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Summary

The binding of VWF to GpIb-α is a critical step for maintaining normal
haemostasis. The interaction between VWF with GpIb initiates the adhesion and
aggregation of platelets at an injury site in the blood vessel wall. This binding is
specific to high shear conditions that are typically found in small arterioles where
the shear rates vary between 500-5000 s-1. However, excessive binding of GpIb-α
and VWF under normal conditions can cause stroke or myocardial infarction (MI).
The purpose behind blocking GpIb is to stop the initial adhesion and stimulation of
platelets under high shear conditions. There have been several attempts to
generate GpIb-α inhibitors, such as the monoclonal antibody H6B4, OS-1 peptide,
and the snake venom anfibatide. However, only anfibatide has successfully
reached the clinical trials. In this project, we aimed to design a novel GpIb inhibitor
for the treatment of cardiovascular disease. We performed both high-throughput
docking as well as pharmacophore based screening to identify lead compounds
for development. We then performed platelet aggregation assays, high shear flow
experiments to assess their function ex vivo, and ELISA assays to investigate the
binding interaction between the tested compounds and GpIb. A pharmacophore
was generated based on GpIb-α crystal structure and published mutagenic data.
The cyclic peptide GKYFG from the pharmacophore screening inhibited the
interaction between VWF and GpIb-α under high shear conditions at a
concentration of 0.1 mM (P<0.01). None of the compounds tested had an effect on
ristocetin-induced platelet aggregations. We developed a receptor occupancy
assay for the β-switch site, which assisted in identifying the binding site for
anfibatide. In this assay, the novel linear peptides GKYFG and GGWKG inhibited
the anti-Glycocalicin antibody binding to GpIb-α by 48.8 ± 11.3%, P<0.05 and
26.7 ± 10.5%, P<0.01 respectively. We have successfully generated a novel
peptide that is a GpIb-α antagonist. We have also developed a receptor
occupancy assay for the β-switch site and using this assay identified the binding
site for the GpIb antagonist anfibatide and the linear peptides GKYFG and
GGWKG.
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Chapter 1: Introduction
Glycoprotein Ib-V-IX is an adhesive receptor complex, located on the platelet
surface. The activation of endothelial cells and platelets causes the release of Von
Willebrand Factor (VWF). During normal haemostasis, the interaction between
VWF with GpIb initiates the adhesion and aggregation of platelets at an injury site
in the blood vessel wall. Under normal conditions, increased binding of VWF-GpIb
is highly dangerous and can cause stroke or myocardial infarction (MI) (Firbas et
al. 2010). This is due to higher shear forces experienced by platelets in, for
example, atherosclerotic vessels, which can lead to increased binding of VWF to
GpIb (Kaplan & Jackson 2011). Conversely, low levels of GpIb can lead to
bleeding disorders. Hence, the presence of an adequate amount of GpIb is of high
importance to maintain normal levels of haemostasis (Nurden, 2014; Charakida et
al., 2003, Ozelo et al., 2004). Antagonists including monoclonal antibodies (e.g.
H6B4-Fab), snake venoms (e.g. agkisacucetin), and peptides (e.g. OS-1) have
been developed for GpIb. They all aim to block the interaction between GpIb and
VWF. However, only one of them has successfully reached clinical studies. The
snake venom anfibatide (derived from the snake venom agkisacucetin) is the first
and only GpIb antagonist that has reached the clinical trails. It is currently in phase
IIb/IIIa in China (Lei et al. 2013; Hou et al. 2013). All of the anti-thrombotic drugs
available in the market are GpIIb/IIIa antagonists and have shown to be
associated with bleeding side effects (Ali et al. 2004; Germing et al. 2010).
Therefore, the development of GpIb antagonist would be favourable as they would
not affect the normal haemostasis function of the platelets, and would only
interfere with the primary step of thrombus formation.
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1.1 Glycoprotein Ib Structure
GpIb-V-IX system is an adhesive receptor complex that is located on the platelet
surface. Approximately 25,000 copies of the complex are expressed on the
surface of the platelets (Canobbio et al. 2004; Cauwenberghs et al. 2001).
GpIb-V-IX is composed of four distinct polypeptide chains; GpIb-α, GpIb-β, Gp-V
and Gp-IX (Figure 1.1.1). All of which are members of the Leucine Rich Repeats
(LRR) family. GpIb-α and GpIb-β are linked together via a disulphide bridge
(Cys122 in GpIb-α, and Cys484 or Cys485 in GpIb-β). The complex associates noncovalently with GpIb-V and GpIb-IX. The ratio of the four polypeptides GpIb-α,
GpIb-β, GpIb-V and GpIb-IX is 2:2:1:2 respectively (Canobbio et al. 2004; R K
Andrews et al. 2003; Renhao & Emsley 2013).
Each polypeptide is expressed through a specific gene. GpIb-α gene is located on
chromosome 17, GpIb-β gene is located on chromosome 22, while both Gp-V
Gp-IX genes are located on chromosome 3 (Kunicki 2002; Canobbio et al. 2004).
Studies have shown that the absence of GpIb-α, GpIb-β, or Gp-IX affected the
expression of the complex; thus, the presence of these polypeptides is essential
for normal expression of the complex. Absence of Gp-V did not show any major
effects on the complex expression; however, knocking out this gene in transgenic
mice showed an increase in the complex activity (Andrews et al. 2003; Kunicki
2002). Table 1.1.1 shows the main properties of each subunit.
GpIb-α is responsible for the interaction with VWF; therefore, this structure will be
explored in more detail.
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Table 1.1.1 Summary of the main properties of GpIb-V-IX complex chains (Andrews et al.
2003; Kunicki 2002; Canobbio et al. 2004).

Chain:
GpIb-α

Molecular mass:
135 kd

Number of Residues:
610 residues

Number of LRR:
8 LRR

GpIb-β

25 kd

181 residues

1 LRR

Gp-IX

22 kd

160 residues

1 LRR

Gp-V

82 kd

544 residues

15 LRR

Figure 1.1.1 GpIb-V-IX complex structure. The overall domain arrangement of the complex is
presented. Leucine Rich Repeat regions are represented as red circles. The sulphated tyrosine
region is represented as a blue box, and the short blue lines represent the macroglycopeptide
region.
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1.2 Glycoprotein Ib-α
GpIb-α, also known as CD42b alpha, is a type I transmembrane protein that has a
molecular weight of 135 kDa. This subunit is the largest in the complex, with a total
number of 610 amino acids. GpIb-α encompasses an N- terminal region
(extracellular domain) that contains 8 LRR’s, a macroglycopeptide region, and a
cytoplasmic tail (Table 1.2.1). (Andrews et al. 1997; Canobbio et al. 2004).
Table 1.2.1 Summary table of GpIb-α domains (Canobbio et al. 2004).

Domain:

Residues number:

N-terminal region

1 - 282

Negatively charged region

283 - 302

Macroglycopeptide region

303 - 485

Transmembrane region

486 - 514

Cytoplasmic tail

515 - 610

GpIb-α domain has three disulphide bonds. The first one is located at the β-finger
region (residues 2-18) in the N-terminus, between Cys4 and Cys17. The remaining
two bonds are located at the C-terminal region (residues 205-268), specifically at
Cys209-Cys248 and Cys211-Cys264. The C-terminus region of this protein contains
the β-switch region, which is also known as the Regulatory (R-loop) that plays a
role in the interaction with VWF. The β-coil region of the protein encompasses the
amino acids Asn21 and Asn159, which are the N-glycosylation sites of the protein
(Uff et al. 2002; Renhao & Emsley 2013; R K Andrews et al. 2003).
GpIb-α has binding sites for several ligands. Examples of such ligands are VWF,
α-thrombin, Mac-1, XI/XIIa clotting factors, and P-selectin. LRR 2, 3 and 4 have
been shown to be important for VWF binding (Canobbio et al. 2004). Therefore,
mutations within this region would affect the binding of GpIb-α to VWF.
Furthermore, it has been demonstrated that VWF binding activity is decreased
when there is a mutation in the three sulphated tyrosine’s (Tyr276, Tyr278, Tyr279)
(R. K. Andrews et al. 2003; Canobbio et al. 2004; Andrews & Berndt 2004).
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GpIb-α acts also as a receptor for thrombin and the association of GpIb-α and
thrombin is highly important for blood clotting activation (Dumas et al. 2003).
Thrombin is an enzyme that is essential for the formation of blood clots in the
events of tissue damage and bleeding. It is a serine protease, that when activated,
cleaves a piece of the protein fibrinogen in order to allow for blood clotting.
Thrombin is released from the injured vessels, and is only active when several
extra domains of it are cleaved off. Only thrombin that is next to the site of injury
gets activated (Clemetson & Clemetson 1995). Thrombin has a high affinity for the
receptor GpIb-α and any changes in the receptors structure would affect the
activity of thrombin and can cause serious bleeding disorders (Dumas et al. 2003).
Glycocalicin (GC) is a term that has been given to the external portion of GpIb-α. It
has a molecular weight of ~135.000. The cleavage of this portion of GpIb-α is
mainly due to the presence of specific enzymes in platelets such as sulfhydryl and
neutral protease (Coller et al. 1984). Proteolytic degradation causes the release of
glycocalicin to the plasma in which the protein circulates at a concentration of 1-3
µg/ml. Glycocalicin encompasses both thrombin and VWF binding sites. Thus, the
use of glycocalicin for platelet studies has become more popular now especially
with ELISA’s for the quantification of VWF for the diagnosis of von Willebrand
Disease (VWD) (Clemetson et al. 1981; Coller et al. 1984; Vanhoorelbeke et al.
2005). Figure 1.2.1 shows the glycocalicin region on GpIb.
In this thesis, we have used glycocalicin in order to assess the interaction between
potential inhibitors and GpIb-α.
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Figure 1.2.1 Structure of GpIb-α showing glycocalicin region of the protein
encompassing the 8 LRR’s.
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1.3 Von Willebrand Factor
Von Willebrand Factor (VWF) is a large multimeric protein that circulates in the
blood and is essential for the maintenance of normal haemostasis.
Megakaryocytes and endothelial cells synthesize VWF protein. Megakaryocytes
stores the synthesized VWF in the platelet α-granules, while VWF synthesized
from the endothelial cells is either stored in the Weible-Palade bodies, or is
released in the plasma (McGrath et al. 2010; Gresele & Momi 2012; Ruggeri &
Zimmerman 1987; Andrews et al. 1997; Colman et al. 2006; R K Andrews et al.
2003). The release of the stored Weible-Palade VWF is upon the presence of
specific triggers such as histamine, epinephrine, ADP, and thrombin. Meanwhile,
the activation of α-granules is upon the presence of thrombin, ADP, thromboxane
A2, and collagen (McGrath et al. 2010). The concentration of VWF circulating in
plasma has been demonstrated to be around 5 to 10 µg/ml (Marx et al. 2008).
Table 1.3.1 summarizes the differences between plasma VWF and platelet VWF.
The gene that codes for VWF protein is located on the short arm of chromosome
12. It encompasses 52 exons and about 17kb of genomic DNA (Cumming et al.
2011). VWF is first produced as a propeptide where the D1 and D2 domains are
present. These domains are necessary for the multimerization of VWF.
Furthermore, they are also involved in the intracellular trafficking and in the
regulation of secretion of VWF (Yin et al. 2015). This form of the peptide includes
a signal peptide (22 residues) and propeptide (741 residues) which is glycosylated
(Rosenberg et al. 2002; Fujikawa et al. 2001).
In the mature form of VWF, D1 and D2 domains are removed. The mature protein
has 2050 amino acids with a molecular mass of 250 kDa. VWF domains are linked
via disulphide bonds and each domain is responsible for a specific function. Most
of the domains have a specific binding site for other proteins (Ruggeri &
Zimmerman 1987; Canobbio et al. 2004; Andrews et al. 1997; Andrews & Berndt
2004; Marx et al. 2008).
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These domains are classified as the follow: A1, A2, and A3 domains, Cysteine
Knot (CTCK) and Cystine-8 (C8) domains, D1, D2, D3, and D4 domains, Trypsin
Inhibitor-Like (TIL) domains, and E repeats (Zhou et al. 2012; Springer 2015).
Table 1.3.2 summarizes the known protein domains properties. An important
function of VWF protein is the protection of glycoprotein factor VIII. VWF protects
factor VIII by binding to it tightly when circulating in the plasma, in order to protect
it from proteolysis degradation (Cumming et al. 2011).
Upon an injury of a blood vessel, collagen is exposed and the A3 domain of VWF
binds to the collagen. The transient interaction between VWF-A1 domain and
GpIb-α causes the rolling and adherence of platelets at the site of injury (Romijn et
al. 2003).
Table 1.3.1 Summary of some the differences between plasma VWF and platelet VWF
(McGrath et al. 2010).

Plasma VWF

Platelet VWF

Weible-Palade bodies

α-granules

Histamine,

Thrombin,

epinephrine,

ADP,

ADP,

thromboxane A2,

thrombin

collagen

Binding to factor VIII

Yes

No

Affinity to GpIb-α

High

Low

No

Yes

Storage site
Stimulants for
release

Ultra large VWF
multimers

Mutations of VWF cause several forms of VWD. For instance, a missense
mutation in the A1 domain increases VWF protein affinity for GpIb-α (Cumming et
al. 2011). This is classified as type IIB VWD, where the A1 domain binds
increasingly to GpIb-α even in the absence of stimuli or high shear conditions
(Ruggeri & Zimmerman 1987; Canobbio et al. 2004; Gresele & Momi 2012;
Fujikawa et al. 2001; Cumming et al. 2011).
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Table 1.3.2 Summary of all VWF protein domains properties (Uniprot.org 2015; Yin et al. 2015;
Peyvandi et al. 2011).

Domain:

Position/length:

Role/Binds to:

D1

340 – 240

Multimerization,

207 AA

secretion, and
intracellular
trafficking of VWF

D2

387 – 598

Multimerization,

212 AA

secretion, and
intracellular
trafficking of VWF

D’
D3

Factor VIII
866 – 1074

•

Factor VIII

209 AA

•

N-terminal
multimirization

A1

A2

1277 – 1453

•

GpIb-α

177 AA

•

Collagen-4

•

Heparin

1498 – 1665

Cleavage site for

168 AA

metalloprotease
ADAMTS-13

A3

D4

1691 – 1871

•

Type I collagen

181 AA

•

Type III collagen

1949 – 2153

Unknown

205 AA
C1

2255 – 2328

Gp IIb/ IIIa

74 AA
C2

2429 – 2495

C-terminal

67 AA

dimerization

CK

2724 – 2812

•

βHCG

“Cysteine Knot”

89 AA

•

TGFβ

•

PDGF
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1.4 Interaction between GpIb-α and VWF
The binding of VWF to GpIb-α is a critical step for maintaining normal
haemostasis. The interaction between the two proteins will only occur under
specific circumstances. These circumstances are either high shear conditions or in
the presence of exogenous modulators such as ristocetin (antibiotic) or botrocetin
(snake venom) (Canobbio et al. 2004; Matsushita et al. 2000).
VWF changes in conformation in order to increase its affinity for GpIb-α causing
the adhesion of platelets. This occurs when plasma VWF binds to collagen
expressed on the extracellular matrix of the subendothelial cells. When the blood
vessel is injured, collagen is expressed on the surface, allowing the binding of
VWF (McGrath et al. 2010). Following that, VWF-A1 domain (residues 491-716)
undergoes conformational changes, these lead to an increased binding affinity for
GpIb-α. The transient adhesion of platelets lead to a rolling phenotype, which
slows down the platelets until they firmly adhere to the surface. This binding is
specific to high shear conditions that are typically found in small arterioles where
the shear rates vary between 500-5000 s-1. These high shear conditions are
responsible for the change in conformation that the A1 domain undergoes
(Canobbio et al. 2004; Matsushita et al. 2000; Coburn et al. 2011; Broos et al.
2012).
The interaction between GpIb-α and VWF occurs specifically at the GpIb-α Nterminal region (45 kDa) and the VWF-A1 domain. At the time of the interaction,
the β-switch region of GpIb-α changes in conformation, becoming a β-hairpin. This
site is the major interaction site between the proteins. The residues 227-241
(β-switch) change in conformation upon binding to the centre of the A1 β-sheet
(residues 237-239). This binding will lead to the formation of hydrogen bonds to
β-strand 3 of the A1 domain (Huizinga et al. 2002; Blenner et al. 2014). In the
unbound state, the β-switch region is disordered (Huizinga et al. 2002). The
stabilization of the complex occurs upon the transformation of the β-switch to an
antiparallel β-sheet (Figure 1.4.1). (R. K. Andrews et al. 2003; Broos et al. 2012;
Bernard et al. 2012).
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Figure 1.4.1 shows the difference in GpIb-α structure when it is bound to VWF-A1
domain and when it is unbound.

Figure 1.4.1 GpIb-α bound and unbound crystal structure. On the left is the structure of an
unbound GpIb-α (Green) (PDB1QYY). The β-switch region is disordered forming a loop region.
However, on the right is the structure of GpIb-α (Green) bound to VWF-A1 domain (Blue) (PDB
1M10). The β-switch has changed into antiparallel β-sheets allowing the interaction with VWF.
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Previous studies have shown that that GpIb-α and VWF-A1 come in contact at two
different contact sites (Figure 1.4.2). The first interaction site is between the first
LRR and the two disulphide-bonded cysteines. This site contains 14-β-hairpin
residues, four of which are associated with the VWF contact (surface area
~900Å2). However, a 16-β-hairpin residue section represents the second GpIb-α
contact site where VWF-A1 β-strand is aligned with the 235-241 residues of the βstrand of GpIb-α (surface area ~1700Å2). Studying GpIb-α structure and locating
the contact sites of this protein to VWF is essential in order to be able to design an
antagonist that would block one or both contact sites and prevent thrombus
formation (McEwan et al. 2009; Bernard et al. 2012).
Andrews et al. 2003, specified the exact amino acids residues that are involved in
the interaction with VWF. Table 1.4.1 shows each region of the protein and the
amino acids involved in the interaction based on a co-crystal structure of the
proteins (R. K. Andrews et al. 2003; Huizinga et al. 2002).
Table 1.4.1 Summary table of VWF residues that interact with GpIb-α (Andrews et al.2003;
Huizinga et al. 2002).

Region on GpIb-α:

Residues:

N-terminus

Ser11, His12, Glu14, Asn16

LRR

His37, Glu128, Lys152, Asp175, Thr176,
Phe199

C-terminus

Glu225, Asn226, Tyr228, Ser241
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Figure 1.4.2 GpIb-α crystal structure, indicating the two areas that interact with VWF. This
image was generated using Chimera, UCSF, San Francisco (Pettersen et al. 2004). The PDB
structure 1QYY was used (Varughese et al. 2004).

A summary of the predicted hydrogen bonds between the A1 domain and GpIb-α
is presented in table 1.4.2. Three of the amino acids are located on the N-terminal
region of GpIb-α (on the top of the structure), while the remaining four interacting
amino acids are located on the bottom, near the β-switch region. Table 1.4.2
shows all the hydrogen bonds present between the two proteins.

Table 1.4.2 Summary table of residues predicted to GpIb-α and VWF-A1.

VWF-A1
Glu 613
Arg 571
Lys 549
Phe 603
Gln 604
Lys 599
Glu 596
Lys 599

GpIb-α
Ser 11
Glu 14
Glu 5
Lys 152
The 176
Asn 226
Tyr 228
Tyr 228
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1.5 Ristocetin and botrocetin – VWF agonists
The interaction between VWF and GpIb occurs in the event of either high shear
conditions or in the presence of a non-physiological modulators such as the
antibiotic ristocetin, and the snake venom botrocetin. The activation mechanism
depends on the agonist used. Ristocetin and botrocetin bind to VWF at different
sites (Dong 2001; Canobbio et al. 2004).
Ristocetin is a bacterial glycopeptide, extracted from Nocardia lurida, where it was
initially used as an antibiotic to treat staphylococcal infections. However, due to its
toxic side effects, it is no longer used for that purpose. It is commonly used now for
the diagnosis of platelet disorders such as Bernard-Soulier syndrome (BSS) and
VWD. Ristocetin binds to the A1 domain of VWF where it causes a change in its
structure, thus stimulating the binding of GpIb. The changes in VWF structure
induced by ristocetin is the same as the changes in vivo, thus is more favourable
to use than botrocetin (Weiss et al. 1973; Kwun & Hong 2014).
Ristocetin binds to two proline rich sequences in A1 domain, namely Cys474-Pro488
and Leu694-Pro708. Specifically flanking the disulphide bond Cys509–Cys695 and
Glu700 to Asp709. It has been demonstrated that the amino acids Leu60 to Glu128 on
GpIb-α are essential for ristocetin binding to VWF (Dong 2001; Kwun & Hong
2014; Andrews & Berndt 2000; Gresele & Momi 2012).
Botrocetin (venom coagglutinin) is snake venom extracted from Bothrops
Jararaca. It activates VWF by binding to a different site than ristocetin. Botrocetin
binds within the residues 539-643 of the A1 domain (the disulphide loop). Unlike
ristocetin, botrocetin does not depend on VWF multimer size to cause platelet
agglutination (Brinkhous et al. 1983; Canobbio et al. 2004).
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1.6 Bernard-Soulier Syndrome
In certain circumstances, due to polymorphism, the structure and activity of GpIb-α
may be altered. An increase in the activity of the receptor will lead to an increase
in the risk of a thrombotic event. On the other hand, a decrease in receptor activity
will cause excessive unwanted bleeding, such as seen in BSS patients (Charakida
et al. 2003; Kipshidze et al. 2007).
Bernard-Soulier syndrome, also known as haemorrhagiparous thrombocytic
dystrophy, is an extremely rare hereditary autosomal recessive bleeding disorder
that affects the GpIb/IX/V complex. It has been estimated that this syndrome
affects less than 1 person in a million (Savoia et al. 2014). Patients have low
platelet count which may be due to the decreased platelet survival rate. Platelets
are also larger in size than normal and do not function properly in that they are
unable to aggregate and bind to the wall of the injured blood vessel to stop
bleeding. Therefore, abnormal bleeding is seen during the first year of life (Aubin
et al. 2008; Pham & Wang 2007; Savoia et al. 2014).
It is also a platelet function disorder where there is a deficiency in the protein
GpIb/IX/V. Genes that code for the four subunits of the receptor, GpIb-α, GpIb-β,
Gp-V and Gp-IX, are located on chromosomes 17p12, 22q11.2, 3q29, and 3q21,
respectively. Defects have been identified in all of the subunits except GPV. The
number of mutations identified in the GpIb-α, GpIb-β and GpIX are 20, 16 and 11
respectively (Lanza 2006).
The genes can undergo three types of mutations that can cause BSS. The first
type is the missense mutation; most often gives an unstable complex with strongly
decreased surface expression. The second type is nonsense mutation, which
results in smaller subunits that lack the transmembrane domain. While the third
one is frameshift insertions or deletion, which results in the formation of a novel
polypeptide sequence and often to a premature stop (Lanza 2006).
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An altered receptor can prevent the interaction with the VWF. Therefore, the
initiation of platelet aggregation and binding to the injured vessel wall does not
occur. This causes the excess bleeding and symptoms such as purpura, epistaxis,
bleeding from the mouth, menorrhagia (abnormal menstrual bleeds) and bleeding
in the urinary and gastrointestinal tracts (Aubin et al. 2008; Pham & Wang 2007;
Berndt & Andrews 2011; Sandrock et al. 2010). Flow cytometry and platelet
aggregation assays are used to diagnose patients with BSS (World Federation of
Hemophilia, 2015). Patients who suffer from BSS are advised to avoid any trauma,
antiplatelet medication (e.g. Aspirin), non-steroidal anti-inflammatory drugs and to
maintain a good dental hygiene (Pham & Wang 2007; Lanza 2006).
Treatments for patients include antifibrinolytic drugs, recombinant factor VIIa,
desmopressin, fibrin sealants, hormonal contraceptives to control excess bleeding
in young females, iron replacement therapy, to treat anaemia due to excess
bleeding and platelet transfusion in cases of severe bleeding (Aubin et al. 2008;
Pham & Wang 2007; Johns et al. 2014; Franchini 2009). Table 1.6.1 and figure
1.6.1 summarizes the loss of function (LOF) mutations present on GpIb-α, noting
that there are still more mutations being discovered. These mutations highlight
important regions involved in the interaction with VWF.
Table 1.6.1 Summary table of BSS mutations on GpIb-α (Huizinga et al. 2002; Uff et al. 2002;
Lou & Zhu 2008; Savoia et al. 2014; Renhao & Emsley 2013; Nottingham.ac.uk, 2015).

Mutation:

Mutation:

N41H

L179del

Y54D

W207G

L57F

C209S

C65R

K231V

A103T

Q232V

A106G

A238V

N110D

T240V

L129P

T241C

A156V
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Figure 1.6.1 GpIb-α crystal structure. The amino acid residues that have been identified to be
causing BSS are shown in red (PDB 1QYY).
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1.7 GpIb Antagonists
Inhibition of the activated GpIb is an enticing target as this is specific to the
activation in high shear conditions, and should not alter the normal haemostatic
function through GPIIb/IIIa and other activation mechanisms. Inhibition of the
receptor complex structure could however cause serious bleeding side effects
such as those seen in patients with BSS. Therefore, deep understandings of the
GpIb structure and function as well as VWF are required for the development of
antagonists to GpIb. In this thesis, we have designed inhibitors specifically to the
activated GpIb-α structure based on the crystal structure complex with VWF. To
date, no GpIb antagonists have succeeded in clinical trials. There are however a
number of experimental inhibitors that have been published. These antagonists
include monoclonal antibodies, the protein, anfibatide, the OS1-peptide, and a
small molecule suramin. These antagonists are reviewed individually below.
Monoclonal antibodies specifically target one or both GpIb-α contact sites at early
stages of platelet adhesion and thus may reduce the side effects and bleeding.
However, monoclonal antibodies are an expensive treatment option and are
therefore not ideal drugs for long-term use.
! H6B4-Fab fragment
6B4-Fab is a murine monoclonal antibody targeted against GpIb-α receptor in
humans. This antibody prevents the protein-protein interaction between GpIb-α
and VWF and thus, has the potential to prevent thrombus formation and
cardiovascular disease. This has been proven through both In vivo and in vitro
studies. The antibody inhibited VWF-GpIb binding in platelet agglutination, and
high shear flow conditions (Cauwenberghs et al. 2000). 6B4-fab antibody
correlated with a dose and time-dependent inhibition of ristocetin-induced platelet
aggregation. For the in vivo studies, the effect of this monoclonal antibody has
been tested on baboons. The baboons’ femoral arteries were injured using a
spring-loaded forceps. A major reduction in thrombus formation has been
demonstrated in the injured and stenosed femoral arteries of the baboon models
when they were given a dose of 2 mg/ml of 6B4-fab antibody. Baboons showed no

28

side effects such as increased bleeding time, spontaneous bleeding or
thrombocytopenia at this dose (Wu et al. 2002). As 6B4-Fab is a murine
monoclonal antibody, studies have focused on the development of a humanized
version of this antibody. The development of a humanized monoclonal antibody
against GpIb-α was successful and the newer version of 6B4-Fab is the H6B4-Fab
fragment. This version of the antibody had little effect on the bleeding time and
blood loss when tested on baboons. However, no major bleeding side effects and
loss of platelets has been seen in baboons. At a dose of 0.5 mg/kg, the antibody
inhibited thrombus formation in baboons by 80% with minimal changes on blood
loss and on the bleeding time. Due to this successful development, studies will
remain focused on H6B4-Fab fragment as a GpIb-α inhibitor for humans
(Fontayne et al. 2008). This antibody has not however progressed into clinical
studies.
! OS-1 peptide
All previous attempts for the development of GpIb-α peptides were designed to
inhibit the VWF and not the GpIb-α receptor. OS-1 is one of the first drugs to be
discussed as a GpIb-α inhibitor and not VWF. Through phage display library, a
highly selective inhibitor was identified that disrupted the GpIb-α-VWF interaction.
This inhibitor is an 11 amino acid peptide and has been called OS-1. OS-1 is a
cysteine-constrained cyclic peptide with the sequence of CTERMALHNCL. What it
interesting about this peptide is its ability of inhibiting the GpIbα-VWF interaction
specifically (Benard et al. 2008; McEwan et al. 2009).
PS-4 is the parent peptide that has been used for the optimization step for the
screening process. The optimization process has identified several amino acids
that are thought to be essential for the blockage of VWF binding site on GpIb-α.
The optimization of the PS-4 peptide yielded two peptides OS-1, and OS-2 with
better properties than the PS-4 peptide. The three peptides were tested in vitro to
assess their inhibitory effects. Studies have shown that OS-1 peptide poses the
most potent effect on inhibiting GpIb-VWF interaction in aggregation studies. This
study by Benard et al. in 2008 proved that OS-1 peptide acts as a GpIb-α inhibitor
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and not VWF inhibitor and they suggest that it could be the new therapy for
thrombotic diseases (Benard et al. 2008).
In ELISA, all peptides have shown to be inhibiting GpIb-α in a dose dependent
manner. However, OS-1 peptide completely blocked GpIb-α at 150 nm, in
addition, it also inhibited platelet agglutination using ristocetin as an agonist.
Surface plasmon resonance and NMR and other techniques were used to asses
the peptides properties and their binding affinity to GpIb-α. This has revealed that
OS-1 peptide is the most potent peptide, with a high association rate and a low
dissociation rate (Benard et al. 2008).
The OS-1 peptide binds between the surface of the LRR and the regulatory loop
(R-loop). The GpIb-α -OS-1 complex has a great benefit on the R-loop as in its
normal state the R-loop has a poor organization as well as no electron density at
some residues. The benefit behind using the OS-1 peptide relies on the
stabilization of the R-loop conformation, which in turn prevents the interaction
between the VWF and GpIb-α. The alternative α-helix will lead to the stabilization
of the β-switch region on GpIb-α. A conformational change in the β-switch is a key
factor affecting the affinity of the protein-protein interactions (Benard et al. 2008;
McEwan et al. 2009).
This peptide encompasses both hydrophobic and hydrophilic faces that form one
and a half turn of the α-helix. The hydrophobic face represents the uncharged
side-chains of the R-loop, while the hydrophilic face represents the charged chains
of this loop (McEwan et al. 2009; Broos et al. 2012). While this peptide has shown
promise and demonstrated nanomolar inhibition in ex vivo assays, this peptide has
also failed to progress into clinical studies.
! Anfibatide
Anfibatide, also named Agkisacucetin, is a novel snake venom that has been
shown to inhibit GpIb-VWF interaction (Li et al. 2005). It is a C-type lectin-like
protein that is derived from the protein complex agglucetin of Agkistrodon acutus
snake. Agkisacucetin has a heterodimer structure composed of two chains, α and
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β linked through a disulphide bond (Figure 1.7.1). The molecular weight of
agkisacucetin is approximately 30 kDa. Its α chain is 14 kDa (length 131), and the
β chain is 15.3 kDa (length 126). However, this protein lacks Ca2+ and sugar
binding loops. Agkisacucetin has been shown to have both antithrombotic and
fibrinolytic activity, and is structurally similar to coagulation factor IX/factor X
binding protein (Li et al. 2015; Li et al. 2005; Lei et al. 2013; Li et al. 2000; Gao
2012).

Figure 1.7.1 Agkisacucetin crystal structure. The alpha chain of the protein is shown in Cyan,
while the beta chain is shown in pink, (PDB 3UBU).

Studies have shown that the αβ-heterodimer does not cause clustering of GpIb
upon binding to GpIb-α and inhibiting the GpIb-α-VWF interaction. Agkisacucetin
was tested in murine models both in vivo and ex-vivo to check its inhibitory effects.
This has shown that anfibatide inhibited ristocetin induced and recombinant VWF
washed murine platelet aggregation. Furthermore, anfibatide inhibited murine
VWF binding to human GpIb-α in botrocetin induced binding plasma (Lei et al.
2013). However, it had no effect of botrocetin-induced aggregation in human PRP.
Anfibatide inhibited ristocetin induced platelet aggregation ex vivo in human
platelets (Lei et al. 2013).
To confirm that anfibatide inhibits the interaction between GpIb and VWF
specifically and not GpIb/IIIa, aggregations with other platelet agonists (e.g. ADP,
CRP and collagen) was performed. Anfibatide did not inhibit PRP aggregations
induced by the above agonists, confirming that it is specific to GpIb-VWF (Lei et al.
2013; Hou et al. 2013; Zhao et al. 2012).
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In the shear chamber, anfibatide inhibited thrombus formation and platelet
aggregation with collagen under high shear rates (1800s-1). In addition, anfibatide
also inhibited thrombosis (induced by ferric chloride) in mice. From this study, it
has been demonstrated that anfibatide inhibits thrombus formation and platelet
adhesion and aggregation at high shear 100 times stronger than in lower shear
-1
-1
-1
rates (100 s , 200 s , 500 s ). Furthermore, anfibatide did not cause prolonged

bleeding time in mice, and did not cause loss of platelets. This makes it a great
and potent GpIb inhibitor. It is currently in clinical trials, phase IIb/IIIa in China (Lei
et al. 2013; Hou et al. 2013).
! Suramin sodium salt
Small molecule inhibitors are preferable to antibody and recombinant protein
therapeutics as they are cheaper, and generally easier to synthesise. Suramin
is classified as an anti-parasitic agent. Suramin has been widely used for the
treatment of parasitic diseases such as river blindness as well as African
sleeping sickness, which is caused by trypanosome. It has been also tested for
the treatment of certain types of cancer and autism. However, it is still in
clinical trials for these indications (Monteiro et al. 2004; Pubchem 2015;
Naviaux et al. 2014). The structure of suramin is presented in figure 1.7.2.

Figure 1.7.2 Suramin structure. This structure was generated using Chimera, UCSF, San
Francisco, USA. Carbon atoms are represented in gold, nitrogens in blue, oxygen in red and
sulphurs in yellow.
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Suramin was tested by Garetz et al. to investigate its inhibitory effects on fixed
human platelets. At 0.1 mM suramin inhibited ristocetin-induced agglutination
by >60%, which suggested that suramin could be a good blocking agent
(Geratz et al. 1978). We have included suramin in some of our investigations
as a control compound.
In order to design novel small molecule inhibitors we reviewed the available
crystal structures to rationally design novel GpIb antagonists. We used multiple
chemoinformatic methodologies in order to identify novel antagonists. These
included virtual high-throughput screening to using pharmacophore matching
and docking studies.
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1.8 Pharmacophore design
A pharmacophore is defined to be a set of protein properties that are essential for
either blocking or inducing a response. It contains several chemical features
including the ones seen in the actual proteins, such as aromatic rings, hydrogen
bond donors and acceptors and hydrophobic regions (Daisy et al. 2011).
Pharmacophores can be either established through ligand based modelling or
structural based modelling. Ligand based modelling is used in the absence of a
target structure; while structural based modelling is used in the presence of a
target structure. We have used the ligand based modelling technique to design our
pharmacophore since we already had the structure of our protein receptor (Yang
2010).
Designing a pharmacophore requires a detailed study of the target protein
structure in order to specify the essential features needed in the pharmacophore.
We designed a large pharmacophore that was to be matched against a database
of cyclical and linear peptides. The reason we chose to initially match our
pharmacophores to peptides and not small molecule inhibitors was mainly due to
the large surface area of GpIb-α-VWF interaction site and the lack of an enclosed
binding pocket. Thus, it is very challenging to design a small molecule capable of
blocking the interaction between the two proteins.
The alpha chain of GpIb interacts with VWF at two sites. The first interaction site,
which is the β-finger, encompasses three hydrogen bonds that interact with VWF.
Meanwhile, the β-switch region contains four hydrogen bonds.
The region that we are interested in is the β-switch region. Not only because of the
hydrogen bonds, but also for the loss of function mutations present in the same
region. Three loss of function mutations have been identified in this region,
Q232V, K231V, T240 and A238V (Huizinga et al. 2002). Therefore, we have an
overall idea of the region that might be the one to block the protein interactions
based on the number of hydrogen bonds present as well as the loss of function
mutations that might contribute to a better blockage.
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We utilized the residues K152, T176, V228 and N226 in our pharmacophore. An
image of the pharmacophore used for matching is depicted in figure 1.8.1 and
1.8.2 below.

Figure 1.8.1 Image of the pharmacophore design. On the right is a zoomed in picture of the
Pharmacophore. The pharmacophores are shown as blue circles, and the essential residues are
shown in pink.

Figure 1.8.2 Pharmacophore surface. In this image, GpIb structure is rotated 90° to show the
pharmacophores location on the surface of the protein.
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1.9 Molecular docking
High throughput molecular docking is a computational tool that can be used for
drug design. It uses the protein 3D structure to predict the best ligand-binding
pose for a compound on the target protein. A specific scoring function is used to
rank the candidates from the docking results. Docking can be performed through
Virtual High Throughput Docking (vHTD), where compounds are screened through
large database libraries (e.g. ZINC database) giving you an output of the best
candidates for your target (in silico screening). Most of the compounds in the
databases are available for purchase. vHTD is a screening method that is
commonly and widely used for drug discovery as it is relatively easy and quick
(Brennan et al. 2007).
VHTS can be performed in two ways. The first is receptor based screening, where
a 3D structure of the target protein is required to screen for ligands. The second is
ligand based screening, which is used in the absence of a target structure. Ligand
based screening involves screening the database for inhibitors that are similar in
structure and other properties to the ligand. This will give you a list of the best
receptor candidate compounds based on their scoring function (Morris & LimWilby 2008; Subramaniam et al. 2008).
DOCK Blaster (http://blaster.docking.org) is a free automated docking system. It
encompasses six modules pipeline. The parser module uses the PDB code of the
target receptor/ligand to screen against the libraries (Irwin et al. 2009). The user
can also specify the binding site on their target protein and screen it against the
library. We have used dock blaster to screen GpIb-α against zinc database, which
gave us an output of more than 100 compounds ranked based on their docking
scores. After analysing the results, we have selected the top eight compounds
based on their docking scores and their structures (Table 3.2.1).
Autodock has been used as well to dock the compounds on GpIb-α to check their
affinity scores. The compounds were tested in the laboratory to see if they have
any effect on inhibiting GpIb-α-VWF interaction (Irwin et al. 2009).
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1.10 GpIb-α as an anti-thrombotic target
A major class of approved anti-platelet drugs are the GPIIb/IIIa antagonists. These
are currently used in an acute setting. The three approved drugs for GPIIb/IIIa are
Tirofiban, Abciximab and Eptifibatide. These antagonists led to increased mortality
in long-term studies, thus they are only used in the acute setting (Ali et al. 2004;
Germing et al. 2010). The GpIb VWF site is only occupied under shear conditions,
and therefore inhibition of this site will not affect thrombin-induced platelet
activation or thrombus formation due to injury. Therefore, the activation of platelets
at the sites of injury is unlikely to be affected, reducing the risk of bleeding side
effects. The development GpIb-α antagonist as a treatment for cardiovascular
diseases would be very beneficial due to its high specificity in comparison with the
pre-existing drugs (Zhao et al. 2012).
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Project aims
1. To design small molecule inhibitor of the platelet receptor GpIb.
2. To test the novel peptides and compounds for inhibition of the interaction
between VWF and GpIb.
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Chapter 2: Materials and Methods
2.1 Materials
All chemicals were purchased from Sigma Aldrich, Ireland unless otherwise stated.
Materials that have been purchased from other suppliers are summarized in table
2.1.1.
Table 2.1.1 Summary table of all materials and their suppliers.

Material:

Supplier:

AggRecetin (Ristocetin)
Micro test tubes
BioData Corp, USA

Micro stir bars
Suramin Sodium Salt
Sodium Citrate
3,3’,5,5’-Tetramethylbenzidin
(TMB)
Phosphate buffered saline

Sigma Aldrich, Ireland

(PBS)
Dimethyl Sulfoxide (DMSO)
Adenosine di-phosphate (ADP)
Tris Buffered Saline (TBS)
96 well MaxiSorp ELISA plates
All other reagents
Recombinant Glycocalicin (GC)
MMV compounds

Cloud-Clone Corp, USA
A gift from Medicine's for Malaria
Venture (MMV)

Novel peptides

Genscript, USA

Chemical compounds

MolPort, Latvija

Human von Willebrand Factor

Cambridge Bioscience, UK

Glycocalicin Antibody

Abbexa Ltd, Cambridge, UK

Goat anti-Rabbit IgG

Thermo Scientific Pierce, USA

µ-Slide I 0.1 Luer Uncoated

ibidi GmbH, Germany

39

2.2 Methods

2.2.1 Blood and platelet rich plasma preparation
Blood samples were obtained from healthy volunteers who have not used any
drugs such as paracetamol or antiplatelet agents for at least 7 days before the
blood sample was collected. Blood was collected in the presence of a sterile 3.8%
sodium citrate (final concentration 0.38%).
Whole blood was centrifuged at 150 x g for 10 minutes and the supernatant pooled
to obtain the platelet rich plasma (PRP). PRP was centrifuged for 5 more minutes
at 1000 x g and the supernatants pooled to obtain platelet poor plasma (PPP)
which is used as a reference in the aggregometer.

2.2.2 Platelet aggregations assay
PAP-8 Platelet Aggregometer (BioData Corporation, USA) machine was used to
study all platelet aggregations. Ristocetin (BioData Corporation, USA) was used
as an agonist in this experiment.
PPP was used to blank the aggregometer wells before starting the aggregations.
Compounds were incubated with PRP for 5-15 minutes at room temperature (RT)
prior to aggregation. Ristocetin was added to the tubes at a final concentration of
either 1.2 mg/ml or 1.5 mg/ml and aggregation was measured for 7 minutes
(Weiss et al. 1973).
Platelet aggregations were studied with several compounds. Table 2.2.1 illustrates
the compounds names, their different concentrations, diluent used, and the final
concentration of ristocetin.
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Table 2.2.1 Summary table illustrates all the compounds tested in the aggregations.
Compound name:

Diluent:

Concentration:

Ristocetin
Concentration:

MMV compounds

DMSO

0.1 mM

1.2 mg/ml

Chemical compounds

DMSO

0.1 – 0.2 mM

1.2 - 1.5 mg/ml

Novel linear peptides:

1.2 - 1.5 mg/ml

1. GKFYG
2. GGWKG

dH2O

0.1 – 1.0 mM

dH2O
Novel cyclical peptides

1.2 - 1.5 mg/ml

1. GKFYG
2. GGWKG

DMSO

3. GDRWG

dH2O

0.1 – 1.0 mM

dH2O
Peptides from the

1.2 - 1.5 mg/ml

patent:
1. SEVLKYTLFQI

DMSO

2. DGSHAY

dH2O

3. KDRKR

dH2O

0.1 – 1.0 mM

4. HDGSHAYIGLKDRKR
Suramin

dH2O

0.1 – 1.0 mM

1.5 mg/ml

2.2.3 Cyclical peptide database
We have used Cyclops to generate 4,141 peptides that were cyclized head to tail.
Peptides were then imported into a database in MOE, CCG, Montreal. Peptides
were prepared by using the wash function and conformations generated using the
conformation import function (Duffy et al. 2011).
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2.2.4 Glycocalicin antibody optimization Enzyme Linked Immunosorbent
Assay (ELISA) assay
In order to investigate the compound interactions with glycocalicin, we developed
a glycocalicin ELISA. The ELISA is an antibody-based method of quantifying
proteins. The method we used was a direct ELISA based on the method by Voller
et al., 1978. Briefly, the glycocalicin was initially coated onto the plate, the plate
was then blocked with BSA to prevent non-specific binding, and the glycocalicin
detected with a rabbit anti-glycocalicin antibody (primary antibody). The primary
antibody in this experiment was not labelled, and therefore a secondary antibody
was used to detect the anti-glycocalicin rabbit antibody. The secondary antibody
was a goat anti-rabbit conjugated to Horse Radish Peroxidase (HRP) to allow
detection with tetramethylbenzidine (TMB). The detailed method is outlined below.
96 well MaxiSorp ELISA plate (Sigma Aldrich, Ireland) was used to optimize the
concentration of glycocalicin antibody (Abbexa Ltd, Cambridge, UK). Glycocalicin
was first incubated on the plate at a final concentration of 20 µg/ml overnight at
4°C.
Following that, the plate was blocked with 1% Bovine Serum Albumin (BSA) and
left for incubation for one hour at RT. The primary antibody was then added at two
final concentrations of 0.2 µg/ml and 0.4 µg/ml and left for incubation for one hour
at RT.
The secondary antibody used was goat anti-Rabbit IgG (Thermo Scientific Pierce,
USA) at a final concentration of 0.2 µg/ml and was left for an hour at RT. TMB was
added on to the plate and left at RT for 30 minutes followed by the addition of
0.5M H2SO4. The plate was read at an absorbance of 450 nm using the Wallac
microplate reader (GMI, USA).
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2.2.5 Glycocalicin optimization for ELISA assay
96 well MaxiSorp ELISA plate (Sigma Aldrich, Ireland) was used to optimize the
concentration of glycocalicin (Cloud-Clone Corp, USA). Glycocalicin was
incubated on the plate at different concentrations: 1 µg/ml, 2 µg/ml, 5 µg/ml,
10 µg/ml, 20 µg/ml overnight at 4°C.
Following that, the plate was blocked with 1% Bovine Serum Albumin (BSA) and
left for incubation for one hour at RT. The primary antibody was then added at a
final concentration of 0.2 µg/ml and left for incubation for one hour at RT.
The secondary antibody used was goat anti-Rabbit IgG (Thermo Scientific Pierce,
USA) at a final concentration of 0.2 µg/ml and was left for an hour at RT. TMB was
added on to the plate and left at RT for 30 minutes followed by the addition of
0.5M H2SO4. The plate was read at an absorbance of 450 nm using the Wallac
microplate reader (GMI, USA).

2.2.6 Glycocalicin ELISA assay for testing the compounds
96 well MaxiSorp ELISA plate (Sigma Aldrich, Ireland) was used to test all the
compounds. Glycocalicin was first incubated on the plate at a final concentration of
1 µg/ml overnight at 4°C. The plate was then blocked with 1% BSA and left for
incubation for one hour at RT.
The compounds were then added at a final concentration of 0.1 mM and were left
5-10 minutes for incubation at RT. The primary antibody, which is glycocalicin
antibody, (Abbexa Ltd, Cambridge, UK) was then added onto the drugs without
washing at a final concentration of 0.2 µg/ml and left for incubation for one hour at
RT.
The secondary antibody used was goat anti-Rabbit IgG (Thermo Scientific Pierce,
USA) at a final concentration of 0.2 µg/ml and was left for an hour at RT. TMB was
added on to the plate and left at RT for 30 minutes followed by the addition of
0.5M H2SO4. The plate was read at an absorbance of 450 nm using the Wallac
microplate reader (GMI, USA).
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2.2.7 Shear Flow assay
µ-Slide I0.1 Luer (ibidi GmbH, Germany) were coated with VWF at a final
concentration of 50 µg/ml overnight at 4°C. Following that, the slides were blocked
with 1% Bovine Serum Albumin (BSA) and left for incubation for one hour at RT.
Whole blood was treated with the compounds for 5 minutes prior starting the
perfusion. 1 µM of DiOC6 dye (Invitrogen, Carlsbad, CA, USA) was added to the
blood to fluorescence the platelets. The blood was perfused on the slides at a high
shear rate (1500 s-1), 0.74 flow rate/second for one minute and 30 seconds. This is
monitored through Zeiss Axiovert-200 epifluorescence microscope (Lucitt et al.
2013; Lincoln et al. 2010; Kent et al. 2010).

2.2.8 Statistical analysis
Results were analysed using repeated measures ANOVA followed Dunnett’s posttest using InStat (GraphPad, La Jolla, CA). Where data was not paired, a one-way
ANOVA was performed. When only a single condition was being tested, the paired
two-tailed Student’s T-test was performed. For all statistical tests, P-values of
<0.05 were considered significant. P<0.05 is represented as a single star, P<0.01
presented as two stars in the figures. All experiments were carried out in triplicate
unless otherwise stated in the figure legend.
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Chapter 3: Results
3.1 Optimization of the glycocalicin ELISA based assay
This ELISA assay aims to detect the binding of the compounds to GpIb at the site
where they are believed to bind based on the molecular modelling that we have
performed. An antibody directed against this site (Leu-136 to Pro-276), was
purchased from Abbexa Ltd, UK, in which it is directed against the amino acids
Leu136 to Pro276 of GpIb-α domain (Figure 3.1.1). The optimal concentration of the
antibody is 0.2 µg/ml. It provided a good signal to background ratio, and therefore,
we proceeded with this concentration (Figure 3.1.2). Maximal detection of
glycocalicin was achieved when glycocalicin was coated on the plate at 1 µg/ml.
thus this concentration was used for assessing the inhibitors (Figure 3.1.3).

Figure 3.1.1 Crystal structure of GpIb-α, showing the anti-glycocalicin antibody binding site
(Shown in pink). Anti-glycocalicin antibody directed against the amino acids Leu-136 to Pro-276,
(PDB 1QYY).
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Absorbance 450 nm
nm
Figure 3.1.2 Optimizing anti-glycocalicin antibody for the ELISA assay. 1/1000 concentration
= 0.2 µg/ml, 1/500 concentration = 0.5 µg/ml. The concentration 0.2 µg/ml of the anti-Glycocalicin
antibody provided good signal to background ratio (N=1).

***
***

***

Absorbance 450 nm

***

***

Figure 3.1.3 The optimal concentration of glycocalicin using ELISA assay, is 1 µg/ml.
Readings of glycocalicin concentration at an absorbance of 450nm. Error bars represent SEM
(N=2). Statistics were carried out by repeated measures ANOVA followed by the Tukey post-test.
Significance was found using the background as a comparator P<0.001 is represented by ***,
however there was no significant differences between the different glycocalicin concentrations.
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3.2 High-Throughput Docking
We performed both high-throughput docking as well as pharmacophore based
screening to try to identify lead compounds that could be developed. We used a
range of sources for available compounds in our screening sets. Selection criteria
were based on the affinity scores.

3.2.1 Medicine's for Malaria Venture compounds effect on ristocetin-induced
platelet aggregation
A diversity subset of compounds have been made available from Medicine's for
Malaria Venture (MMV) (Spangenberg et al. 2013).The 400 compounds were
docked into GpIb-α using Autodock Vina (Morris et al. 2009). The top 20 matches
are summarized in table 3.2.1. These compounds are predicted to have a
relatively high affinity scores (lowest affinity score was -9.5 kcal/mol, highest -10.4
kcal/mol), suggesting reasonable binding to GpIb.
Table 3.2.1 The top 20 MMV compounds docking scores and structures summary table.
Compound name:

Structure:

MMV020885

Docking Score
(kcal/mol):
-9.6

MMV020549

-10.4

MMV007160

-9.5

MMV007384

-9.4
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Compound name:

Structure:

Docking Score
(kcal/mol):

MMV020490

-9.8

MMV665794

-9.5

MMV666125

-9.4

MMV007574

-9.5

MMV006513

-9.6

MMV665943

-9.6

MMV019741

-9.5

MMV020548

-9.8

MMV007228

-9.6
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Compound name:

Structure:

Docking Score
(kcal/mol):

MMV011436

-9.6

MMV000753

-10.3

MMV086103

-9.6

MMV403679

-9.9

MMV020275

-9.6

MMV compounds had no effect on the inhibition of platelet aggregation at a final
concentration of 0.1 mM (Figure 3.2.1).
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*
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**

Figure 3.2.1 MMV compounds do not inhibit ristocetin-induced platelet aggregation. Platelet
aggregation was induced with ristocetin in PRP (1.2 mg/ml). Percentage was measured at 7
minutes. Statistics were carried out by repeated measures ANOVA followed by the Dunnett’s posttest. Significance was found using the vehicle control as a comparator P<0.05 is represented by *,
and P<0.01 is represented by **. There were no significant differences between the compounds
and the other controls. Error bars represent SEM (N=3).
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3.2.2 High-thoughput docking using DockBlaster
The ZINC database is a chemical library for commercially available compounds
(Irwin & Shoichet 2005; Irwin et al. 2012; Irwin et al. 2009). We curated the
database to select all lead-like compounds and docked this sub-set of around 100
compounds into GpIb-α using the docking program DockBlaster (Irwin et al. 2009).
The full list of the top 20 compounds is presented in the table 3.2.2.1.
Not all compounds were available for purchase. The compounds that were
available are presented in table 3.2.2.2. These compounds were further docked
into GpIb-α using Autodock Vina and the docking scores are presented in the
table. The docking results scores do not rank the compounds in the same way.
The best-ranked compound from DockBlaster is 38767647, while the highestranking molecules according to the Autodock Vina docking are 38776626 and
64470706 (both -8.2 kcal/mol), (Table 3.2.2.2). We tested the compounds in an
ELISA based assay to determine if they could inhibit the binding of an antibody
specific to the binding site (anti-Glycocalicin antibody).

Table 3.2.2.1 Summary table of the top 20 compounds from Zinc database.

Results:

Structure:

Zinc ID:

1

Score
(kcal/mol):
-86.53

2

-84.69

5925570

3

-70.60

38767647
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4936370

Results:

Structure:

Zinc ID:

4

Score
(kcal/mol):
-70.10

5

-67.25

63908937

6

-64.44

40014267

7

-63.82

315585

8

-63.77

89486619

9

-63.66

33130235

10

-63.63

63970468

11

393537

73983327
-63.57
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Results:

Structure:

Zinc ID:

12

Score
(kcal/mol):
-62.98

13

-62.96

42402449

14

-62.78

38776626

18

-62.42

64470747

19

-62.24

25898634

20

-62.02

12985457

64470706

Only eight compounds from table 3.2.2.1 were available to purchase. Thus, we
have tested these eight compounds that are shown in table 3.2.2.2 in the
laboratory to see if they have any inhibitory effects on GpIb. Table 3.2.2.2 shows
the tested compounds structures and their docking scores.
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The compounds were tested at two different concentrations (0.1 mM and 0.2 mM)
in ristocetin-induced platelet aggregation (Figure 3.2.2.1) and in the ELISA assay
(Figure 3.2.2.2). The compounds had no effect on the inhibition of GpIb-VWF
interaction.

Table 3.2.2.2 A summary of compounds docking scores.
Molport ID:

Zinc ID:

Compound structure:

Dock

Autodock

blaster

score

score

(kcal/mol):

(kcal/mol):
L525-0669

33130235

-63.66

-7.7

G801-0011

64470706

-62.98

-8.2

G801-0115

64470747

-62.42

-8.0

Z26997243

40014267

-64.44

-7.1

Z815179944

63970468

-63.63

-6.8

Z493403780

89486619

-63.77

-7.0

STOCK6S05678

38767647

-70.60

-7.2

STOCK6S12334

38776626

-62.78

-8.2
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Platelet aggregation (%)

Figure 3.2.2.1 Compounds identified using DockBlaster do not inhibit ristocetin-induced
platelet aggregation. Platelet aggregation was induced with ristocetin in PRP (1.2-1.5 mg/ml).

Glycocalicin binding (%)

Percentage was measured at 7 minutes. Error bars represent SEM (N=3).

Figure 3.2.2.2 Compounds Identified using DockBlaster did not inhibit GpIb-α in the ELISA
based assay. Results were determined by reading the absorbance at 450 nm, the identified
compounds did not inhibit anti-Glycocalicin antibody binding to glycocalicin. Data were analysed by
repeated measures ANOVA, (P=0.402, N=3). Error bars represent SEM.
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3.3 Functional testing of suramin
Suramin was identified as a GpIb-α inhibitor by a study by Geratz et al. in 1978. In
order to predict the binding mode of suramin, we have docked suramin into the
GpIb-α receptor (Geratz et al. 1978; Morris et al. 2009). Docking results suggest
that suramin’s best binding position is at the bottom site of the protein, near the βswitch region (Figure 3.3.1). The binding affinity of the best hit was 7.0 (kcal/mol).
Based on the docking score, we decided to test the effect of suramin on GpIb-α.
Suramin did not inhibit ristocetin-induced platelet aggregation (Figure 3.3.2). The
suramin reduced antibody binding to glycocalicin (40.6% +/- 27.2%). However this
inhibition was not statistically significant (Figure 3.3.3). The variation in results may
be due to the tests being performed near to the IC50 of the compound; therefore
future work could include testing of suramin at higher concentrations.

Figure 3.3.1 Lowest energy docking position for suramin. Suramin was docked into GpIb-α.
The lowest energy pose is presented (PDB 1QYY). Docking was performed using Autodock Vina
and the image prepared using Chimera, UCSF, San Francisco. GpIb-α is depicted as a ribbon
structure in green. The suramin carbon atoms are represented in gold, nitrogen’s in blue, oxygen’s
in red and sulphurs in yellow.
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Platelet aggregation (%)

Figure 3.3.2 Suramin did not inhibit ristocetin-induced platelet aggregation. Platelet
aggregation was induced with ristocetin in PRP (1.5 mg/ml). Percentage was measured at 7

Glycocalicin binding (%)

minutes. Error bars represent SEM (N=3).

Figure 3.3.3 Suramin inhibited GpIb-α in the ELISA based assay. Suramin inhibited antiGlycocalicin antibody binding to glycocalicin, which was determined by ELISA (absorbance read at
450 nm). Data were analysed using paired two-tailed Student’s T-test, the results were not
significant (P>0.05, N=3). Error bars represent SEM.
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3.4 Pharmacophore Screening
An inverse pharmacophore was generated based on the beta switch binding site
interaction with the A1 domain of VWF in the co-crystal structure (PDB 1M10). An
image of the pharmacophore is presented in figure 1.8.1. We further generated a
database of cyclical peptides with the general sequence GXXXG. These
sequences were generated using Molecular Operating Environment (MOE, CCG,
Montreal). Multiple conformations of each peptide were calculated. This database
was then matched to the pharmacophore.

3.4.1 Functional testing of the novel cyclical peptides
The pharmacophore hits were analysed carefully to identify the ones that are most
likely to block GpIb-VWF interaction. Based on the amino acid residues and the
peptides structures, we chose three peptides to be tested in the laboratory. The
peptides were also docked on GpIb using Autodock tools to check their affinity
scores. Table 3.4.1.1 shows the pharmacophore matches sequences, structure
and docking scores.
Table 3.4.1.1 Pharmacophores structures and docking scores summary table.
Pharmacophore:

Structure:

GDRWG

Docking
score
(kcal/mol):
-8.2

GKYFG

-8.4

GGWKG

7.2
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Compound
docked on
GpIb:

Three cyclical peptides from the pharmacophore design (GDRWG, GKYFG, and
GGWKG) have been tested at different range of concentrations (0.1 mM, 0.2 mM,
and 1.0 mM). Ristocetin was used at a concentration of 1.2-1.5 mg/ml to induce
platelet aggregation in PRP. The percentage of aggregation was measured using
PAP-8 Platelet Aggregometer. The peptides had no effect on the inhibition of
platelet aggregation (Figure 3.4.1.1). Furthermore, the peptides also showed no

Platelet aggregation (%)

inhibitory effects in the ELISA based assay (Figure 3.4.1.2).

Figure 3.4.1.1 Novel cyclical peptides do not inhibit ristocetin-induced platelet aggregation.
Platelet aggregation was induced with ristocetin in PRP (1.2-1.5 mg/ml). Percentage was
measured at 7 minutes. Error bars represent SEM (N=3).
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Glycocalicin binding (%)

Figure 3.4.1.2 Novel cyclical peptides did not inhibit anti-glycocalicin antibody binding to
GpIb-α in the ELISA based assay. The readings were obtained by measuring the absorbance at
450 nm. (P>0.05, N=3). Error bars represent SEM.
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3.4.2 Functional testing of the novel linear peptides
We have selected two cyclical peptides to be tested in a linear form. The peptides
GKYFG, and GGWKG have been tested at a different range of concentrations (0.1
mM, 0.2 mM, 0.3 mM, 0.4 mM, and 1.0 mM). The peptides had no effect on

Platelet aggregation (%)

ristocetin-induced platelet aggregation (Figure 3.4.2.1).

Figure 3.4.2.1 Novel linear peptides do not inhibit ristocetin-induced platelet aggregation.
Platelet aggregation was induced with ristocetin in PRP (1.2-1.5 mg/ml). Percentage was
measured at 7 minutes. Error bars represent SEM (N=3).
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The novel linear peptides were incubated with the anti-Glycocalicin antibody in a
96-well plate. We have designed the peptides to bind at the same site where the
anti-Glycocalicin antibody binds on GpIb-α. Thus, we have expected the peptides
to inhibit the antibody binding to GpIb-α. The 96-well plate was read at an
absorbance of 450 nm. The novel peptides from our pharmacophore design
significantly inhibited the binding of anti-Glycocalicin antibody to GpIb-α in the
ELISA assay, GGWKG (P<0.05, N=3), and GKYFG (P<0.01, N=3).

Glycocalicin binding (%)

(Figure 3.4.2.2)

*
**

Figure 3.4.2.2 Novel linear peptides inhibited anti-Glycocalicin antibody binding to GpIb-α in
the ELISA assay. Readings were obtained by measuring the absorbance at 450 nm, Error bars
represents SEM. Data were analysed by repeated measures ANOVA, followed by Dunnett’s post
test. (* P<0.05, ** P<0.01).
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3.5 Functional testing of the patent derived peptides
In 1987, Scripps Clinic and Research Foundation have issued a patent for their
invention, which is, “peptides that inhibit the binding of VWF heparin, platelets, and
collagen”. They found peptides that inhibited the binding of VWF to GpIb-α. The
peptides are fragments of VWF and are all 15 amino acids in length (52/48 kDa).
They have concluded that it is favourable to have at least one or more Arginine
and Lysine residues in the peptide inhibitor as they enhanced the inhibitory activity
of the peptides (Zimmerman & Ruggeri 1987).
Table 3.5.1 summarizes the peptides that inhibited the binding of VWF to GpIb.
We used this information to design shorter peptides that may be active. We
selected the peptides that supported less than 30% VWF binding to GpIb. These
peptides have some overlapping sequences; this is useful to determine the
inhibitory residues of the peptides.
Table 3.5.1 Summary table of the peptide inhibitors with 30% or less binding of VWF to GpIb
(Zimmerman & Ruggeri 1987).
Peptide sequence:

% VWF binding

Peptide sequence:

to platelets:

% VWF binding
to platelets:

PEAPPPTLPPDMAQV

3%

HDGSHAYIGLKDRKR

11%

PSELRRIASQVKYAG

17%

KDRKRPSELRRIASQ

12%

DMMERLRISQKWVRV

26%

ASRIALLLMASQEPQ

12%

LYVEDISEPPLHDFY

1%

RMSRNFVRYVQGLKK

24%

VSPSSLYVEDISEPP

18%

IPVGIGPHANLKQIR

9%

VTLNPSDPEHCQICH

19%

GPHANLKQIRLIEKQ

9%

CQICHCDVVNLTCEA

16.5%

EIVSYLCDLAPEAPP

20%

CDVVNLTCEACQEPG

16%

TVGPGLLGVSTLGPK

7%

CQEPGGLVVPPSDAP

16%

EFEVLKAFVVDMMEP

13%

PSDAPVSPSSLYVED

4%

KAFVVDMMERLRISQ

28%
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We used this information along with the surface exposure of peptides on the
surface of the VWF crystal structure to design shorter peptides with predicted
inhibitory activity. We tested the peptides SEVLKYTLFQI, DGSHAY and KDRKR
in ristocetin-induced platelet aggregation using the full length
HDGSHAYIGLKDRKR as a control peptide.
The peptides were tested at different concentrations (0.1 mM and 0.2 mM, and 1.0
mM). The peptides had no effect on the inhibition of platelet aggregation (Figure
3.5.1). The peptides also had no effect in the ELISA based assay (Figure 3.5.4).
The control peptide HDGSHAYIGLKDRKR has previously shown to inhibit VWF
binding to GpIb-α. However, in ristocetin-induced aggregation it also had no effect
(Figure 3.5.3). SEVLKYTLFQI is soluble in DMSO, and therefore, varying DMSO
vehicle controls were required to complete the dose escalation. SEVLKYTLFQI

Platelet aggregation (%)

showed no inhibition up to 1mM (Figure 3.5.2).

Figure 3.5.1 Peptides derived from patent (73715/87) do not inhibit ristocetin-induced
platelet aggregation. Platelet aggregation was induced with ristocetin in PRP (1.2-1.5 mg/ml).
Percentage was measured at 7 minutes. Error bars represent SEM (N=3). DGSHAY and KDRKR
were dissolved in water and SEVLKYTLFQI was dissolved in DMSO.
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Figure 3.5.2 SEVLKYTLFQI peptide from the patent did not inhibit ristocetin-induced platelet
aggregation at any concentration. Platelet aggregation was induced with ristocetin in PRP (1.5

Platelet aggregation (%)

mg/ml). Percentage was measured at 7 minutes. Error bars represent SEM (N=3).

Figure 3.5.3 HDGSHAYIGLKDRKR peptide from the patent did not inhibit ristocetin-induced
platelet aggregation at any concentration. Platelet aggregation was induced with ristocetin in
PRP (1.5 mg/ml). Percentage was measured at 7 minutes. Error bars represent SEM (N=2).
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Glycocalicin binding (%)

Figure 3.5.4 Peptides derived from patent (73715/87) did not inhibit anti-Glycocalicin
antibody binding to GpIb-α in the ELISA based assay. The readings were obtained by
measuring the absorbance at 450 nm. (P>0.05, N=3). Error bars represent SEM.
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3.6 Effect of Anfibatide on GpIb in ex-vivo perfusion chamber
Anfibatide inhibited platelet binding to GpIb at a shear of 1500 s-1. The images are
representative of 3 experiments (Figure 3.6.1). Anfibatide significantly inhibited
GpIb at high shear (Figure 3.6.2) and in the ELISA based assay (Figure 3.6.3).

-1

Figure 3.6.1 Anfibatide inhibited GpIb at high shear conditions (1500s ), 0.74 flow
rate/second. Anfibatide was incubated with whole blood for 5 minutes at a final concentration of 10
µg/ml. Representative images at 40 s are presented in the figure. (N=3).

**

Figure 3.6.2 Anfibatde inhibited GpIb platelet count at high shear conditions. At a final
concentration of 10 µg/ml anfibatide significantly inhibited shear induced aggregation. The data
were analysed using ordinary ANOVA, followed by Dunnett’s post-test, (P<0.0001, N=3).
(* P<0.05, ** P<0.01).
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**

Figure 3.6.3 Anfibatide significantly inhibited the binding of anti-glycocalicin antibody to
glycocalicin in the ELISA assay. Readings were obtained by measuring the absorbance at 450
nm, Error bars represents SEM. Data were analysed by repeated measures ANOVA, followed by
Dunnett’s post test. (* P<0.05 , ** P<0.01).
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3.7 Effect of GKYFG cyclical peptide on GpIb in in ex-vivo perfusion
chamber
All peptides were tested under shear perfusion at high shear. The blood ran on the
slides at a high shear rate (1500 s-1), 0.74 flow rate/second (Figure 3.7.1). The
peptide inhibited platelets binding to GpIb in the shear chamber (P<0.01, N=3).
(Figure 3.7.2).

Figure 3.7.1 GKYFG cyclical peptide inhibited GpIb at high shear conditions (1500s-1), 0.74
flow rate/second. GKYFG peptide was incubated with whole blood for 5 minutes at a final
concentration of 0.1 mM. Representative images are presented in the figure above (N=5).

**

Figure 3.7.2 GKYFG inhibited GpIb platelet count at high shear conditions. At a final
concentration of 0.1 mM the peptide significantly inhibited shear-induced aggregation. We have
N=3 for all the data apart from DMSO (N=2). The data were analysed using one-way ANOVA,
followed by Dunnett’s comparison test, (P<0.01). (P<0.05 is represented by *, P<0.01 is
represented by **).
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To check the specificity of the peptide towards GpIb-α, we have tested the peptide
in low-dose (2 µM) and high-dose (20 µM) ADP-induced platelet aggregation

Platelet aggregation (%)

(Figure 3.7.3).

Figure 3.7.3 The peptide GKYFG did not inhibit ADP-induced platelet aggregation. The final
concentration of the peptide was 0.1 mM, (N=3).

Figure 3.7.4 shows images that are a representative of 3 experiments of the
compounds that had no effect on the inhibition of GpIb.
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Figure 3.7.4 Suramin and the peptides had no effect on the inhibition
of platelet adhesion under high shear conditions. Representative
images of shear flow experiments screening peptides and Suramin at a
concentration of 0.1 mM (N=3).
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Chapter 4: Discussion
Glycoprotein Ib receptor binds to VWF under high shear conditions, such as seen
in atherosclerotic vessels, in which it can cause a stroke or acute coronary
syndrome (Firbas et al. 2010). The binding of the two proteins initiates a change in
both GpIb-α N-terminal domain and VWF-A1 domain, these changes allow for the
binding of the proteins with high affinity. This is the first step in thrombus formation
(Marx et al. 2008). Thus, a GpIb inhibitor would interrupt this critical step in the
cases where the platelets are binding to VWF inappropriately. A GpIb inhibitor
would block the interaction between GpIb-α and VWF-A1 domain under high shear
conditions only, and thus, would prevent unnecessary thrombus formation.
However, will not affect thrombin induced platelet activation.
GpIb has been shown to be a very challenging anti-thrombotic target. So far, there
are no GpIb inhibitors that have succeeded in clinical trials. One of the reasons for
this may be due to the protein’s interaction with VWF through a large relatively flat
surface. This means that there is no clear and defined binding pocket that can be
exploited for drug discover. All anti-thrombotic agents available are GpIIb/IIIa
antagonists, which have shown to be associated with bleeding side effects (Li et
al. 2015; Ali et al. 2004; Germing et al. 2010). The aim behind blocking GpIb is to
stop the initial adhesion and stimulation of the platelets. As upon the activation of
GpIb, the receptor GpIIb/IIIa will get activated and cause platelet aggregation
(outside in signalling) (Canobbio et al. 2004). Recently, the snake venom
anfibatide, has reached phase Ib/IIa in China (Clinicaltrials.gov 2015; Lei et al.
2013; Li et al. 2015).
In this study, we aimed to use chemoinformatic methods to exploit the crystal
structure information in order to design novel inhibitors (Xu & Hagler 2002; Begam
& Kumar 2012). We designed small molecules as well as short peptides to be
specific to the target. We designed a pharmacophore that encompasses the
essential features of the protein binding interaction between GpIb and the VWF A1
domain. Three peptides from the pharmacophore design were tested in functional
assays. Both the linear and cyclical peptides had no effect on ristocetin-induced
platelet aggregations. This might be due to proteolytic degradation, where the
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peptides are degraded in plasma, which is a common problem with peptides (Yi et
al. 2011).
In the peptide synthesis, we used L-amino acids. The L-amino acids become
degraded faster than D-amino acids. Thus, for future work, we could test peptides
synthesized using D-amino acids as they are more protease resistant (Weinstock
et al. 2012).
Furthermore, when designing the pharmacophore, we have used the bound GpIbVWF crystal structure (PDB 1M10). This might have an effect on the resulted
peptides, as the structure of GpIb-α when bound to VWF is different than when it
is on its own (Section 1.4). The β-switch on GpIb-α is disordered, while when it
binds to VWF it transforms into a β-sheet. Thus, this might affect the potency of
the designed peptides as they were designed to the bound state of GpIb-α. The
pharmacophore should also be designed to the unbound GpIb-α structure to check
if it gives better outputs.
MMV compounds were never tested as GpIb antagonists. We docked the
compounds on GpIb-α and tested the ones with high affinity to GpIb-α. MMV
compounds had no effect on GpIb binding to VWF. Even though the tested
compounds had a high affinity scores to GpIb, they had no effect on ristocetininduced platelet aggregation. This may be due to plasma protein binding of the
compounds.
Using DockBlaster automated docking tool, we selected the region that
encompassed the best binding site of VWF based on the amino acids that
contributed to forming hydrogen bonds with VWF as well as the amino acids that
when mutated would cause GpIb loss of function (BSS). The region selected was
from Glu151 to Asn242, which has the β-switch region. The top compounds from the
vHTD results where ordered and tested in the laboratory to see if they would have
an effect on GpIb-VWF interaction. The compounds had no effect on ristocetininduced platelet aggregation. However, there was an indication in the receptor
occupancy ELISA assay that three of the compounds inhibited antibody binding to
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glycocalicin. All the compounds were dissolved in DMSO, and thus, we could not
increase the compound concentration in the platelet experiments. It is possible
that these small molecules also bound to plasma proteins in the aggregations.
Therefore it may be interesting to follow up the compounds that showed an
indication in the ELISA assay in further plasma free assays.
When Geratz et al 1978 tested the effect of suramin on ristocetin-induced platelet
activation, they used fixed human platelets and not fresh platelets. This might
explain why suramin had an effect on GpIb in their paper, where it inhibited
platelets aggregation by >60% at a concentration of 0.1 mM. In our laboratory, we
used fresh human platelets, and tested the effect of suramin on ristocetin-induced
PRP aggregation at a different range of concentrations. The results showed that
suramin had no effect on ristocetin-induced PRP aggregation. Suramin is still
being prescribed for African sleeping sickness and river blindness, and it does not
generally cause bleeding. However, unusual bleeding can be seen as a rare side
effect (Cole et al. 1994). Suramin showed inhibition in the receptor occupancy
assay suggesting that the binding site is in the β-switch region. The binding site of
suramin had not previously been identified. This result was not quite significant
and therefore, further confirmatory experiments are required.
Zimmerman & Ruggeri filed a patent for GpIb-VWF peptide inhibitors (Zimmerman
& Ruggeri 1987). In their patent, they listed 15 amino acid peptides, which are
fragments of VWF that inhibited GpIb-α. We have tested the peptide
HDGSHAYIGLKDRKR, which in their patent, showed 89% inhibition of GpIb-α,
when the percentage of VWF binding to GpIb-α was 11%. In our aggregation
assay, this peptide did not show any inhibition of GpIb-α. This might explain why
the other peptides DGSHAY, and, KDRKR, which all are part of the original 15
amino acid peptides, did not show any inhibition as well. The parent peptide
(HDGSHAYIGLKDRKR) had no effect on inhibiting the aggregations; this can
explain why the derivative peptides also had no effect in platelet aggregations.
SEVLKYTLFQI peptide also had no effect on platelet aggregations. As the control
peptide did not demonstrate any inhibition in our aggregation assay, this is further
evidence that this may not be the best screening assay.
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Shear flow experiments mimics the interaction of the platelet-protein that happens
in the blood vessels. These experiments are closer to the physiological relevance
than the ristocetin-induced aggregation; however, this is not a high-throughput
method. Whole blood was treated with anfibatide and perfused into the shear
chamber that was coated with 50 µg /ml VWF under high shear rate (1500s-1)
(Kent et al. 2010). Anfibatide at a concentration of 10 µg/ml showed great
inhibition of GpIb-α. The Anfibatide also inhibited the antibody binding in our
receptor occupancy ELISA confirming that it binds to the β-switch region.
Furthermore, all peptides were tested in the shear chamber. The cyclical peptide
from our pharmacophore screen GKYFG inhibited platelet adhesion under high
shear conditions. The peptide inhibited platelet adhesion induced by high shear
forces. The peptide was compared to the controls (BSA control and VWF control),
where this proved that the cyclical peptide GKYFG inhibited GpIb-α in the shear
chamber. The cyclical peptide did not inhibit antibody binding in the receptor
occupancy assay, however, the linear peptide showed some inhibition.
For future work, we would suggest testing the peptide again with fibrinogen coated
slides in shear flow experiments to check the specificity of the peptide. A dose
response of different concentrations of the peptide under high shear rates with
VWF coated slides would help in identifying the minimum concentration of the
peptide that is effective in inhibiting GpIb-α and the maximum concentration as
well. Furthermore, we can check the receptor occupancy number when the blood
is treated with the peptides. This can be used with the anti-glycocalicin antibody.
Doing this experiments will confirm two things, the first is that the peptide actually
binds to the site that it was designed for, and the second is, that the peptide is
actually blocking this site based on the occupied receptor numbers. The peptide
can be tested with other anti-GpIb-α antibodies that have different binding sites on
GpIb-α (e.g. AN51, WM23, SZ 2, and ALMA 19) to confirm the exact peptidebinding site. Also, to design a pharmacophore based on the unbound crystal
structure of GpIb-α and synthesize the peptides using retro-inverso peptides as
more robust peptides. Functional testing of the peptides using the flow cytometry
and receptor occupancy assay can then be performed.
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To expand this research, we can increase the population number and test the
peptide inhibitory effects in healthy patients versus sick patients.
This study identifies the possibility of using peptides for the treatment of
cardiovascular disease. We have successfully generated a novel peptide that can
serve as a GpIb-α antagonist.
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Conclusion
We have successfully designed several novel peptides through a pharmacophore
design based on GpIb-α crystal structure. The cyclic peptide GKYFG inhibited the
interaction of VWF and GpIb-α under high shear conditions. We have also
developed a receptor occupancy assay for the β-switch site, which assisted in
identifying the binding site for anfibatide. This assay confirmed that some of the
inhibitors we designed acted at the predicted site. This assay should be used in
future as the primary screening assay to prevent the complications associated with
plasma protein binding and peptide degradation. The linear peptide GGWKG also
bound to GpIb at the β-switch region.
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