glycol-split 

oligosaccharides to the active site of heparanase 

(Naggi, A., Casu, B., et al. 2005, Nasser, N.J., 

Avivi, A., et al. 2007).  

PI-88 (compound 12) is a mixture of highly 

sulphated oligosaccharides, ranging from 

disaccharides to hexasaccharides, with the 

majority (60%) being pentasaccharides, and 

which inhibits angiogenesis and metastasis by 

virtue of its inhibition of heparanase (Yu, G., 

Gunay, N.S., et al. 2002). Furthermore, 

structure-activity relationship (SAR) studies 

have indicated that tetrasaccharides exhibit 

comparable activity to that of pentasaccharides 

in cell-based and ex vivo assays of angiogenesis 

(Johnstone, K.D., Karoli, T., et al. 2010). The 

binding modes of pentasaccharides of PI-88 

(compound 12) and its analogue (compound 13, 

which is hydrophobic aromatic in nature) were 

investigated. Docking of PI-88 and compound 

13 indicates that the pentasaccharide is able to 

bridge HBD-1 and HBD-2. The docked poses 

can be clustered into two binding modes. In the 

majority of binding modes, the sulphates from 

both molecules make electrostatic interactions 

with the side chains of Lys159, Lys161 and 

Arg272, whereas hydrogen bonds were made 

with the side chains of Gln270, Tyr298 and 

Ser228. No interactions were observed with the 

phosphate group of PI-88. The representative 

docked poses of compound 13 from both the 

clusters are shown in Figure S3 in the 

Supporting Information. The CH2-Ph group fits 

in the hydrophobic pocket formed by Ala352 

and neighbouring residues Gly350 and Pro353. 

On the other hand, in the second cluster, the 

CH2-Ph ring is oriented towards Phe229. 

Docking simulations cannot reliably rank this 

class of ligands as the differences in the 

predicted binding affinities of PI-88 analogues 

are not very large (Johnstone, K.D., Karoli, T., 

et al. 2010). Hence a representative ligand 

(compound 13) was used to predict the binding 

mode of similar classes of compounds. 

Unlike α-L-iduronic acid, which may have 
1
C4, 

4
C1 and 

2
S0 conformations depending on 

the number of sulphate groups, interactions with 

metal ions and the position of the sugar in the 

oligosaccharide, β-D-GlcA exists 

predominantly in the 
4
C1 conformation 

(Nielsen, J.E. and McCammon, J.A. 2003a). 

The docking of various substrates consisting of 

GlcA and the superimposition of GlcA based on 

cellooligosaccharides suggest that the sugar ring 

is in the 
4
C1 conformation, the position of the 

proton donor Glu225 is within hydrogen-

bonding distance of the glycosidic bond oxygen 

and residue Glu343 is within contact distance to 

facilitate the nucleophilic attack on the 

anomeric carbon in subsite -1. Based on the 

docking of substrates and inhibitors, the 

structural features of the active site of 

heparanase are proposed in Figure S4 in the 

Supporting Information. Besides catalytic 

residues, which act as proton donor and 

acceptor, and the heparin binding domains, 

which consist of basic residues, the active site 

has a hydrophobic/aromatic patch formed by 

residues Phe129 and Leu230, and another 

similar patch formed by residues Phe160, 

Ala347, Ala352, Val384 and Ala388. Various 

hydrophobic groups could target these 

hydrophobic regions in the rational design of 

heparanase inhibitors. The docking of substrates 

and inhibitors indicates the presence of a large 

binding site extending over at least two 

saccharide units beyond the cleavage site 

(towards the non-reducing end) and at least 

three saccharides towards the reducing end 

(towards HBD-2).   

In the work reported in this paper, the inter-

glycosidic torsion angles of disaccharide 

substrates bound to heparanase were measured 

and compared with the corresponding torsion 

angles determined from experimental NMR and 

X-ray crystallographic determinations as well as 

MD simulations (Table S4). The φ angles for 

molecules 2, 3 and 6 and the ψ angles for 

substrate 6 are inconsistent with the data from 

related structures, suggesting that AutoDock 

has a marked tendency to distort inter-

glycosidic torsion angles away from normally 

expected values. MD simulations of free 

molecules such as cellulose, chitin, mannan, 

xylan, and hyaluronan in the presence of 

explicit solvent have been used to correct the 

glycosidic torsions around β(14) (Almond, A. 

and Sheehan, J.K. 2003), which is the linkage 

found in most of the hexapyranoses studied 

here. However, MD simulations with 

unrestrained β-D-glucuronic acid demonstrated 

that the force fields are unable to reproduce the 
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experimentally observed prevalence of the 
4
C1 

chair conformation (Sattelle, B.M. and Almond, 

A. 2010). In such scenario, it seems appropriate 

to select docked poses on the basis of 

favourable torsion angles in a cluster (Tables IV 

and S4) at the expense of those with the best 

free energies (and the rank of the cluster). As 

seen from experimental data for GlcA 

oligosaccharides (Table S4), the glycosidic 

torsions vary with the chain length. 

Furthermore, sulphation on glucosamine can 

change the torsion angles of the disaccharides. 

Therefore, the conformations of molecules 2 

and 3 are reasonable. The docked poses of 

substrates 6 and 7 do not follow the expected 

conformational preferences and hence the 

predicted interactions of these molecules should 

not be taken into consideration for rational drug 

design.   

The docking results reported here also 

suggest the presence of an induced-fit 

mechanism in the binding of substrates to the 

catalytic and HBDs of heparanase. The 

existence of such induced fit in the enzyme has 

been proposed in cel5 endoglucanase (PDB 

code 1CEN) from Clostridium thermocellum 

(Dominguez, R., Souchon, H., et al. 1996) and 

family 51 arabinofuranosidase (PDB codes 

2VRQ, and 2VRK) from Thermobacillus 

xylanilyticus (Paes, G., Skov, L.K., et al. 2008). 

Furthermore, the catalytic site consisting of the 

224NEP226 motif is a loop which might impart 

some flexibility and impact substrate binding. 

In addition, increased flexibility is conferred 

near the HBD-1 domain by cleavage of the 

inter-chain disulphide bond Cys127-Cys179.  

The His residue forms part of the catalytic 

triad in clan A family, while the second residue 

is a strictly conserved Glu (proton donor), but 

variations (either Ser, Thr, Glu, Asp or water) 

are observed in the third residue of the triad 

(Debeche, T., Bliard, C., et al. 2002, Nielsen, 

J.E. and McCammon, J.A. 2003b). The 

H296XY298 sequence (where X is any residue) 

in heparanases is also present in endoglucanases 

or cellulose-binding proteins and in α-L-

arabinofuranosidases and xylanases, but 

structural superimposition with various clan A 

members did not reveal the presence of any 

conserved or semi-conserved residues that can 

form a triad in heparanase. Furthermore, 

docking simulations with substrates and 

analyses with FINDSITE with various ligands 

indicate that Tyr298 is involved in direct 

interactions with the substrates, whereas 

His296, although conserved, is not involved in 

any direct hydrogen bonding with the substrate. 

There are Ser, Thr, Asp and Glu residues in the 

vicinity of the catalytic binding site but at a 

distance not sufficient to form hydrogen bonds 

with the His or Glu residues of the classic triad. 

Therefore, the Glu225-His296 dyad is suitably 

positioned to lower the pKa of the acid/base 

residue and has a common catalytic mechanism 

that involves two conserved acidic residues, a 

putative proton donor at Glu225 and a 

nucleophile at Glu343. 

Previous molecular modelling studies have 

identified residues Lys139, Val170, Asp171, 

Thr175, Arg307, Trp340 and Tyr264 as 

important for the binding of small molecule 

inhibitors of heparanase (Zhou, Z., Bates, M., et 

al. 2006). However, no mutagenesis data is 

available to validate these predictions. No 

interactions of these residues with 

carbohydrate-based ligands were observed in 

this docking study. NMR and SPR (surface 

plasmon resonance) methods identified residues 

Glu225, Glu343, Lys158, Lys161, Arg272 and 

Thr275 as important for the binding of poly-

sulphonated ligands such as suramin (Mosulen, 

S., Orti, L., et al. 2011). Molecular modelling 

studies found Phe 229 in the binding site to be 

also important for activity of KI-105 (Ishida, 

K., Wierzba, M.K., et al. 2004). The docking 

simulations reported here agree with these 

experimental observations (Ishida, K., Wierzba, 

M.K., et al. 2004, Mosulen, S., Orti, L., et al. 

2011). 

 

Conclusions 

Homology modelling together with the Conseq 

and FINDSITE analyses lends insight into the 

structure/function relationships of heparanase. 

In contrast to the apparent structural similarities 

between families 5, 10, 30, 39 and 51 and 

heparanase, structural links between the 

substrate binding clefts of family 44 and 

endoglucuronidase were established. The 

binding of β-glucopyranosides substrates to 

glycosyl hydrolase 79 heparanase has been 

investigated using ligand-protein docking 

simulations to increase our understanding of 

substrate specificity of heparanase, wherein the 

substrate includes a GlcA and a GlcNS unit 

carrying O-sulphation. Molecular docking and 

pKa prediction calculations show that Glu225 

acts as the proton donor in human heparanase 

and that the enzyme is anti-protonator. The 

distance between Glu225 and the glycosidic 

linkage of the substrate may determine the 

specificity according to the substrate docking 

model. We have proposed substrate recognition 

sites on heparanase based on docking studies. 

Various GAG-based inhibitors were docked to 

determine which amino acids in the protein 

interact with these sulphated sugar molecules. 

Apart from electrostatic interactions with the 

heparin binding domains, hydrophobic 
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interactions also contribute to the increase in 

binding affinity of several GAG-based 

inhibitors. Several interactions of ligands such 

as PI-88 analogues, which contain hydrophobic 

linkers, can be observed in the active site 

formed by residues Phe129 and Leu230. 

Consequently, future mutagenesis studies on 

residues 227-230 in the catalytic active site will 

aid the rational design of heparanase inhibitors. 

These docking ligand-protein complex models 

can interpret the substrate specificity of 

heparanase, providing a rationale for the design 

of polysaccharides (e.g. IdoA2S at subsite -1) 

that may act as inhibitors of the enzymatic 

activity of heparanase. Predicted 

heparin/enzyme complexes show that the 

interactions of the heparin binding domains in 

combination with the catalytic domain can be 

targeted for the design of inhibitors. These 

findings also emphasize the challenges in the 

use of molecular modelling methods for the 

development of new inhibitory non-anti-

coagulant molecules against the enzymatic 

functions of heparanase. 

 

Materials and methods 

ConSeq analysis  
Given a sequence and an alignment of 
homologous sequences, the ConSeq (Berezin, 
C., Glaser, F., et al. 2004) server maps 
functionally important residues that take part in 
ligand binding and protein–protein interactions 
onto each amino acid in the primary sequence. 

ConSeq takes into account the evolutionary 

conservation and solvent accessibility profiles 

to indicate residues that have potential 

structural or functional importance. A PSI-
BLAST (Altschul, S.F., Madden, T.L., et al. 
1997) search was performed against the 
CLEAN_UNIPROT (filtered UNIPROT 
database in Consurf) (Goldenberg, O., Erez, E., 
et al. 2009) to search for non-redundant 
homologues. The query sequences correspond 
to the heparanase human sequence (Q9Y251). 
To map evolutionary conservation scores onto 
query sequence, a multiple sequence alignment 
(MSA) from clan A hydrolases (Table S1 in the 
Supporting Information) was calculated using 
the MAFFT (Katoh, K. and Toh, H. 2008) 
alignment algorithm implemented in the new 
ConSurf server (Ashkenazy, H., Erez, E., et al. 
2010). The sequences, species, SWISS-PROT 
(Boeckmann, B., Bairoch, A., et al. 2003) 
accession numbers and sequence identity with 
reference to human heparanase are listed in 
Table S1. 

The Rate4Site algorithm (Pupko, T., Bell, 
R.E., et al. 2002) was subsequently used to 
construct a phylogenetic tree using the 

neighbour joining algorithm and to calculate 
evolutionary conservation scores. An empirical 
Bayesian approach was used to calculate the 
evolutionary rate of each amino acid position of 
the MSA, taking into account the stochastic 
nature of the evolutionary process. Amino acid 
evolution is traced using the JTT substitution 
model (Jones, D.T., Taylor, W.R., et al. 1992). 
The conservation codes were projected on the 
heparanase sequence and MSA, and colour 
coded, where 1 corresponds to maximal 
variability and 9 to maximal conservation. The 
phylogenetic tree produced by ConSeq was 
plotted using FigTree 1.2.2 (Rambaut, A. 
2006b). 
 

Homology modelling  

The secondary structure was predicted using 

PSIPRED. The secondary structure consensus 

prediction program (NPSA; Network protein 

sequence analysis) (Combet, C., Blanchet, C., et 

al. 2000), which combines the DSC 

(Discrimination of protein Secondary structure 

Class) (King, R.D. and Sternberg, M.J. 1996), 

MLRC (Guermeur, Y., Geourjon, C., et al. 

1999), PHD (Profile network from HeiDelberg) 

(Rost, B. and Sander, C. 1993, Rost, B. and 

Sander, C. 1994) and Predator (Frishman, D. 

and Argos, P. 1996) methods, was used to 

generate a secondary structure consensus and 

validate the prediction. As stated earlier, 

heparanase consists of 543 amino acids that can 

be structured into three domains, encompassing 

the 157 N-terminal regions, the catalytic 

domain and a C-terminal domain Val418-

Ile543. The N-terminal domain is crucial for 

expression and activity (Hulett, M.D., Freeman, 

C., et al. 1999), while the hydrophobic C-

terminal domain, consisting of disulphide 

bridge Cys437-Cys542, is critical for 

heparanase activity and secretion (Simizu, S., 

Suzuki, T., et al. 2007), as well as mediating 

non-enzymatic functions of heparanase, 

facilitating Akt phosphorylation, cell 

proliferation and tumour xenograft progression 

(Fux, L., Feibish, N., et al. 2009, Lai, N.S., 

Simizu, S., et al. 2008). Recently, the region 

encompassing residues 158-417, which includes 

the GAG binding site, was found suitable for 

drug discovery purposes in the search for novel 

inhibitors of heparanase  (Mosulen, S., Orti, L., 

et al. 2011). We focused on regions from 158 to 

543 for the purpose of binding site refinement 

and docking studies. 
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Table IV. Summary of binding modes and free energies of binding of various heparin disaccharides. The architecture of the substrate/inhibitor binding sites (subsites) 

adjacent to the cleavage site is shown. The subsites are labelled with negative numbers for subsites to the right (non-reducing end) and positive numbers to the left (reducing 

end) of the catalytic site. 

Substrate 

/inhibitor 

Possible binding mode (subsites) based on docking Cluster 

No. 

Number of 

docked 

poses in the 

cluster 

Mean free energy 

of binding in the 

cluster (kcal/mol) 

Free energy 

(kcal/mol) of the 

top ranking pose 

in the cluster 

-3 -2 -1 +1 +2 +3 

1   

 

  1 

6 

22 

14 

-1.10 

-1.45 

-2.24 

-1.87 

2   
 

 

 1 

2 

11 

187 

-1.07 

-0.81 

-1.52 

-1.35 

3    

 

 7 

8 

45 

19 

+1.29 

+0.35 

-0.15 

-0.14 

4   

 

  1 19 -0.49 -1.19 

5   

 

  3 20 +0.37 -0.16 

6   

 

  3 

20 

124 

8 

+1.77 

+6.00 

+0.36 

+4.87 

cleavage 
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7 (boat 

conformation) 

  

 

  1 19 +0.16 -1.08 

7 (chair 

conformation) 

  

 

  1 34 -0.84 -2.03 

8  

 

  1 39 -0.08 -3.80 
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Structure construction, assignment of 

disulphide bridges, optimisation, and 

visualisation were performed using the 

molecular modelling package Discovery 

Studio 2.5 (Accelrys, Inc.). Ten models were 

constructed and loops were built using the 

discrete optimised protein energy (DOPE) 

(Shen, M.Y. and Sali, A. 2006) loop-

modelling protocol in MODELLER (Sali, A. 

and Blundell, T.L. 1993). Essential hydrogen 

and charges were added to the structure. After 

coarse energy minimisation, the model with 

the lowest probability density function (PDF) 

energy was assessed for its overall geometric 

and stereochemical quality using a 

Ramachandran Plot and the Verify3D server 

(Bowie, J.U., Luthy, R., et al. 1991, Luthy, R., 

Bowie, J.U., et al. 1992).  

At physiological pH or above, heparanase 

is inactive, does not cleave HS but binds to the 

ECM or cell-surface HSPGs, thereby 

facilitating inflammatory leukocyte adhesion 

(Gilat, D., Hershkoviz, R., et al. 1995, Ihrcke, 

N.S., Parker, W., et al. 1998). Heparanase is 

active in the pH range 4.0 to 7.5, with 

maximal activity at pH 5.5 to 5.8 (Freeman, C. 

and Parish, C.R. 1998, Gilat, D., Hershkoviz, 

R., et al. 1995, Graham, L.D. and Underwood, 

P.A. 1996), cleaving HSPGs. Consequently, 

all ionisable residues were protonated 

depending on their pKa using the H++ 

(Gordon, J.C., Myers, J.B., et al. 2005) web-

server, based on finite difference Poisson-

Boltzmann calculations, and PropKa 3.0 

(Olsson, M., Søndergaard, C., et al. 2011). 

The model from PropKa was further evaluated 

for flexibility by molecular dynamics (MD) 

simulations, while the reliability of the model 

was evaluated by docking and binding 

analyses. 

 

  

Electrostatic potential surface calculations 

Electrostatic potential surface calculations 

were done using the DelPhi program (Sharp, 

K.A., Nicholls, A., et al. 1998) implemented 

in DS Modelling 2.1 (Accelrys, inc.) using the 

default Delphi atomic partial charges and 

radii, with a protein interior dielectric constant 

of 1, a solvent dielectric constant of 80 and an 

ionic strength of 0.145 M. 

 

 

Molecular dynamics simulations 

All energy minimisations and MD simulations 

were performed with AMBER 9.0 (Case, 

D.A., Cheatham Iii, T.E., et al. 2005). The 

Parm99SB (Viktor, H., Robert, A., et al. 2006) 

force-field in AMBER 9.0 was used for the 

simulations of heparanase. A cubic box of 

TIP3P water molecules (Jorgensen, W.L., 

Chandrasekhar, J., et al. 1983) was added to 

solvate the protein, keeping a minimum 

distance of 12.0 Å between each face of the 

box and the protein. The number of water 

molecules added to the heparanase structure 

was 19632. Net charges in the protein were 

neutralised by adding an appropriate number 

of chloride ions. 

  In each simulation initial unfavourable 

contacts with the solvent were removed by 

energy minimisation after performing 10 steps 

of steepest descents followed by 990 steps of 

conjugate gradients, keeping the protein rigid. 

The system was energy minimised again as 

before allowing the side chains and then the 

entire structure to relax. A force constant of 25 

kcal/mol Å
2
 was used to restrain the atoms of 

the system that were not being relaxed. Three 

stages of MD equilibration were performed to 

relax water and hydrogen atoms (200 ps), side 

chains (200 ps) and the whole system (500 

ps). Finally, a 1.0 ns production simulation 

was performed. A timestep of 2.0 fs was used 

in all simulations and the coordinates were 

saved every 10 ps. During all simulations the 

particle mesh Ewald (PME) method (Tom, D., 

Darrin, Y., et al. 1993) was used to compute 

long range electrostatic interactions, using a 

1.0 Å grid spacing and a fourth-order spline 

for interpolation. The non-bonded cutoff was 

set to 10.0 Å and the SHAKE algorithm 

(Ryckaert, J.-P., Ciccotti, G., et al. 1977) was 

used to constrain all bonds involving 

hydrogen atoms. All simulations were carried 

out in the isobaric-isothermal (NPT) ensemble 

at a pressure of 1 atm. The temperature and 

pressure were kept constant using the weak-

coupling algorithm with coupling constants τT 

and τP of 0.1 and 1 ps, respectively 

(Berendsen barostat) (Berendsen, H.J.C., 

Postma, J.P.M., et al. 1984). Periodic 

boundary conditions were applied throughout.  

 

Binding site prediction  

Ligand-binding residues were identified in the 

target structure using FINDSITE (Brylinski, 

M. and Skolnick, J. 2008, Brylinski, M. and 

Skolnick, J. 2009, Brylinski, M. and Skolnick, 

J. 2010, Skolnick, J. and Brylinski, M. 2009), 

a structure/evolution-based method for ligand 

binding site prediction and molecular function 

inference. FINDSITE detects common ligand-
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binding sites in a set of evolutionarily related 

proteins with <35% sequence identity to the 

target. As the targets for local refinement, we 

used the best of top five binding sites 

predicted within 6 Å from the geometrical 

centre of a bound ligand in the reference 

crystal structure. FINDSITE also provides 

information on the chemical identity of 

molecules that likely occupy the predicted 

binding sites by performing virtual screening 

against the ZINC, NCI and other databases. 

This feature was not used in our work.  

 

Molecular docking  

The structures of substrates and inhibitors 

used in this work are listed in Table I. The 

backbone of each molecule was constructed 

using the building facility offered at the 

GLYCAM web-server (2005-2011), which 

provides the final coordinates in PDB format. 

The coordinates of the AGA*IA 

pentasaccharide were taken from the X-ray 

structure of the complex of anti-thrombin and 

Factor Xa (PDB code 2GD4) (Johnson, D.J., 

Li, W., et al. 2006). Structural modifications 

were carried out using Discovery Studio 3.0 

(Accelrys, Inc.). We (Coombe, D.R., 

Stevenson, S.M., et al. 2008, Gandhi, N.S. and 

Mancera, R.L. 2011) and others have shown 

that AutoDock can be used to perform 

docking of carbohydrates to their protein 

targets and the scoring function can 

reasonably rank the relative binding affinities 

of carbohydrate ligands/substrates (Bitomsky, 

W. and Wade, R.C. 1999, Cantu, D., 

Nerinckx, W., et al. 2008, Coombe, D.R., 

Stevenson, S.M., et al. 2008, Coutinho, P.M., 

Dowd, M.K., et al. 1997, Coutinho, P.M., 

Dowd, M.K., et al. 1998, Gandhi, N.S., 

Coombe, D.R., et al. 2008, Hill, A.D. and 

Reilly, P.J. 2008, Mertz, B., Hill, A.D., et al. 

2007, Mulakala, C. and Reilly, P.J. 2002, 

Takaoka, T., Mori, K., et al. 2007), although 

much more expensive molecular dynamics 

approaches have been used successfully for 

relatively small GAG fragments (Gandhi, N.S. 

and Mancera, R.L. 2009). The drawback of 

AutoDock is the need to reach a compromise 

between accuracy and efficiency. In particular, 

the number of energy evaluations for each run 

had to be set to allow some runs to produce 

docked conformers in a reasonable amount of 

computer time. This issue becomes especially 

critical with an increasing number of torsions 

in the ligand molecule (over 18 for a 

trisaccharide), since the additional torsions 

add several more degrees of freedom in the 

system. Hence, in this work we used two 

different approaches for docking ligands with 

at least 12 rotatable bonds. the molecular 

docking engine FRED (FRED 2008a) was 

first used to dock ligands in the active site 

followed by re-docking and scoring of the 

poses with the Lamarckian genetic algorithm 

(LGA) (Morris, G.M., Goodsell, D.S., et al. 

1998) method in Autodock 4.2 (Morris, G.M., 

Huey, R., et al. 2009). During both stages, the 

ligand was allowed full flexibility whereas the 

protein was held rigid. While most of the 

docking programs can accommodate 

flexibility in the protein, this was not practical 

in our study as there are too many flexible 

basic residues in the binding site that interact 

with flexible ligands, such as GAGs. 

Furthermore, molecules such as heparin have 

a large number of torsional degrees of 

freedom, which can lead to the failure of the 

search method to find binding poses 

effectively. 

The program OMEGA v.2.3.2 (FRED 2008b) 

was used to convert all molecules described 

into 3D multi-conformer structures and to add 

hydrogen atoms and partial charges using the 

MMFF force-field (Thomas, A.H. 1996a, 

Thomas, A.H. 1996b, Thomas, A.H. 1996c, 

Thomas, A.H. and Robert, B.N. 1996). The 

maximum number of conformers (maxconfs) 

was set to 50. OMEGA was used because of 

its ability to enumerate ring conformations 

and invertible nitrogen atoms. This method is 

useful in enumerating ring conformations in 

heparin, particularly sulphated α-L-iduronate 

(IdoA2S) residues, which may adopt skew 

boat (
2
S0) and chair (

1
C4) conformations 

(Ferro, D.R., Provasoli, A., et al. 1990). The 

multi-conformer database of one or more 

ligands generated by OMEGA was used as 

input to the molecular docking engine FRED 

(FRED 2008a). The active site of the protein 

was defined on the basis of the superimposed 

ligands predicted by FINDSITE, as described 

above. The “inner contour” (a shape 

complementary to the active site, used during 

the exhaustive search) was disabled as the 

substrate-binding sites of  endo-hydrolases 

consist of clefts or sets of juxtaposed surface 

residues rather than pockets (Esko, J.D. and 

Linhardt, R.J. 2009). Distance constraints 

between the catalytic residues and the GlcA 

substrate were setup using the FRED receptor 

module. The number of poses (num_poses) to 

be returned by the exhaustive search was set 

to 5000, defined as the top scoring poses 
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selected from the list of all poses and scored 

by the scoring functions specified by the 

exhaustive scoring. The number of alternative 

poses (num_alt_poses) was set to 300, defined 

as additional poses to the top consensus 

structure poses. In the optimisation step four 

scoring functions were used: ChemGauss, 

ChemScore (Eldridge, M.D., Murray, C.W., et 

al. 1997), PLP (Gehlhaar, D.K., Verkhivker, 

G.M., et al. 1995) and ScreenScore (Stahl, M. 

and Rarey, M. 2001). Binding poses obtained 

from FRED using the consensus score were 

extracted and submitted for re-docking.  

For re-docking, the global minimum 

structure and the low-energy structures of the 

significant –representative conformations of a 

given oligosaccharide were subjected to 

docking, but using the Lamarckian Genetic 

Algorithm (LGA) in AutoDock with a 

population of 200 individuals, 256 runs and 

50x10
6
 energy evaluations, and permitting a 

maximal translation of 0.1 Å per step, 

followed again by cluster analysis. To reduce 

the number of degrees of freedom, the 

pyranosyl ring at subsite -1 was fixed but full 

flexibility of all rotatable dihedral angles was 

allowed. In all simulations, the mutation rate 

was set to 0.80, the crossover rate was 0.02, 

the maximal number of generations was 2.7 × 

10
4
, elitism was set to 1 and the local search 

frequency was 0.06. The grid box was defined 

with a constant grid spacing of 0.37 Å around 

each ligand molecule using the previously 

obtained binding pose. The AutoDock 4.0 

scoring function (Huey, R., Morris, G.M., et 

al. 2007) was used to predict the free energies 

of ligands shorter than tetrasaccharides. 

Most of the modelling studies (docking or 

MD simulations) described to date have been 

carried out using crystal structures of glycosyl 

hydrolases in complex with non-sulphated 

monosaccharide, disaccharide or trisaccharide 

substrates (Coutinho, P.M., Dowd, M.K., et al. 

1997, Mertz, B., Hill, A.D., et al. 2007, 

Mulakala, C. and Reilly, P.J. 2002). The 

molecular mechanics based scoring functions 

fail to predict binding affinities for molecules 

such as heparin with a large number of 

degrees of freedom (translational, rotational 

and torsional). Hence, AutoDock scoring was 

not carried out for molecules bigger than a 

trisaccharide.  

 

Visualisation 

All the 3D protein and ligand structures were 

edited and visualised using Discovery Studio 

3.0 (Accelrys, Inc.). Consurf results and MD 

simulation trajectories were visualised using 

UCSF Chimera (Eric, F.P., Thomas, D.G., et 

al. 2004). 
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Supplementary data for this article is available 

online at http://glycob.oxfordjournals.org/. 
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Table S1.  Orthologous sequences and their accession numbers obtained from the 
Swiss-Prot database. 

 Species Swiss-Prot 

Accession Number 

Protein Name 

1 Hordeum vulgare (Barley) Q70YJ3 Heparanase, putative 

2 Zea mays (Maize) B6SRR5 Heparanase-like 

protein 2 

3 Oryza sativa subsp. japonica (Rice) Q2QN56 Heparanase-like 

protein 2, putative, 

expressed 

4 Arabidopsis lyrata subsp. lyrata D7M0M7 Putative 

uncharacterised 

protein 

5 Arabidopsis thaliana (Mouse-ear 

cress) 

B9DH99 AT5G61250 protein 

6 Arabidopsis lyrata subsp. lyrata D7MUJ0 Glycosyl hydrolase 

family 79 N-terminal 

domain-containing 

protein 

7 Populus trichocarpa (Western 

balsam poplar) (Populus 

balsamifera subsp. trichocarpa) 

B9IE10 Predicted protein 

8 Medicago truncatula (Barrel 

medic) 

B7FL81 Putative 

uncharacterised 

protein 

9 Oryza sativa subsp. japonica (Rice) B9FY91 Putative 

uncharacterised 

protein 

10 Ricinus communis (Castor bean) B9RCW6 Heparanase, putative 

11 Populus trichocarpa (Western 

balsam poplar) (Populus 

balsamifera subsp. trichocarpa) 

B9HXL4 Predicted protein 

12 Picea sitchensis (Sitka spruce) B8LM26 Putative 
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(Pinus sitchensis) uncharacterised 

protein 

13 Sorghum bicolor (Sorghum) 

(Sorghum vulgare) 

C5XV25 Putative 

uncharacterised 

protein Sb04g036200 

14 Oryza sativa subsp. indica (Rice) A2XAN8 Heparanase 

15 Oryza sativa subsp. japonica (Rice) Q5SNA6 Putative beta-

glucuronidase 

16 Zea mays (Maize) B6U8L8 Heparanase-like 

protein 3 

17 Zea mays (Maize) B4FGA1 Putative 

uncharacterised 

protein 

18 Sorghum bicolor (Sorghum) 

(Sorghum vulgare) 

C5Z5E2 Putative 

uncharacterised 

protein Sb10g005260 

19 Ricinus communis (Castor bean) B9RP09 Heparanase, putative 

20 Glycine max (Soybean) (Glycine 

hispida) 

C6TEX5 Putative 

uncharacterised 

protein 

21 Vitis vinifera (Grape) A5C7G0 Putative 

uncharacterised 

protein 

22 Populus trichocarpa (Western 

balsam poplar) (Populus 

balsamifera subsp. trichocarpa) 

B9N700 Predicted protein 

23 Ricinus communis (Castor bean) B9T602 Heparanase, putative 

24 Selaginella moellendorffii 

(Spikemoss) 

D8SBJ1 Putative 

uncharacterised 

protein 

25 Monosiga brevicollis 

(Choanoflagellate) 

A9V372 Predicted protein 

26 Bombyx mori (Silk moth) Q8T108 Heparanase-like 
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protein 

27 Pediculus humanus subsp. corporis 

(Body louse) 

E0VFW4 Heparanase, putative 

28 Homo sapiens (Human) Q8WWQ2 Heparanase-2 

29 Danio rerio (Zebrafish) 

(Brachydanio rerio) 

A4QNY9 HPSE protein 

30 Xenopus tropicalis (Western 

clawed frog) (Silurana tropicalis) 

B1H188 LOC100145320 

protein 

31 Gallus gallus (Chicken) Q90YK5 Heparanase 

32 Oryctolagus cuniculus (Rabbit) A5HC54 Heparanase 

33 Rattus norvegicus (Rat) Q71RP1 Heparanase 

34 Mus musculus (Mouse) Q6YGZ1 Heparanase 

35 Bos taurus (Bovine) Q9MYY0 Heparanase 

36 Spalax golani (Northern Israeli 

blind subterranean mole rat) 

Q333X8 Heparanse 

37 Ailuropoda melanoleuca (Giant 

panda) 

D2GUE5 Putative 

uncharacterised 

protein 

38 Homo sapiens (Human) Q9Y251 Heparanase, HPSE1 

39 Homo sapiens (Human) D9IUY7 Heparanase splice 

variant T5 

40 Homo sapiens (Human) A9JIG7 Heparanase 

41 Branchiostoma floridae (Florida 

lancelet) (Amphioxus) 

C3YJ42 Putative 

uncharacterised 

protein 

42 Nematostella vectensis (Starlet sea 

anemone) 

A7SUG9 Predicted protein 

    

43 Nematostella vectensis (Starlet sea 

anemone) 

A7S0R9 Predicted protein 

44 Monosiga brevicollis 

(Choanoflagellate) 

A9UPL2 Predicted protein 

45 Marinomonas sp. (strain MWYL1) A6VVT7 Putative 
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uncharacterised 

protein 

46 Saccharophagus degradans (strain 

2-40 / ATCC 43961 / DSM 17024) 

Q21FZ8 Retaining b-

glycosidase-like 

protein 

47 Selaginella moellendorffii 

(Spikemoss) 

D8S0W9 Putative 

uncharacterised 

protein 

48 Physcomitrella patens subsp. 

patens (Moss) 

A9SLA7 Predicted protein 

49 Physcomitrella patens subsp. 

patens (Moss) 

A9SUR5 Predicted protein 

50 Physcomitrella patens subsp. 

patens (Moss) 

A9STU2 Predicted protein 

51 Physcomitrella patens subsp. 

patens (Moss) 

A9T825 Predicted protein 
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Table S2. Identified structural analogues with similar binding sites in the 
homology model of heparanase. 

Representative PDB 
structures 

GH 
family 

RMSD % 
identity 
 

Binding site residues in the predicted 
model 

2vt0_A, 2v3f_A 30 3.56 12 159, 224, 225, 230, 231, 298, 343 
2bfg_A, 1uhv 39 4.05 12 159, 225, 230, 231, 298, 343 
2eex_A 44 3.10 13 157, 158, 159, 160, 161, 162, 163, 164, 

165, 224, 225, 231, 298, 343, 353 
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Table S3.  pKa of all titrable groups predicted by PROPKA. PROPKA was run on the 
energy minimised homology model of heparanase. 

RESIDUE Predicted pKa pKmodel    
ASP 171 
ASP 183 
ASP 196 
ASP 209 
ASP 234 
ASP 245 
ASP 267 
ASP 291 
ASP 309 
ASP 314 
ASP 317 
ASP 357 
ASP 367 
ASP 395 
ASP 399 
ASP 403 
ASP 441 
ASP 449 
ASP 476 
ASP 504 
ASP 505 
GLU 221 
GLU 225 
GLU 244 
GLU 288 
GLU 308 
GLU 331 
GLU 343 
GLU 378 
GLU 396 
GLU 447 
GLU 513 
HIS 250 
HIS 296 
HIS 297 
HIS 392 
HIS 436 
HIS 458 
HIS 486 
TYR 156 
TYR 165 
TYR 174 
TYR 210 
TYR 216 
TYR 264 
TYR 298 

3.08 
3.2 
3.93 
4.07 
3.9 
6.24 
10.53 
4.96 
6.22 
4.28 
4.6 
7.6 
7.94 
3.96 
4.2 
9.51 
3.63 
3.76 
3.88 
3.69 
4.66 
9.3 
9.49 
4.68 
3.29 
4.61 
4.41 
3.93 
3.71 
5.63 
6.13 
4.76 
2.13 
5.21 
2.99 
4.91 
3.87 
5.52 
6.35 
11.25 
10.08 
11.1 
10.39 
10.17 
12.81 
15.71 

3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
4.5 
6.5 
6.5 
6.5 
6.5 
6.5 
6.5 
6.5 
10 
10 
10 
10 
10 
10 
10 
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TYR 299 
TYR 348 
TYR 391 
TYR 404 
TYR 434 
TYR 445 
TYR 453 
TYR 463 
TYR 468 
TYR 478 
TYR 529 
LYS 158 
LYS 159 
LYS 161 
LYS 214 
LYS 231 
LYS 232 
LYS 251 
LYS 255 
LYS 259 
LYS 262 
LYS 274 
LYS 277 
LYS 280 
LYS 284 
LYS 307 
LYS 325 
LYS 337 
LYS 338 
LYS 368 
LYS 411 
LYS 412 
LYS 417 
LYS 427 
LYS 430 
LYS 446 
LYS 462 
LYS 473 
LYS 477 
LYS 491 
LYS 501 
LYS 514 
LYS 538 
ARG 167 
ARG 193 
ARG 254 
ARG 272 
ARG 273 
ARG 303 
ARG 334 

14.6 
11.23 
17.85 
10.64 
12.55 
10.41 
13.03 
10.24 
11.5 
11.11 
10.06 
9.27 
9.1 
10.42 
10.98 
10.11 
10.16 
10.14 
10.34 
9.24 
10.53 
10.11 
10.28 
9.95 
10.4 
9.61 
10.12 
9.28 
11.47 
6.5 
8.96 
10.52 
10.18 
9.72 
10.07 
9.76 
8.55 
10.38 
6.54 
10.11 
8.33 
10.33 
10.24 
12.29 
12.35 
12.29 
12.32 
12.38 
12.59 
13.49 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
10.5 
12.5 
12.5 
12.5 
12.5 
12.5 
12.5 
12.5 
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ARG 374 
ARG 382 
ARG 428 
ARG 429 
ARG 432 
ARG 444 
ARG 465 
ARG 481 
ARG 517 
ARG 535 

12.61 
10.65 
12.41 
11.87 
12.27 
12.36 
12.3 
12.96 
9.59 
12.47 

12.5 
12.5 
12.5 
12.5 
12.5 
12.5 
12.5 
12.5 
12.5 
12.5 
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Table S4. Heparin glycosidic linkage torsion angles (denoted as φ and ψ) in 
different residues in disaccharide substrates. The experimentally determined 
torsional data available is for the IdoA2S α(1→4)GlcNS6S linkage. The (1→4) 
linkage is defined as φ = O5-C1-O1-C4` and ψ = C1-O1-C4`-C5`. 

Source Disaccharide Torsion 

angle φ 

Torsion 

angle ψ 

aNMR  dp12(skew boat)  IdoA2S α(1→4)GlcNS6S -55 -107 

aExperimental average (skew 
boat)  

IdoA2S α(1→4)GlcNS6S -69 ± 15 -123 ± 23 

aDisaccharide MD (skew boat) IdoA2S α(1→4)GlcNS6S -84 ± 39 -126 ± 32 

aDisaccharide MD (skew boat) IdoA2S α(1→4)GlcNS -95 ± 18 -127 ± 17 

aDecasaccharide MD (skew boat) IdoA2S α(1→4)GlcNS6S -75 ± 11 -117 ± 11 

aNMR  dp12(chair)  IdoA2S α(1→4)GlcNS6S -77 -110 

aExperimental average (chair)  IdoA2S α(1→4)GlcNS6S -69 ± 17 -118 ± 31 

aDisaccharide MD (chair) IdoA2S α(1→4)GlcNS6S -113 ± 28 -142 ± 31 

aDisaccharide MD (chair) IdoA2S α(1→4)GlcNS -117 ± 32 -136 ± 26 

aDecasaccharide MD (chair) IdoA2S α(1→4)GlcNS6S -124 ± 18 -145 ± 11 

bHS crystal structure GlcA (1→4)GlcNAc -90.21 -110.67 

cHS dp6 GlcA (1→4)GlcNAc -101 ± 38 140 ± 19* 

cHS dp8 GlcA (1→4)GlcNAc -93 ± 26 121 ± 29* 

cHS dp10 GlcA (1→4)GlcNAc -121 ± 26 126 ± 17* 

cHS dp12 GlcA (1→4)GlcNAc -78 ± 30 114 ± 26* 

cHS dp14 GlcA (1→4)GlcNAc -64 ± 32 149 ± 21* 

cHS dp16 GlcA (1→4)GlcNAc -112 ± 38 136 ± 45* 

d1 (cluster  1) 

     (cluster  6) 

GlcA (1→4)GlcNAc   -103.28 

-69.13 

-122.74 

-103.72 

d2 (cluster  1) GlcA (1→4)GlcNAc6S -143.5 -148.32 
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     (cluster 2) -82.96 -128.78 

d3 (cluster  7) 

     (cluster  8) 

GlcA (1→4)GlcNS -142.51 

-78.39 

-161.72 

-136.44 

d4 (cluster  1) GlcA (1→4)GlcNS6S -61.95 -75.89 

d5 (cluster  3) GlcA (1→4)GlcNS3S -64.85 -95.66 

d6 (cluster 3) GlcA2S (1→4)GlcNS -139.45 -16.19 

d7 (skew boat) (cluster  1) IdoA2S α(1→4)GlcNS -30.11 -120.48 

d7 (chair) (cluster  1) IdoA2S α(1→4)GlcNS -49.24 -108.53 

a MD values and experimental data adapted from “Pol-Fachin L, Verli H. 2008. 

Depiction of the forces participating in the 2-O-sulfo-alpha-L-iduronic acid 

conformational preference in heparin sequences in aqueous solutions. Carbohydr 

Res, 343:1435-1445”. b Average values of the two tetrasaccharide molecules in the 

crystal structure (PDB code 3E7J). c Experimental data taken from “Khan, S., et al., 

The solution structure of heparan sulphate differs from that of heparin: implications 

for function. J Biol Chem, 2011 in press”.* ψ = C1-O1-C4`-C3` d Torsion values based 

on the top ranking pose in the cluster as reported in Table IV. 
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Figure S 1. Secondary structure of heparanase predicted by PSIPRED. 
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Figure S2. Consensus secondary structure predictions were built using the DSC, 
MLRC, PHD and Predator methods available at the NPSA server 
(http://pbil.ibcp.fr/NPSA/npsa_server.html), where ‘h’ represents  α–helix, ‘b’ 
represents stand and ‘c’ stand for coiled regions. 

 

http://pbil.ibcp.fr/NPSA/npsa_server.html
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Figure S3. Docking of PI-88 analogue 13 into the catalytic site.  Two different binding modes are observed, where the CH2-Ph fits 
into the hydrophobic pocket. 
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Figure S4. Putative heparanase residues involved in enzyme-substrate 
interactions. Glucuronic acid is taken as a representative substrate. The colours 
magenta and blue indicate the hydrophobic and basic properties in the active site. 
Apart from the heparin binding domains consisting of basic residues (Lys158, 
Lys159, Lys 161, Arg272), the generalised heparanase pharmacophore consists of a 
proton donor/acceptor (Glu225), a hydrophobic pocket (Phe160, Leu230, Val384, 
Ala388) below the -1 subsite and polar neutral residues (Asn227, Ser228) above 
the +1 subsite. Hydrogens are not shown for clarity.  
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7 Can Current Force Fields Reproduce Ring Puckering 

in 2-O-Sulfo--L-Iduronic Acid? A Molecular 

Dynamics Simulation Study 
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Figure S1. Values of the Cremer-Pople ring puckering parameter Θ for IdoA2S starting 

from the 2S0 conformation using the GROMOS96 force field at 600 K. Ring 2S0 and 1C4 

conformations are characterised by Θ values of around 90° and 180°, respectively. Only the 

first 570 ps are plotted, showing fluctuations between the 2S0, 1C4 and 4C1 conformations. 
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Figure S2. RESP charges for IdoA2S labelled according to atom number. 
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8 Epilogue 
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8.1 Epilogue: Current challenges and future prospects 
 

Several experimental methods can be used to study GAG-protein interactions, such as 

affinity chromatography, analytical ultracentrifugation, electrophoretic mobility shift assays, 

competition experiments, mass spectrometry-based approaches, isothermal titration 

calorimetry and surface plasmon resonance [1]. Molecular modelling and computational 

chemistry approaches to study sulphated GAG-protein interactions can provide in principle 

complementary detailed structural and thermodynamic information. These methods face, 

however, unique challenges because of the high conformational flexibility and negative 

charge of GAGs, the indispensability of water-mediated interactions, the lack of parameters 

for their molecular modelling and simulation, and the scarce availability of structural data on 

GAG-protein complexes. Although there are some general computational approaches 

applicable for the identification of shallow, solvent-accessible heparin binding sites on 

proteins [2-4], these methods experience difficulties as GAG-binding sites are not conserved 

among cytokines or cell adhesion molecules [4, 5]. Robust molecular modelling methods 

have yet to be developed for the full characterisation of GAG-protein recognition.  

Only a handful of computational molecular docking approaches, such as that implemented in 

AutoDock, have been applied with some level of success to the prediction and analysis of 

heparin/HS-protein interactions [4, 6-8]. The extensive conformational flexibility and the 

presence of large negative charges in GAGs pose serious challenges for molecular docking 

simulations. Most current docking algorithms cannot efficiently sample more than 32 

rotatable bonds [9] and, therefore, only relatively short GAGs (up to four saccharides long) 

have been so far docked reliably without applying undesirable conformational constraints. 

The orientations of reducing and non-reducing termini and their high symmetry are also 

challenges for currently available docking methods. Furthermore, due to the conformational 

flexibility of IdoA2S (i.e. 1C4 or 2S0), two different docking calculations are needed, one for 
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each conformation. AutoDock 4.2 allows the exploration of ring flexibility by converting 

ring systems into their corresponding acyclic forms by breaking a bond [10]. In this method, 

the ligand is treated by means of special (G, glue) atom types. Ring opening can increase 

dramatically the total number of rotatable bonds, but it requires significantly longer 

calculation times and the large number of G atoms required makes this method a less 

desirable choice for docking GAGs with inherent flexibility. Similarly to the genetic 

algorithm (GA) and Lamarckian genetic algorithm (LGA) in Autodock, the programs 

SHAPE [11] and GLYGAL (GLYcosidic bonds Genetic Algorithm) [12, 13] implement a 

GA approach for the conformational search of oligosaccharides using MM3 and MM4 force 

fields, respectively, but none of them have been validated for sGAGs. The precursor MM2 

force field has parameters for sulphates and carbohydrates [14] and, therefore, these 

programs might perform well in conformational searches of heparin/HS fragments. 

Before performing molecular docking simulations it is essential to take into consideration the 

oligomeric states of the GAG binding proteins. The protein/receptor may exist in oligomeric 

states, resulting in more than one heparin-binding site and requiring two sulphated regions 

with a non-sulphated ‘spacer’ between them for maximum affinity, as in the case of CXCL-

8. To be able to simulate larger GAGs, it appears that a first step involving fragment-based 

docking (i.e. docking of mono and disaccharides) may be needed to obtain clues about 

possible binding poses, to be followed by the refinement of these predicted binding poses 

with more sophisticated methods, such as molecular dynamics simulations of the predicted 

GAG-protein complexes in aqueous solution.  

The reliability of predictions of binding affinity using scoring functions or free energy 

methods has been limited by the complexity and heterogeneity of GAGs. For example, the 

majority of crystal structures contain fully sulphated heparin oligosaccharides and, hence, the 

results of docking simulations of heparin fragments cannot be validated with experimental 
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data wherein physiological GAGs (typically HS, which is less sulphated than heparin) have 

been used. The difference in predicted and experimental affinity is thus attributed to the size 

and sulphation patterns of HS. Furthermore, HS displays an extended bent conformation that 

is significantly distinct from that of heparin, indicating that HS may interact differently with 

proteins compared to heparin [15]. In relatively recent years two scoring functions have been 

trained on a dataset of non-charged saccharides [16, 17]. However, these scoring functions 

do not consider parameters for sulphate moieties and therefore cannot yet be used for 

docking simulations of GAGs. 

The docking packages can are capable of reproducing 70–80% of the crystallographic 

binding modes to within 2 Å root mean square deviation (RMSD) across a diverse set of 

protein targets. Despite this, scoring functions perform poorly in predicting the absolute free 

energies of binding [18]. A docking program may identify the lowest energy conformation 

but it will fail to differentiate reliably between nanomolar and micromolar ligands leaving 

significant room for improvements in scoring functions. Furthermore, the inherent 

inaccuracy of the experimental data remains the culprit to the limited accuracy in predictions 

of binding affinity through docking. The training of scoring function would benefit from use 

of a larger and more structurally and thermodynamically diverse set of complexes.  

AutoDock also experiences difficulties from a conformational point of view with the 

docking of long oligosaccharides given the large number of flexible glycosidic linkages. In 

these cases it is thus recommended to fix the glycosidic linkages first and allow flexibility in 

the sulphates, hydroxyls and methyl groups [19]. The best predicted binding pose can be 

subsequently investigated using molecular dynamics simulations in explicit water with no 

restraints applied. An alternative protocol is to use simulated annealing, as has been reported 

for the docking of substrates to amylase [20, 21], wherein the maximal rotation per step for 
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the exocyclic torsion angles can be reduced by a 0.9875 factor per cycle from an initial value 

of 15°, and a very small translation (i.e. step of 0.2 Å) is allowed.  

In GAGs, usually only the recognition unit binds to the protein and the rest of the structure 

makes favourable interactions with water. Fundamentally, molecular docking (in the absence 

of water) tries to find the conformation which can make maximum favourable contacts with 

the protein. Therefore, docking in the presence of water or explicit solvent MD simulation 

approaches can help to further probe the significance of water-mediated interactions in 

GAG-protein interfaces. In a recent study, AutoDock 3 outperformed MOE, eHiTS and 

FlexX in the prediction of eleven GAG-protein complexes in the presence of 

crystallographically-determined water molecules, although it experienced difficulties in 

quantitatively reproducing experimental data on the specificity of heparin/HS disaccharides 

binding to CXCL-8 [22]. A correlation between experimental data and the calculated 

docking energies could not be established, similarly to the findings reported in this thesis 

(Chapter 4). This is likely to be attributable to poor clustering of binding modes and the 

inability to search effectively the binding modes of GAG oligosaccharides in a relatively 

large binding site comprising many positively charged residues (resulting in very high 

negative values for the free energies of binding). Although methods such as GRID have been 

applied to investigate the role of water in carbohydrate recognition by a bacterial enterotoxin 

[23], the placement of water molecules in the absence of experimental X-ray structures 

remains a challenging task for molecular docking.  

A variety of implicit solvation models which take into account the role of water in 

carbohydrate binding, such as the Generalised Born (MM/GBSA) and the Poisson–

Boltzmann (MM/PBSA) approaches have been applied relatively successfully to study 

carbohydrate recognition by lectins [24-26] and GAG-protein interactions (Chapter 6); 

however, these methods do not explicitly derive the locations of structurally conserved water 



 

184 

 

 

molecules [27]. Furthermore, the reorganisation of water molecules upon ligand binding 

greatly affects the entropic component of the free energy of binding, which is not explicitly 

considered by continuum solvent approaches such as MM/PB(GB)SA (reviewed in [28]). 

Large deviations in the calculated MM/PB(GB)SA energies are attributed to problems 

associated with both the electrostatics and the entropy calculations using normal modes or 

quasiharmonic methods [29]. In particular, the MM/PBSA approach does not work well 

when calculating the absolute free energy of binding of charged ligands (see Chapter 6) 

compared to neutral ones [30]. This is due to the fact that the polarisation of charged 

molecules at the binding interface is quite different to that in neutral molecules. In the 

MM/PBSA method, the electrostatic energy is split into three components: the average MM 

electrostatic interaction with the charged ligand, the PB (Poisson-Boltzmann) contribution 

due to the polarisation of the surrounding solvent, and the electrostatic energy due to the 

presence of the ligand in solution. This approach provides good estimates of the 

electrostatics and solvation in a neutral medium, in the absence of any net charges. However, 

in the presence of a heavily charged ligand, this approximation tends to fail as the solute and 

solvent electrostatic energy components tend to dominate the energy components. While the 

MM/PBSA method uses a value for the dielectric constant (ε=4) which should account for 

highly charged binding interfaces (giving rise to strong electrostatic interactions formed 

between the protein and a carbohydrate molecule), it is insufficient for this particular system.  

For example, the calculation of solvation free energies using the MM/PBSA method gives 

estimates almost twice as large as the actual value. Furthermore, as in the case of heparanase 

discussed in Chapter 6, the AMBER force field in conjunction with GLYCAM parameters 

were used with the vdW and electrostatics scaling factors set according to the protein force 

field, which in the case of sGAGs would overestimate electrostatic interactions and forces by 

a factor ∼2. The above problems associated with the electrostatics (charged binding sites) 

can be overcome using a suitably calibrated solute dielectric constant to calculate the polar 
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solvation energies. Efforts are being directed at improving MD sampling techniques, 

solvation free energy calculations using the PBSA approach, and entropy calculations will 

help to address the limitations of continuum solvent methods [31-35].  

Several studies have found strong inter-connections between specific structural properties of 

GAGs, such as ring puckering, conformational equilibria and inter-residue linkages 

(glycosidic bonds) and the dynamical behaviour of the surrounding solvent [36-38]. These 

studies have generally used molecular mechanics force fields, such as GLYCAM, 

CHARMM, GROMOS or OPLS-AA with Scaling of Electrostatic Interactions (SEI). The 

advantages of these methods are their low computational costs, transferability or generality 

for extension to carbohydrates outside of the original parameterisation scheme (or to 

glycomimetics), and compatibility with other biomolecules and solvent models [39]. 

However, the consistency of the properties measured by these simulations depends strongly 

on the force fields (Chapter 7) and requires simulation times of hundreds of nanoseconds to 

achieve convergence. Currently, standard MD and advanced sampling techniques can 

successfully simulate the conformational space and NMR vicinal couplings of iduronic acid 

and various hexopyranoside monosaccharides [40-42], as well as the α(1→4) β(1→3) and 

β(1→4) glycosidic linkage conformations in hyaluronan and chondroitin sulphate [43, 44]. 

While the puckering landscapes of β-D-glucuronic acid (GlcA) in water have been studied 

[40, 45, 46], future work should be directed at performing MD simulations of β(1→4) D-

glucuronic acid-based disaccharides (HS), such as those described in Chapter Error! 

Reference source not found., to perform a complete scan of their conformational space 

including their glycosidic torsions.  

A number of carbohydrate-protein systems have been studied using MD simulations [36, 47, 

48]. GLYCAM in conjunction with the AMBER force field are used with the Lennard–Jones 

(scnb) and electrostatics (scee) scaling factors set according to the protein force field. (i.e. 
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2.0 and 1.2 for scnb and scee, respectively). However, use of these default scaling 

parameters degrades the accuracy of the predicted rotamer/conformer populations for 

oligosaccharides. Accurate modelling of the conformational equilibrium of hexopyranoses 

has been achieved with the GLYCAM force field when 1–4 interactions are not rescaled (i.e. 

scnb and scee scaling factors are set to unity) [37, 41, 42]. The discrepancy of scaling 

parameters has now been resolved in AMBER 11 [49], which allows mixed scaling of the 

scnb and scee parameters for simulations of systems containing both carbohydrates and 

proteins.  

Previous versions of GLYCAM and AMBER (before AMBER10) lacked parameters for 

sulphates and sulphamates. Therefore, parameters for sulphates and sulphamates were 

approximated according to Huige and Altona [50], and some parameters for sulphate groups 

that were not available from the work of Huige and Altona were used to be approximated by 

those for phosphates from Parm99. GLYCAM06 now provides parameters and charges for 

O-sulphation [51] but lacks parameters for N-sulphation, making it of limited use for 

simulations of heparin oligosaccharides. The N-sulphated monosaccharide would require the 

derivation of ensemble-averaged partial charges using the restricted electrostatic potential 

(RESP) method [52, 53]. The derivation of charges would involved optimising all of the 

geometries of the monosaccharide at the B3LYP/cc-pVTZ or HF/6-31G* quantum level, 

computing the ESP charges at the B3LYP/cc-pVTZ or HF/6-31G* level using RESP with a 

RESP weighting of 0.01 and constraining all aliphatic H's to zero charge. This method is 

employed to maintain consistency with AMBER and GLYCAM force fields. The charges 

from an ensemble are averaged if they are equal. Finally the hydroxyl H from the 

monosaccharide is removed and the partial charge on the linking oxygen atom is adjusted so 

that the net charge in the residue is the same as in the original monosaccharide residue.  The 

above charge derivation procedure compatible with GLYCAM can be simplified using 

R.E.D. server [54].  
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The development of dedicated bioinformatics resources to handle data from a wide variety of 

glycobiology studies (in particular lectins) has been attempted by a number of research 

groups and international consortia [55, 56]; however, bioinformatics and molecular 

modelling methods are still poorly developed for sGAGs. There are also errors in the GAG 

residue and linkage nomenclature employed in the Protein Data Bank, arising from a lack of 

adoption of carbohydrate-specific tools for structure curation or refinement validation [57]. 

The goal of the research described in this thesis has not been to develop better algorithms or 

methods but but to address some of the bottlenecks in the molecular modelling of GAG-

protein interactions that arise with existing approaches. For example, the use of two separate 

docking simulations with boat and chair conformations for IdoA2S is no longer needed. Fred 

and Omega can be used to fit optimal ring conformations during the docking simulations. 

Surveys of sulphate binding structural motifs can help to predict heparin binding sites on the 

surface of proteins. When working with a homology model (e.g. heparanase), FINDSITE is 

helpful to locate anchor ligands (ligands found in similar binding sites) that can serve as 

starting points for the docking of oligosaccharides. A similar approach was recently used in 

the modelling of heparanase, wherein the presence of natural substrates in the template 

structure (endoxylanase from P.simplicissium co-crystallised with a xylan oligosaccharide) 

allowed the prediction of a binding model for a hydrolysed HS pentasaccharide [58].  

The work reported in Chapter 6 and the one by Imberty et al., 2011 [58] emphasises the 

importance of template selection for the homology modelling of human heparanase. Both 

works focus on use of β(1→4) retaining, endo-acting templates and also agree that 

arabinofuranosidase is not an optimal template for modelling the binding site of heparanase 

because the α-L-arabinofuranosidase hydrolyses the α(1→3) linkage between a xylopyranose 

and an arabinofuranose substituent which is different from substrates of heparanase. In the 

work reported in this thesis, residues Lys157 to Ile543 were modelled, whereas the recent 
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work by Imberty et al. [58] reports the modelling of a monomeric construct, wherein the 8 

kDa subunit (residues Gln36-Glu109) is connected to the 50 kDa subunit by the peptide 

GSGSGSQ. Despite the differences in the molecular models, the results from both studies 

complement and reinforce each other. Both studies indicate that His296 and Tyr298 are 

highly conserved and that His296 plays a role in the enzymatic reaction rather than in 

substrate binding. Both studies shed light on the direct interactions of sugar units with the 

HBD-2 (i.e. Gln270-Lys280). Apart from the basic residues in HBD-1 and HBD-2 that 

interact with anionic saccharides, these studies also highlight the role of hydrophobic 

residues in the catalytic pocket. Aromatic hydrophobic residues Phe385, Phe386, Phe101, 

Phe229, Tyr298 and Tyr299, and aliphatic residues Leu230, Ala195, Val268, Ala276 and 

Leu300 were predicted to form the substrate binding site in the study by Imberty et al. [58], 

where residues Phe229, Phe385 and Phe386 are further away to interact with the substrate, 

as predicted in our study. Furthermore, interactions with the 8 kDa domain were not modeled 

in this work, while interactions with the disaccharide substrate were predicted to form 

interactions with Leu102, Asn64 and Phe101 in the study by Imberty et al. [58]. Residues 

Tyr298, Tyr299, Leu230 and Phe229 were predicted to be part of the binding site in both 

studies.   

There is much further work that can be done to build on the approaches and predictions 

reported in this thesis. Heparin, HS and GAG mimetics such as cyclitols and PI-88 are 

known to interact with a wide range of functionally and structurally distinct proteins, such as 

CXCL-8 (Chapter 4) and heparanase (Chapter 5), exhibiting greatly differing affinities for 

their receptors. Standard molecular docking techniques typically focus on the association of 

GAGs with a single target receptor, but in order to identify differences in binding specificity 

between different HS-binding proteins it is necessary to make comparisons across multiple 

receptors. Virtual screening techniques now generally applied on protein and nucleic acid 

systems have not kept pace with the field of carbohydrate modelling. A virtual screening 
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protocol for carbohydrate ligands should take into account comparative docking to multiple 

receptors, the conformations of oligosaccharides and the oligomeric state of the protein(s) of 

interest. For example, docking of cyclitols and PI-88 to known crystal structures like FGF-1, 

FGF-2, VEGF, CXCL-8, heparanase and CXCL-12 could be used as a benchmark. In the 

case of heparanase, methods such as covalent docking [59] and “substrate-imprinted 

docking” [60] would aid in the modelling of enzymatic catalysis, i.e. modelling the role of 

the enzyme in stabilising the transition state. 

Understanding the structure and dynamics of sGAG-protein complexes requires the 

development of new computational methods for (1) conformational searching, (2) 

parameterisation of scoring functions and solvation terms and (3) implementation of docking 

algorithms on massively parallel computing infrastructure. The later issue should be now 

easily achievable due to the development of MPI (message passing interface)-enabled 

AutoDock 4.2 for high-performance computing (HPC) architectures [61]. In addition to 

scoring and clustering analyses, it is important to obtain validation that the predictions of 

docking simulations are consistent with various experimental data, such as contact sites 

identified by saturation transfer difference (STD), nuclear Overhauser enhancement (NOE), 

J-coupling NMR experiments, protein mutagenesis studies or epitope mapping studies for 

the same or closely related systems [62]. 

Apart from the various roles of sGAGs discussed in this thesis, heparin/HS also play an 

important role in protein aggregation. A number of neurodegenerative diseases such as 

Alzheimer’s disease (AD), spongiform encephalopathies and tauopathies, have been directly 

associated with altered conformations of proteins such as Tau, Prion, α-synuclein, and 

amyloid-β (Aβ), that assemble to form highly organised aggregates [63]. The minimal core 

sequences responsible for the polymerisation of these disordered proteins contain cationic 

motifs, which are implicated in the interaction with sGAGs [64]. Atomistic simulations in 
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the presence of explicit water in the microsecond timescale are widely used to test the 

stability of possible β-strand arrangements in amyloid and prion proteins, and to explore the 

conformational changes of native or intermediate states [65]. Coarse-grained models where 

protein chains are represented as joint beads to reduce torsional flexibility have been used to 

simulate protein aggregation [65, 66]. These approaches can be expanded to characterise the 

formation of fibrillar and amyloid aggregates in the presence of sGAGs to understand the 

mechanism of heparin-induced aggregation. Considerable work has been done in the 

parameterisation of force fields for GAGs for use in atomistic simulations, with a few reports 

already describing coarse-grained potentials for aggrecan molecules [67] and GAGs such as 

chondroitin, CS and HA [68]. Future work should be directed towards development and 

validation of coarse-grained parameters for heparin/HS to enable the prediction of 

equilibrium solution properties of high molecular weight GAGs using molecular dynamics 

simulations.  
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