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Hemostasis

Hemostasis is the process of maintaining normal blood flow by preventing 

bleeding at sites of injury. Platelets, that were first discovered by Giulio Bizzozero 

in 1881, play a major role in maintaining hemostasis.1 They are anucleate cell 

fragments, produced by megakaryocytes in the bone marrow, and quiescent 

discoid shaped platelets circulate in the blood for 5-10 days.2 A normal platelet 

count is considered to be 150-400*109 per liter of blood. After their lifespan, 

platelets are destroyed by Kupffer cells in the spleen and liver. Upon injury of 

the vessel wall, platelets adhere to collagen and von Willebrand factor (VWF), 

via glycoprotein (GP) receptors GPVI and GPIb-V-IX on the platelet membrane.3 

This leads to platelet activation, resulting in shape change and secretion of 

secondary mediators, such as adenosine diphosphate (ADP) from dense granules 

and thromboxane A2, leading to activation and recruitment of more platelets. 

Aggregation of platelets occurs when the αIIbβ3 (GPIIbIIIa) receptor changes its 

conformation via inside-out signaling, thereby increasing its affinity for ligands 

such as fibrinogen, VWF, and fibronectin, resulting in the formation of a stable 

hemostatic plug.4 This process is called primary hemostasis (Figure 1).

Under physiological conditions, primary hemostasis is actively prevented 

by constitutively active inhibitory molecules such as prostaglandin I2 (PGI2/

prostacyclin) and nitric oxide (NO). Prostaglandin I2 and nitric oxide inhibit platelet 

activation.5, 6 Another group of inhibitory molecules are the ectonucleotidases, such 

as CD39 and CD73. CD39 converts ATP/ADP into adenosine monophosphate 

(AMP), and CD73 converts AMP into adenosine, that inhibits platelet activation.7,8
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Secondary hemostasis

When platelets are strongly activated, phospholipids (e.g. phosphatidylserine) 

are exposed on their surface. They will promote and accelerate blood coagulation 

caused by binding of coagulation factors that propagate thrombin generation, 

leading to fibrin formation.

Simultaneously with the initiation of primary hemostasis, tissue factor (TF) is 

exposed to blood by vessel injury. Together with activated factor VII (FVIIa), TF 

forms a complex that activates factor X (extrinsic pathway).9 FXa forms a complex 

with factor Va, resulting in the formation of the prothrombinase complex that 

activates prothrombin (FII) to thrombin (FIIa). In a positive feedback loop, 

thrombin activates FXIa, which via the activation of FIX and its cofactor FVIIIa 

in the intrinsic tenase complex activates FX, that together with its cofactor FVa in 

the prothrombinase complex leads to a burst of thrombin formation and fibrin 

formation.10-12 This process is called secondary hemostasis (Figure 2). 

Figure 1. Primary hemostasis. After vessel wall damage, platelets start to adhere to collagen and 
von Willebrand factor (1). This results in platelet activation, after which platelets will change their 
shape (2), leading to secretion of granules that cause platelet activation and recruitment of more 
platelets (3). Platelets aggregate via fibrinogen bridges, leading to hemostatic plug formation (4). 
Figure created with Biorender.com.
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The final step of this cascade is the formation of cross-linked fibrin clot, caused by 

the activation of FXIII (fibrin stabilizing factor) by thrombin.13

The intrinsic coagulation pathway can also be activated by alternative physiological 

triggers, such as polyphosphates, collagen and neutrophil extracellular traps 

(NETs) that activate FXII, eventually leading to thrombin and fibrin formation.10

Figure 2. Secondary hemostasis. Upon injury, TF is exposed and forms a complex together with 
FVIIa resulting in the activation of FX (extrinsic pathway). Prothrombin is activated by FXa and FVa 
leading to the formation of thrombin. Thrombin activates FXI, eventually leading to thrombin and 
fibrin formation (intrinsic pathway + positive feedback loop). Red arrows indicate inhibition, green 
arrows indicate stimulation. 

Regulatory mechanisms

In healthy vessels this process is usually blocked by the natural anticoagulants 

thrombomodulin, antithrombin and tissue factor pathway inhibitor (TFPI). 

Thrombomodulin downregulates coagulation by the formation of activated 

protein C (APC). APC together with cofactor protein S will inactivate FVIIIa and 
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FVa, leading to restriction of coagulation.14 Antithrombin inhibits both thrombin 

and FXa, while TFPI (together with cofactor protein S) blocks the formation of the 

TF/FVIIa complex and the prothrombinase complex.15 

After wound healing, the thrombus is lysed by plasmin, formed from the 

zymogen plasminogen on the surface of the clot.16 Plasminogen is activated by 

tissue plasminogen activator (tPA) or urokinase (uPA), which are serine proteases 

produced by endothelial cells and monocytes and macrophages, respectively.17 

α2-antiplasmin, the primary plasmin inhibitor, inhibits fibrin degradation.18 

Plasminogen activator inhibitor-1 (PAI-1) inhibits fibrinolysis and prevents excess 

plasminogen activator activity.19 Plasmin cleaves the fibrin into fibrin degradation 

products, that can be traced back in blood as D-dimers.20 To stabilize early clots, 

thrombin activatable fibrinolysis inhibitor (TAFI), which cleaves lysine and 

arginine residues present in fibrin, decreases the plasminogen-binding sites.21

Thrombosis

Under physiological conditions, there is an intricate balance between a pro- 

and anticoagulant state. However, a hemostatic disbalance can result in either 

thrombosis or bleeding. Thrombosis often occurs after changes in the vessel 

wall, a hypercoagulable state, and venous blood stasis, laid down in the famous 

Virchow’s triad.22 Hypercoagulability increases the risk of developing thrombosis 

by high levels of prothrombotic proteins in the blood. Stasis of the blood can for 

example occur during pregnancy complications and immobility.23 

If abnormal platelet activation and aggregation occurs, it can lead to arterial 

thrombosis. Platelet-rich thrombi are formed under high shear after rupture 

or erosion of atherosclerotic plaques promoting blood clotting via TF.24 

Consequences of arterial thrombosis are ischemic injuries, myocardial infarction 
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or stroke. Treatment of arterial thrombosis is based on antiplatelet therapy, such 

as cyclooxygenase inhibitors (aspirin), ADP-receptor antagonists (clopidogrel, 

prasugrel) or αIIbβ3 inhibitors (eptifibatide, tirofiban, abciximab).23

Venous thrombosis normally starts with an intact endothelial wall and altered 

low shear flow conditions. Venous thrombi mainly consist of fibrin and red 

blood cells, with low number of platelets, and can lead to deep vein thrombosis 

(DVT) or pulmonary embolism (PE). Patients with DVT or PE are often treated 

with direct oral anticoagulants (DOACs), such as dabigatran, rivaroxaban and 

apixaban. Dabigatran is a direct thrombin inhibitor, while both rivaroxaban and 

apixaban block FXa.25

Bleeding

Excessive bleeding can be caused by either inherited or acquired bleeding 

disorders. Inherited bleeding disorders include hemophilia (A, B and C), von 

Willebrand disease (VWD) and platelet disorders such as Glanzmann’s disease 

and Bernard-Soulier syndrome. Hemophilia A is caused by deficiency in FVIII, 

while hemophilia B is caused by deficiency in FIX. Hemophilia mostly affects 

males because it is an X-linked recessive disorder. Deficiencies in FVIII and FIX 

mainly cause bleeding in deep tissues, such as joints and muscles.26 Hemophilia 

C is caused by a deficiency in FXI and this disease can be present in both men and 

women.27 

Von Willebrand disease results from a deficiency in von Willebrand factor, causing 

bleeding in skin and mucous membranes.28 The prevalence of von Willebrand 

disease is about 1% in the general population, occurring in both men and women. 

However women more often experience symptoms, because of increased bleeding 

during menstrual periods and childbirth.29
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Glanzmann’s disease (Glanzmann thrombasthenia; GT) is a bleeding syndrome 

that is caused by abnormalities in the αIIbβ3 integrin (both quantitative and 

qualitative), resulting in the absence of platelet aggregation.30 Patients with GT 

often have diverse symptoms, from minimal bruising to severe hemorrhages.

Bernard-Soulier syndrome is a platelet adhesion disorder, caused by a defect in 

the GPIb-IX-V complex, which is necessary for von Willebrand factor binding. 

The disease is characterized by large platelets with abnormally low platelet levels 

(macrothrombocytopenia), resulting in a prolonged bleeding time.31, 32

Acquired bleeding disorders include trauma- and drug-related bleeding, 

for example patients that use oral anticoagulants or antiplatelet drugs.33 The 

use of anticoagulant or antiplatelet drugs is associated with an increased risk 

of bleeding. Therefore, it is important to choose the right dose and to balance 

between prevention of both thrombosis and bleeding complications.

Peptidic drugs and exogenous proteins

The first peptidic drug derived from nature and administered to a patient was 

insulin isolated from animal pancreases. This discovery revolutionized the 

treatment of type 1 diabetes and nowadays insulin and its analogs are top selling 

peptide drugs with sales of more than 25 billion USD in 2019.34

Research on exogenous proteins and peptides is important, since it has led 

to the development of therapeutics and imaging agents to diagnose lesions. 

Furthermore, these peptides have been used to unravel molecular mechanisms 

in health and disease. Eptifibatide and tirofiban are examples of drugs used in 

the clinic as antiplatelet drugs, both derived from proteins isolated from snake 

venoms.35 The administration of these drugs leads to less platelet aggregation in 

patients with acute coronary syndrome. 
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Another peptide for the treatment of diabetes has been isolated from the venom of 

the Gila monster (Heloderma suspectum). This compound is named exendin-4 and 

stimulates the glucagon-like peptide 1 (GLP-1) receptor, resulting in increased 

insulin secretion and suppression of glucagon secretion, thereby providing an 

antidiabetic effect.36 Exendin-4 can also be used as an imaging agent, to localize 

insulinomas, which are neuroendocrine tumors.37

A recent example of research based on exogenous proteins in elucidating molecular 

mechanisms is the tick salivary protein TIX-5, which inhibits FXa-mediated FV 

activation.38

There are many sources to retrieve peptides from, such as from snakes, gila 

monsters, cone snails, and scorpions. Since bloodsucking parasites have to 

circumvent host defenses while feeding, they deploy numerous bioactive 

peptides and proteins, including anticoagulants, platelet aggregation inhibitors 

and immunomodulatory proteins through their salivary glands.

Ticks constitute major sources of lead compounds for the development of new 

drugs indicated for hemostatic disorders, cardiovascular disease, and disorders 

of the immune system. Tick salivary proteins are beneficial for drug discovery 

because millions of years of evolution have efficiently acted as a lead optimization 

process, achieving stability and target specificity while reducing toxicity and 

immunogenicity.

Laboratory tests

Light transmission aggregometry (LTA) is a test that was developed in the 1960’s 

and remains the gold standard test for platelet aggregation.39, 40 The platelet-

rich plasma sample is cloudy and only little amount of light can pass through 

the cuvette. Upon activation with agonists (such as collagen), platelets start 
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1
aggregating, resulting in a clearer solution, permitting more light passing the 

cuvette (light transmission). In hospitals, LTA is used for the diagnosis of platelet 

function disorders and to monitor the effects of antiplatelet therapy.41 Although 

the LTA is still the gold standard in platelet testing, it is a static test and it is 

performed in platelet-rich plasma, thereby abrogating possible effects of other 

blood cells.

New research has given new insights into whole blood platelet aggregation 

studies under flow. A flow perfusion chamber technology was developed, which 

provides a multiparameter assessment for thrombus formation, divided into 

platelet adhesion parameters, thrombus parameters and fibrin parameters.42 The 

advantage of this method is the use of small amounts of whole blood and the 

inclusion of shear stress, however it requires specialized equipment and trained 

personnel.42 

Aims and outline of thesis
In this thesis, exogenic proteins related to platelet inhibition via αIIbβ3 are 

produced via total chemical synthesis or recombinant expression to investigate 

their potential antiplatelet effects. In Chapter 1, a brief introduction is given of 

primary and secondary hemostasis and exogenic proteins. Chapter 2 provides 

a review on the role of peptides and proteins derived from nature on platelets, 

especially focused on those that affect the αIIbβ3 integrin. In Chapter 3, the 

effects of two tick-derived proteins, disagregin and RGD-disagregin, on platelet 

adhesion, thrombus formation and fibrin formation are described. Chapter 4 

provides evidence that homoarginine in the antiplatelet drug eptifibatide is 

important by showing that substitution of this homoarginine by arginine or lysine 

decreases the antiplatelet effects.
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Chapter 5 unravels the structure of disagregin, the tick salivary protein discussed 

in Chapter 3, and provides more insight in the sequence that binds to the αIIbβ3 

integrin.

In Chapter 6, the production and effects of tick salivary protein savignygrin on 

platelet aggregation and its binding to the αIIbβ3 integrin by molecular dynamics 

simulations are described.

Chapter 7 discusses the key findings from the studies performed in this thesis. 

Future perspectives and recommendations are given.
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Abstract
The integrin αIIbβ3 is the most abundant integrin on platelets. Upon platelet 

activation, the integrin changes its conformation (inside-out signaling) and 

outside-in signaling takes place leading to platelet spreading, platelet aggregation 

and thrombus formation. Bloodsucking parasites such as mosquitoes, leeches 

and ticks express anticoagulant and antiplatelet proteins, which represent major 

sources of lead compounds for the development of useful therapeutic agents 

for treatment of hemostatic disorders or cardiovascular diseases. In addition to 

hematophagous parasites, snakes also possess anticoagulant and antiplatelet 

proteins in their salivary glands. Two snake venom proteins have been developed 

into two antiplatelet drugs that are currently used in the clinic. The group of 

proteins discussed in this review are disintegrins, low molecular weight integrin-

binding cysteine-rich proteins, found in snakes, ticks, leeches, worms and 

horseflies. Finally, we highlight various oral antagonists, which have been tested 

in clinical trials, but were discontinued due to an increase in mortality. No new 

αIIbβ3 inhibitors are developed since the approval of current platelet antagonists, 

and structure-function analysis of exogenous disintegrins might aid in finding 

platelet antagonists with less adverse side effects.
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Introduction
Integrins are an important class of transmembrane glycoprotein (GP) receptors 

consisting of an α- and a β-subunit, which both have an extracellular domain, 

a transmembrane domain and a cytoplasmic domain. In addition to mediating 

communication between cells and the extracellular matrix (ECM), integrins 

enable cell-cell interactions. Thereby, integrins play a major role in cell adhesion, 

survival and differentiation.1, 2 

The integrin family members can be assembled from 18 α- and 8 β-subunits, 

which together can form 24 integrins with different effects on the function of 

cells. The α-subunits can be divided into two groups: subunits with an inserted 

domain (αI) and subunits without an inserted domain. This domain has a metal 

ion-dependent adhesion site (MIDAS), which allows ligands to bind the receptor.3 

Integrins are often expressed in the inactive state, although the binding affinity 

for ligands can be increased by the addition of Mn2+. The presence of Ca2+ in the 

blood has an essential role in keeping integrins in its inactive state.4

The 9 α-subunits that contain the inserted domain are part of the collagen 

receptors (α1, α2, α10, α11) and leukocyte receptors (αE, αL, αM, αD, αX).5, 6 The 9 

subunits without the inserted domain can be classified into four categories based 

on evolution and specificity: (A) Arg-Gly-Asp (RGD) sequence receptors (αIIb, 

αv, α5, α8), (B) laminin receptors (α3, α6, α7), (C) PS3 (only found in insects), and 

(D) α4, α9 subunits.7

From the 8 different β-subunits that are found in integrins (β1-β8), two of these, β1 

and β3, are found on platelets. The β1 integrins (α2β1, α5β1, and α6β1) support platelet 

adhesion to collagen, fibronectin and laminin (1,000 copies per platelet). The αvβ3 and 

αIIbβ3 are β3 integrins, where αIIbβ3 (GPIIb/IIIa, CD41/CD61) is the most abundant 

integrin on platelets.1, 8, 9 αvβ3 is found on smooth muscle cells and endothelial cells but 
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Figure 1. In the inactive conformation of the αIIbβ3 integrin (A), the ligand-binding site is poorly 
accessible for its ligands, while in the active conformation (B) the ligand-binding site is exhibited 
and has high affinity for its ligands. 

is less abundant on platelets (50-100 copies per platelet).10 

In this review we will focus on integrin αIIbβ3, integrin αIIbβ3 inhibitors found in 

hematophagous parasites and snakes, the current inhibitors used in the clinic and 

the ones that failed in clinical trials.

Integrin αIIbβ3 - GPIIb/IIIa

Integrin αIIbβ3 - GPIIb/IIIa has approximately 80,000 copies per platelet and is 

crucial for hemostasis. Patients with Glanzmann thrombasthenia, a rare autosomal 

recessive disorder caused by mutations in genes encoding GPIIb and IIIa, suffer 

from bleeding episodes.11, 12 On the other hand, malfunctioning of integrin αIIbβ3 

can contribute to thrombotic complications, such as ischemic stroke and myocardial 

infarction.13 A partial deletion of the β3 in a megakaryocyte will lead to abnormally 

large platelets, (macro)thrombocytopenia (platelets < 150 * 109/L blood) and bleeding 

tendencies.14 

The α-subunit of αIIbβ3 consists of 1,008 amino acids and contains a cytoplasmic 

tail, a transmembrane domain, two calf domains, a thigh domain and a head 
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(a β-propeller domain), which is the main ligand-binding domain (Figure 1).2, 15 

The β-subunit of αIIbβ3 consists of 772 amino acids and contains a cytoplasmic tail, a 

transmembrane domain, a membrane-proximal β-tail domain (βTD domain), four 

epidermal growth factor (EGF) domains, a hybrid domain and a β3A domain.15 

The β3-subunit consists of one polypeptide chain stabilized by disulfide bonds, 

which will rearrange upon activation by the formation of free thiols with a 

disulfide exchange reaction.16, 17 The integrin has multiple divalent cation-binding 

sites, necessary for binding of ligands. The cytoplasmic domains of both subunits 

form a ligand-binding domain for intracellular cytoskeletal molecules. Interaction 

of the α-subunit with the β-subunit is governed by the β-propeller domain and the 

β3A domain.

Nitric oxide and prostacyclin (PGI2), produced by the intact endothelium, 

inhibit the activation of discoid-shaped resting platelets.18, 19 During hemostasis, 

integrin αIIbβ3 plays a crucial role in platelet adhesion and platelet aggregation. 

Activation of platelets occurs when blood vessels are damaged. Platelets interact 

with collagen-bound von Willebrand factor (VWF) via the GPIb-V-IX receptor. 

Next to promoting platelet adhesion to the damaged vessel wall, VWF also 

enhances platelet aggregation under high shear conditions.20, 21 Following platelet 

activation, the content of alpha- and dense granules is secreted and through 

released adenosine diphosphate (ADP) platelet activation is further enhanced.22 

After platelet activation, conformational changes of the integrin take place, which 

exposes the ligand-binding site of the fibrinogen receptor, which is unavailable 

in resting platelets, and as a consequence, fibrinogen crosslinks multiple platelets 

into aggregates, forming a platelet plug.23



Chapter 2

26

Ligands

The integrin αIIbβ3 has multiple ligands, categorized in ligands containing a 

RGD motif (fibrinogen, fibrin, VWF, fibronectin) and other ligand-binding motifs, 

such as the KQAGDV-sequence from the fibrinogen γ-chain C-terminus, which is 

the primary binding site of fibrinogen.24, 25

Inside-out signaling

Upon platelet activation and subsequent intracellular signaling, so-called ‘inside-out’ 

signaling, integrin αIIbβ3 changes conformation (Figure 2). The integrin’s inactive 

state, in which the extracellular domain is folded with the ligand-binding site facing 

the membrane, transforms into an active state when the extracellular domain is 

extended (opened), thereby exposing the RGD ligand binding domain with high 

affinity for its ligands (Figure 1). In this high-affinity state, the cytoplasmic tails 

of the αIIb- and β3-subunits unclasp, separating the transmembrane domains.26 

Platelet activation induced by the binding of soluble agonists (e.g. ADP, 

thrombin, thromboxane A2) or adhesive ligands (e.g. collagen, VWF, fibrinogen) 

to their respective receptors, triggers signaling pathways involving key 

signaling proteins like phospholipase C (PLC), protein kinase C (PKC) and 

phosphatidylinositide-3-kinase (PI3K).27 These signaling events culminate in 

the activation of the small GTPase RAP1 (Ras-related protein 1), an important 

modulator of integrin αIIbβ3 activation. RAP1 is regulated by its activator 

CalDEG-GEFI, which responds to cytoplasmic Ca2+ rises, and RASA3, acting 

as negative regulator of RAP1 activation. For sustained integrin activation, 

RASA3 activity needs to be restricted and this is accomplished by PI3K 

activation.28 The effectors of RAP in platelets remain to be determined. 

In addition to RAP1 activation, inside-out signaling leads to recruitment and 
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binding of actin cytoskeletal proteins talin and kindlin to the cytoplasmic tails 

of αIIbβ3. Through separation of the talin head and tail domain, the talin head 

domain can associate with the β3-subunit cytoplasmic tail, which converts the 

integrin αIIbβ3 from the inactive to the active form.25 The importance of kindlins 

in these integrin regulation processes is well established. Kindlin-1 is found in 

epithelial cells, kindlin-2 in solid mesenchymal tissue and kindlin-3 is found 

in hematopoietic cells. Cell studies revealed that the kindlins can only activate 

integrins together with talin.29

Outside-in signaling

Ligand binding to integrin αIIbβ3 triggers multiple complex signal transduction 

events in the cell, known as outside-in signaling, which promote actin 

Figure 2. Schematic overview of inside-out signaling in platelets. Agonist activation of G protein-
coupled receptor triggers signaling pathways with key signaling proteins like phospholipase C 
(PLC), protein kinase C (PKC) and phosphatidylinositide-3-kinase (PI3K). Increased Ca2+ will lead 
to activation of CalDAG-GEFI that will activate Ras-related protein 1 (RAP1). RASA3 acts as a 
negative regulator of RAP1 activation, and RASA3 activity is restricted by PI3K activation. Through 
separation of the talin head and tail domain, the talin head domain associates with the cytoplasmic 
tail of the β3 subunit, converting the integrin αIIbβ3 from the inactive to the active form.
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polymerization and cytoskeletal reorganization. Clustering of integrins by 

multivalent ligands further promotes outside-in signaling. Outside-in signaling 

drives important hemostatic processes as platelet spreading, stable thrombus 

formation and clot retraction (Figure 3). One of the earliest events occurring is 

tyrosine phosphorylation of different proteins by the Src family of kinases (SFK), 

c-Src, Lyn and Fyn. Following platelet activation, c-Src associates with the β3-

integrin tail and becomes activated.25 The work of Gong et al. showed that binding 

of the G protein subunit Gα13 to the β3-integrin tail promotes the activation of 

c-Src.30 SFK activation then results in the phosphorylation and activation of tyrosine 

kinase Syk and its interaction with the cytoplasmic tail of β3.31 Furthermore, SFK-

induced phosphorylation of the β3 tail promotes the recruitment of intracellular 

adaptor proteins. Downstream of SFKs and Syk many signaling and cytoskeletal 

proteins become phosphorylated and/or activated, such as PKC, PLCg2, focal 

adhesion kinase (FAK), PI3Kβ and RhoA.25 PI3Kβ was shown to be of importance 

Figure 3. Schematic overview of outside-in signaling in platelets. Clustered integrins will initiate 
outside-in signaling. c-Src associates with the β3-integrin tail and becomes activated. Src, Syk and 
FAK will regulate downstream signaling via tyrosine phosphorylation. Outside-in signaling leads 
to spreading, platelet aggregation, cytoskeletal reorganization and thrombus formation.
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for thrombus stability,32, 33 while RhoA regulates platelet spreading and clot retraction. 

Talin and kindlin-3 also appear to have a role in outside-in signaling by directly linking 

the β3 tail to the actin cytoskeleton.25, 34

Antithrombotic agents from nature

Abnormal platelet activation and aggregation can lead to thrombotic vessel 

occlusion.35 Arterial thrombosis comprises the formation of platelet-rich thrombi 

under high shear flow as a result of eroded or ruptured atherosclerotic plaques, 

resulting in ischemic injuries. Arterial thromboembolism usually results in 

myocardial infarction or stroke, while venous thrombosis occurs under low 

shear flow around an intact endothelial wall and can lead to venous thrombo-

embolism (VTE) and pulmonary embolism (PE).36 A difference between arterial 

and venous thrombosis is that venous thrombi constitute of fibrin and red blood 

cells, with a few platelets, while arterial thrombi are platelet-rich.37 Treatment of 

venous thrombosis usually consists of drugs directed against proteins involved 

in the coagulation cascade, while the treatment of arterial thrombosis is based 

on antiplatelet therapy.36 However, several clinical studies have shown some 

beneficial effects on the combination of antiplatelet and anticoagulant therapies 

in patients with coronary and peripheral artery disease.38 Some antiplatelet 

strategies are derived from nature.

Bloodsucking parasites such as mosquitoes, ticks, bugs, leeches, sandflies, 

hookworms and bats, express a vast variety of anticoagulant and antiplatelet 

proteins that counteract the host hemostasis system, enabling them to feed for 

longer periods of time. Therefore, these organisms represent major sources 

of lead compounds for development of pharmacological tools and potentially 

useful therapeutic agents for treatment of hemostatic disorders or cardiovascular 
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disease. Feeding occurs through cannulation of venules or via hemorrhagic pools 

that accumulate in tissues because of a deep cut in the skin. One example of an 

anticoagulant peptide from a hematophagous parasite is hirudin. Hirudin (MW: 

7 kDa) is isolated from the salivary glands of leeches and it inhibits thrombin, 

by the formation of a complex of hirudin and thrombin, thereby inhibiting the 

activity of thrombin.39 Also snakes, especially vipers (venomous snakes), have 

venom in their glands rich in proteins that modulate blood clotting and thereby 

cause organ degeneration and generalized tissue damage. The function of these 

hemotoxic proteins is not only to immobilize the prey, but also to aid in its 

digestion. Snake venoms have become a valuable source for drug development. 

Three αIIbβ3-antagonizing drugs are currently used in the clinic and two of them, 

eptifibatide and tirofiban, are derived from snake venom proteins. In contrast 

to eptifibatide and tirofiban which are low molecular weight compounds (see 

below), abciximab, the other FDA approved drug, is a chimeric monoclonal 

antibody binding to αIIbβ3.

Disintegrins are low molecular weight integrin-binding cysteine-rich peptides 

that have different functions, such as the inhibition of cell adhesion and 

proliferation. Most disintegrins have one of the following motifs: RGD or KGD, 

however some of them have a MVD or RED motif. Most disintegrins display 

antagonistic activity towards integrins such as αIIbβ3, αvβ3, and α5β1, but also 

other integrins are inhibited. Disintegrins are found not only in snake venom, but 

also in excretion glands of hematophagous parasites. In Table 1 an overview of 

αIIbβ3-targeting disintegrins from different species is given. Subsequently, we 

elaborate on specific examples per species.
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Table 1. Overview of the disintegrins in different species that target the αIIbβ3 integrin.
Name Species Target Integrin Sequence Ref.
Accutin Snake platelets αIIbβ3/αvβ3 RGD [40, 41]
Acostatin 1 Snake platelets αIIbβ3 RGD [42]
Acostatin 2 Snake platelets αIIbβ3 RGD [42]
Albolabrin Snake platelets αIIbβ3 RGD [43]
Albolatin Snake platelets αIIbβ3/α2β1 KGD [44]
Applagin Snake platelets αIIbβ3 RGD [45]
Arietin Snake platelets αIIbβ3 RGD [46]
Atrolysin E Snake platelets αIIbβ3?/others? MVD [47]
Atropoimin Snake platelets αvβ3 RGD [48]
Atroxatin Snake platelets αIIbβ3 RGD [49]
Barbourin Snake platelets αIIbβ3 KGD [50]

Basicilin Snake platelets αIIbβ3/αvβ3/ 
α5β1 RGD [51]

Batroxostatin Snake platelets αIIbβ3 RGD [52]
Bitistatin Snake platelets αIIbβ3/αvβ3 RGD [53]
Bothrasperin Snake platelets αIIbβ3?/αvβ3 RGD [54]
Cerastin Snake platelets αIIbβ3/αvβ3 RGD [51]
Cereberin Snake platelets αIIbβ3/αvβ3 RGD [51]

Colombistatin Snake

platelets/human 
urinary and skin 

melanoma cancer 
cells

αIIbβ3/α5β1 RGD [55]

Contortrostatin Snake platelets/cancer cells αIIbβ3/αvβ3/ 
α5β1/αvβ5 RGD [56, 57]

Cotiarin Snake platelets αIIbβ3/α5β1 RGD [51]
Crotavirin Snake platelets αIIbβ3 RGD? [58]
Crotratroxin Snake platelets αIIbβ3/α5β1 RGD [51]
Cumanastatin 1 Snake platelets αIIbβ3 RGD? [59]

Dendroaspin Snake platelets/endothelial 
cells

αIIbβ3/αvβ3/ 
α5β1 RGD [60, 61]

Echistatin Snake platelets/osteoclasts αIIbβ3/αvβ3/ 
α5β1 RGD [62, 63]

Elegantin Snake platelets αIIbβ3 RGD [64]
Flavoridin Snake platelets αIIbβ3 RGD [65]
Flavostatin Snake platelets αIIbβ3 RGD [66]
Gabonin Snake platelets αIIbβ3 RGD [67]
Halysin Snake platelets αIIbβ3 RGD [68]
Halystatin Snake platelets αIIbβ3? RGD [69]

Insularin Snake platelets/endothelial 
cells αIIbβ3/αvβ3 RGD [70]

Jararacin Snake platelets αIIbβ3/αvβ3 RGD [51, 71]
Jarastatin Snake platelets αIIbβ3 RGD [71]
Jerdonatin Snake platelets αIIbβ3 RGD [72]

Lachesin Snake platelets αIIbβ3/αvβ3/ 
α5β1 RGD [51]

Leucogastin A Snake platelets αIIbβ3? RGD [73]
Leucogastin B Snake platelets αIIbβ3? RGD [73]
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Insularin Snake cells αIIbβ3/αvβ3 RGD [70]

Jararacin Snake platelets αIIbβ3/αvβ3 RGD [51, 71]
Jarastatin Snake platelets αIIbβ3 RGD [71]
Jerdonatin Snake platelets αIIbβ3 RGD [72]

Lachesin Snake platelets αIIbβ3/αvβ3/ 
α5β1 RGD [51]

Leucogastin A Snake platelets αIIbβ3? RGD [73]
Leucogastin B Snake platelets αIIbβ3? RGD [73]

Lutosin Snake platelets αIIbβ3/αvβ3/ 
α5β1 RGD [51]

Mojastin 1 Snake

platelets/human 
urinary bladder cell 

adhesion to 
fibronectin

αIIbβ3/α5β1 RGD [74]

Mojastin 2 Snake

platelets/human 
urinary bladder cell 

adhesion to 
fibronectin

αIIbβ3/α5β1 RGD [74]

Molossin Snake platelets αIIbβ3/αvβ3 RGD [51]
Morulustatin Snake platelets αIIbβ3? ? [75]
Multisquamatin Snake platelets αIIbβ3 RGD [56, 73]
Ocelatin Snake platelets αIIbβ3? RGD [73]
PAIEM Snake platelets αIIbβ3 RGD [76]
Piscivostatin Snake platelets αIIbβ3 RGD/KGD [77]
Pyramidin A Snake platelets αIIbβ3? RGD [73]
Pyramidin B Snake platelets αIIbβ3? RGD [73]
Rhodostomin/Ki
strin Snake platelets/endothelial 

cells
αIIbβ3/αvβ3/ 

α5β1 RGD [61]

Rubistatin Snake platelets/SK-Mel-28 
cells αIIbβ3? MVD [78]

Salmosin 1 Snake platelets/endothelial 
cells αIIbβ3/αvβ3 RGD [79]

Salmosin 2 Snake platelets αIIbβ3 KGD [80]
Saxatilin Snake platelets αIIbβ3/αvβ3 RGD [81]
Schistatin Snake platelets αIIbβ3/αvβ3 RGD [82]
Tergeminin Snake platelets αIIbβ3 RGD [50]
Triflavin Snake platelets αIIbβ3 RGD [83]

Trigramin Snake platelets/human 
melanoma cells αIIbβ3 RGD [84, 85]

Trimucrin Snake platelets/endothelial 
cells αIIbβ3/αvβ3 RGD [86]

Ussuristatin-1 Snake platelets αIIbβ3 RGD [87]
Ussuristatin-2 Snake platelets αIIbβ3/α5β1 KGD [87]
Vicrostatin Snake platelets αIIbβ3/α5β1 RGD [88]
Viridin Snake platelets αIIbβ3/αvβ3 RGD [51]

Disagregin Tick platelets αIIbβ3 RED [89]
Ixodegrin Tick platelets? αIIbβ3? RGD [90]
Monogrin Tick platelets αIIbβ3 RGD [91]
Savignygrin Tick platelets αIIbβ3 RGD/RED [92]
Variabilin Tick platelets αIIbβ3/αvβ3 RGD [93]

Decorsin Leech platelets αIIbβ3 RGD [94]
Ornatin E Leech platelets αIIbβ3 RGD [95]
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Disintegrins from snakes:

Echistatin

Echistatin (5.4 kDa) is a polypeptide (49 amino acids) stabilized by 4 disulfide 

bonds, first isolated from a snake venom in 1988.63 Echistatin contains an RGD 

sequence and the half maximal binding concentrations to several integrins were 

tested in solid-phase binding assays; integrin αvβ3 (0.46 nM), α5β1 (0.57 nM) and 

αIIbβ3 (0.90 nM).63 Echistatin is therefore not specific for the αIIbβ3 integrin. It is 

proposed that echistatin binds to the αIIbβ3 integrin to the same binding pocket 

on the β3-subunit as abciximab.100 The clinically approved tirofiban has been 

developed from echistatin and is discussed below.

Rhodostomin/kistrin

Rhodostomin (8.4 kDa) consists of 68 amino acids stabilized by 6 disulfide bonds. 

Rhodostomin was expressed in Pichia pastoris and it inhibited cell adhesion of 

chinese hamster ovary (CHO) cells (which express αIIbβ3 and αvβ3, IC50 21 nM 

and 13 nM, respectively) to fibrinogen.61 Rhodostomin also inhibited the adhesion 

of K562 cells to fibronectin (α5β1, IC50 256 nM).61

Disagregin Tick platelets αIIbβ3 RED [89]
Ixodegrin Tick platelets? αIIbβ3? RGD [90]
Monogrin Tick platelets αIIbβ3 RGD [91]
Savignygrin Tick platelets αIIbβ3 RGD/RED [92]
Variabilin Tick platelets αIIbβ3/αvβ3 RGD [93]

Decorsin Leech platelets αIIbβ3 RGD [94]
Ornatin E Leech platelets αIIbβ3 RGD [95]

Hookworm 
platelet inhibitor
(HPI)

Worm platelets αIIbβ3/α2β1 KGD [96, 97]

Tabinhibitin Horsefly platelets αIIbβ3 RGD [98]

Tablysin-15 Horsefly platelets/endothelial 
cells

αIIbβ3/αvβ3/ 
α5β1 RGD [99]
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Disintegrins from ticks:

Disagregin

Disagregin (6.9 kDa) consists of 60 amino acids stabilized by 3 disulfide bonds. 

Disagregin was isolated from the tick Ornithodoros moubata, and it inhibited 

ADP-stimulated platelet aggregation. Disagregin blocked platelet adhesion to 

fibrinogen, suggesting it being a fibrinogen antagonist.89 Recently disagregin was 

obtained by total chemical synthesis and was shown to inhibit platelet adhesion, 

thrombus formation and fibrin formation.101

Variabilin

Variabilin (5 kDa) consists of 47 amino acids and contains 5 cysteines. Variabilin 

was isolated from the tick Dermacentor variabilis, and it inhibited ADP-induced 

platelet aggregation. Variabilin also blocked the interaction of αIIbβ3 with 

fibrinogen as well as the interaction of αvβ3 with vitronectin.93

Disintegrins from leeches:

Decorsin

Decorsin (4.4 kDa) consists of 39 amino acids stabilized by 3 disulfide bonds. 

Decorsin was isolated from the leech Macrobdella decora, and it blocked the 

interaction of αIIbβ3 with fibrinogen and ADP-induced platelet aggregation.94 

Since leeches store blood for a long time, the antiplatelet aggregation function of 

this protein is important.

Ornatin E

Ornatin E (5.7 kDa) consists of 50 amino acids stabilized by 3 disulfide bonds. It 

is similar to decorsin. It was isolated from the leech Placobdella ornate and blocked 
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the interaction of αIIbβ3 with fibrinogen (IC50 4.4 nM) and platelet aggregation 

activated by ADP (IC50 438 nM).95 Ornatin E was also recombinantly expressed, 

showing similar results as the isolated ornatin E, except showing a lower IC50 of 

ADP-induced platelet aggregation (284 nM).102

Disintegrins from worms:

Hookworm Platelet Inhibitor (HPI)

Hookworm platelet inhibitor (15 kDa) was isolated from the worm Ancylostoma 

caninum. It inhibits platelet aggregation and platelet adhesion to fibrinogen 

(mediated via αIIbβ3) and collagen (mediated via α2β1).97

Disintegrins from horseflies:

Tabinhibitin

Tabinhibitin (25 kDa) was purified from the horsefly Tabanus yao Macquart salivary 

glands. It blocks platelet aggregation, suggested via the αIIbβ3 integrin, however 

it is not known yet if tabinhibitin acts on other receptors.98

Tablysin-15

Tablysin-15 (26 kDa) was purified from the horsefly Tabanus yao Macquart 

salivary glands. The sequence of Tablysin-15 is homologous to tabinhibitin. It 

blocks platelet aggregation and inhibits platelet adhesion to fibrinogen (αIIbβ3), 

endothelial cell adhesion to vitronectin (αvβ3) and endothelial cell adhesion to 

fibronectin (α5β1).99
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Antagonist binding to the αIIbβ3 receptor; used in (pre)clinical setting

β3-chain binding

Abciximab

Abciximab (Reopro; 47,6 kDa) is the Fab fragment from a mouse/human chimeric 

antibody. When abciximab binds the β3-chain of the integrin receptor, the access 

of ligands to the binding pocket is impaired (Figure 4). Abciximab is not specific 

for the αIIbβ3 integrin, it can also block the vitronectin receptor αvβ3 with the 

same affinity (Kd 5 nM) and the MAC-1 receptor on leukocytes, albeit at lower 

affinity (Kd 160 nM).103 After administration, platelet function will restore within 

24 to 36 hours, however Abciximab remains bound to platelets for 2 weeks after 

drug administration.104 Although the main binding site of abciximab to αIIbβ3 

is the ligand binding pocket of the β3-subunit, it can also bind to KQAGDV, 

which is part of the αIIb-subunit (Figure 4). Abciximab prevents access of ligands 

to binding pockets by steric hindrance or conformational effects.103 Abciximab 

binds to both non-stimulated and stimulated platelets.105 Abciximab is indicated 

for use in patients undergoing primary percutaneous coronary intervention and 

myocardial ischemia, together with heparin and acetylsalicylic acid.106 Side effects 

of abciximab use are thrombocytopenia, bleeding, abdominal pain, nausea and 

vomiting.107 Currently, abciximab is in shortage, as listed by the FDA, because of 

an interruption in manufacturing at a third-party site.108 A schematic structure of 

abciximab is shown in Figure 5.

Binding pocket between αIIb and β3 subunits

Eptifibatide

Eptifibatide (Integrilin; 832 Da) is a cyclic heptapeptide, containing an homo-

arginine – glycine – aspartic acid (hArg – Gly – Asp) sequence derived from the 
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disintegrin barbourin (P22827), found in the venom of the southeastern pygmy 

rattlesnake (Sistrurus miliarius barbouri).109, 110 The plasma half-life of eptifibatide 

is 3 hours.111 Cyclization is usually performed to constrain the confirmation of 

a peptide, and it reduces the susceptibility to be degraded by proteases.112, 113 

Eptifibatide is not specific for αIIbβ3 as it also binds to αvβ3, however at a lower 

affinity.114 Eptifibatide is based on the KGD motif of barbourin, however, to enhance 

affinity the lysine was replaced by an homoarginine residue.50, 110 Eptifibatide 

can bind to both non-stimulated and stimulated platelets.110 The binding site 

of eptifibatide is the binding pocket between the αIIb and β3-subunits, thereby 

blocking the binding domain for fibrinogen and thus inhibiting the formation of 

platelet thrombi (Figure 4). Because the binding site is in the ligand-binding pocket 

of αIIbβ3, eptifibatide competes with fibrinogen and VWF for the binding site, 

but not with abciximab.115 Eptifibatide is used in patients with angina pectoris to 

prevent myocardial infarction and in patients undergoing primary percutaneous 

coronary intervention, often in combination with unfractionated heparin and 

Figure 4. Different binding sites of antagonists on αIIbβ3 integrins. KQAGDV; the primary binding 
site for fibrinogen and secondary binding site for abciximab. Binding pocket between subunits; 
binding site for eptifibatide and tirofiban, therefore competing with fibrinogen. Binding pocket β3; 
primary binding site for abciximab and echistatin, therefore not competing with fibrinogen.



Chapter 2

38

acetylsalicylic acid.116 Side effects of eptifibatide are bleeding, thrombocytopenia 

and hypotension.117 The chemical structure of eptifibatide is shown in Figure 5.

Tirofiban

Tirofiban (Aggrastat; 440 Da) is a synthetic non-peptide reversible antagonist of 

the αIIbβ3 platelet integrin. Tirofiban was designed to mimic the RGD recognition 

motif within disintegrin echistatin, isolated from the venom of the saw-scaled 

viper Echis carinatrus.62, 110 It can be cleared from the plasma by renal excretion, 

and its half-life is 2 hours. Tirofiban has a higher affinity to the αIIbβ3 receptor 

compared to eptifibatide (Kd 15 nM).103 Tirofiban recognizes the RGD-binding 

sequence and binds within the ligand-binding pocket of αIIbβ3 receptors to 

compete with fibrinogen and VWF (Figure 4). Tirofiban can bind to both non-

stimulated and stimulated platelets.110 Tirofiban is indicated for use in patients 

with acute coronary syndrome and in patients undergoing primary percutaneous 

coronary intervention, where its use is often combined with heparin.118 

Figure 5. Chemical structures of tirofiban and eptifibatide, including molecular weights. 
Abciximab is shown as a schematic figure. The murine variable chain region is shown in gray (light 
chain) and black (heavy chain). The human constant regions are shown in light blue (light chain) 
and dark blue (heavy chain).



Exogenous integrin αIIbβ3 inhibitors revisited

39

2

Side effects of tirofiban are headaches, nausea, thrombocytopenia and bleeding.119 

The chemical structure of tirofiban is shown in Figure 5.

Oral antagonists
In the past, various oral antagonists have been evaluated, such as orbofiban, 

sibrafiban, xemilofiban, lotrafiban and roxifiban, of which the use was associated 

with a prolonged bleeding time, an increase in the incidence of thrombocytopenia 

and a 30-35% increase in mortality (including cardiovascular mortality).120 All the 

following oral antagonists are discontinued in clinical trials for arterial thrombosis, 

myocardial infarction and unstable angina pectoris. Chemical structures of these 

antagonists are shown in Figure 6.

Orbofiban

Orbofiban is a prodrug from SC-57101, a non-peptide antagonist, that blocks the 

binding of fibrinogen to αIIbβ3 thereby preventing platelet aggregation. After 

hydrolysis of the ethyl ester by esterases, the active SC-57101 prevents fibrinogen 

to bind to the receptor with an IC50 of 47 nM. SC-57101 binds to both resting 

and activated platelets (Kd; 70 nM and 109 nM, respectively). It can also reverse 

thrombus formation by binding to platelets even when fibrinogen is already 

bound.121 In the OPUS-TIMI 16 trial, it was investigated whether orbofiban was 

effective. The trial arms were 50 mg of orbofiban twice daily, 50 mg of orbofiban 

twice daily for 30 days and thereafter 30 mg of orbofiban twice daily, or placebo 

(all groups received 150-162 mg of acetylsalicylic acid). However, after 30 days, 

the 50/30 treatment arm showed increased mortality.122 Several groups performed 

research to investigate the mortality in the treatment arm, showing increased 

platelet reactivity123 and neutrophil activation.124 
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Figure 6. Chemical structures of lotrafiban, orbofiban, sibrafiban, xemilofiban and roxifiban, 
including molecular weights.

Sibrafiban

Sibrafiban is a prodrug from Ro 44-3888, a non-peptide selective antagonist of 

αIIbβ3.125 Platelet aggregation is blocked with IC50 15 µg/L (~ 35 nM).125 In the 

SYMPHONY trial, it was investigated whether sibrafiban prevents more ischemic 

events than aspirin after acute coronary syndrome. The trial included three arms: 

acetylsalicylic acid (80 mg every 12 hours), low-dose sibrafiban (3.0-4.5 mg every 

12 hours) and high-dose sibrafiban (4.5-6.0 mg every 12 hours). Body weight 

and serum creatinine concentration were used to assign patients to the low- or 

high-dose group.126 The result of the trial was that sibrafiban was as effective as 

acetylsalicylic acid for prevention of ischemic events, however it showed more 

bleeding in trial participants.127 
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Xemilofiban

Xemilofiban is a prodrug from SC-54701, a non-peptide mimetic of RGDF, 

blocking the binding of fibrinogen to αIIbβ3. The active SC-54701 prevents 

fibrinogen to bind to the receptor with IC50 of 10 nM, showing increased potency 

when compared to SC-57101.128 In the EXCITE trial, it was investigated if long-

term administration of xemilofiban prevents ischemic events and stabilizes 

plaques. The trial included three arms: placebo, xemilofiban (10 mg, three times 

daily) and xemilofiban (20 mg, three times daily).129 The result of the trial was 

that xemilofiban (administration before PCI up until 6 months thereafter) did 

not decrease the incidence of death and nonfatal myocardial infarction. As a 

consequence of the lacking beneficial effect of xemilofiban, the development was 

discontinued.

Lotrafiban

Lotrafiban is a non-peptide prodrug from SB-214857 that blocks fibrinogen 

binding to αIIbβ3.130 Platelet aggregation is inhibited by lotrafiban with IC50 40-80 

nM.130 In the BRAVO trial, it was investigated if lotrafiban therapy is effective in 

patients with recent unstable angina, stroke or myocardial infarction. The trial 

included two arms: placebo (including acetylsalicylic acid, one time per day) or 

lotrafiban (30 mg or 50 mg, two times daily including acetylsalicylic acid, one time 

per day). The dose of lotrafiban was dependent on age and creatinine clearance. 

The phase III clinical trial was stopped because of increased mortality and increased 

thrombocytopenia and bleeding.131

Roxifiban

Roxifiban (DMP754; a prodrug of XV459) binds specifically to the αIIbβ3 receptor 
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with IC50 0.03-0.05 µM.132 It binds to both non-stimulated and stimulated platelets.133 

In the ROCKET trial, it was investigated if roxifiban administration in patients 

with coronary artery disease had an effect on platelet aggregation and receptor 

expression. The trial included three arms: acetylsalicylic acid (325 mg + placebo, 

one time per day), roxifiban (1.0 mg + placebo, one time per day) or the 

combination of acetylsalicylic acid and roxifiban (325 mg and 1.5 mg, one time 

per day). In clinical trials, roxifiban showed enhanced expression of P-selectin and 

PECAM-1. Changes in effectivity suggest that young platelets adjust their pathways to 

aggregate, since roxifiban is still present and thus blocking the αIIbβ3 receptor.134
 

Conclusion
For the prevention of thrombotic complications in patients suffering from acute 

coronary syndrome or unstable angina pectoris, the integrin αIIbβ3 antagonists 

abciximab, eptifibatide and tirofiban (all administered intravenously) are 

occasionally used in the clinical setting. Eptifibatide and tirofiban, based on ligand 

(RGD)-mimetics, bind to the integrin with low affinity and induce a conformational 

change, which results in outside-in signaling and paradoxical platelet activation.135 

The use of all three inhibitors is complicated by the increased risk of bleeding 

and less frequently, thrombocytopenia. Thrombocytopenia is the result of an 

immunological reaction caused by antibodies directed against ligand-induced 

binding sites (LIBS), that become exposed after integrin/inhibitor interaction.135 

Typically, thrombocytopenia is more frequent with the use of abciximab, since 

more epitopes are exposed which can be recognized by antibodies already 

present in the bloodstream.136 These ligand-mimetic effects might not be induced 

by disintegrins, since hematophagous parasites and snakes often have shielding 

surface components at the moment they become opsonized by the immune 
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system of the host.137 They can also change their surface to escape recognition by 

the host.137 We can speculate that disintegrins have evolved into forms that escape 

the human immune system. A previous study revealed a disintegrin that did not 

cause a conformational change of integrin αIIbβ3, resulting in antiplatelet activity 

without causing bleeding.138 More research into disintegrins, including structure-

activity relationships, may provide more insight into their biological activity and 

mechanism of platelet inhibition.

Different oral integrin αIIbβ3 antagonists have been tested, but clinical trials were 

stopped due to undesired side effects, including excess mortality or the absence 

of improvements over existing therapy. Various arguments are described in 

literature why these antagonists failed in clinical trials: 1) plasma concentrations 

vary over treatment period, resulting in variation in levels of integrin inhibition 

and eventual thrombotic events128; 2) the bioavailability of oral antagonists results 

in differences in platelet inhibition in and between patients139; 3) the difference 

between early effects and chronic effects, suggesting that for chronic use, different 

therapeutic approaches are required.

However, oral antagonists have some beneficial effects: administration of drugs is 

easier, and patients can administer drugs themselves during chronic therapy. In 

addition, oral antagonists can be used for prophylaxis.140

Antiplatelet therapy is the standard treatment of atherothrombotic disease in 

the heart, peripheral arteries and brain. Either monotherapy or dual antiplatelet 

therapy with aspirin and/or a P2Y12 receptor blocker (clopidogrel, prasugrel, 

ticagrelor or cangrelor) is recommended for the secondary prevention of arterial 

thrombotic events.141

Acetylsalicylic acid is also used as prophylaxis, however, there is a controversy 

between international guidelines and research has shown less benefit of 
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prophylactic acetylsalicylic acid.142 At this time point, αIIbβ3 inhibitors are 

only used in patients who undergo percutaneous coronary intervention (without 

pretreatment with P2Y12 receptor blockers) or in high-risk patients, because less 

bleeding complications occur with P2Y12 receptor blockers.143

No new αIIbβ3 inhibitors are developed since the approval of current platelet 

antagonists. Research has shown already promising effects of αIIbβ3 inhibitors 

for the prevention of ischemia/reperfusion injury to preserve cardiac function.144 

Future directions could be based on structure-function analysis of exogenous 

disintegrins, which might aid in finding platelet antagonists that preserve 

hemostasis and have less adverse side effects.
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Abstract
Background: Ticks puncture the skin of their hosts and secrete saliva, containing 

antiplatelet proteins, into the blood. Here we studied disagregin, a potent 

platelet-inhibiting protein derived from the salivary glands of Ornithodoros 

moubata, an African soft tick. Whereas conventional αIIbβ3 antagonists 

contain an RGD-sequence for platelet integrin binding, disagregin contains 

an RED-sequence, hypothesizing a different mode of inhibitory action.  

Objectives: We aimed to compare the inhibitory effects of disagregin and its RGD-

variant (RGD-disagregin) on platelet activation and to unravel the molecular 

basis of disagregin-αIIbβ3 integrin interactions.

Methods: Disagregin and RGD-disagregin were synthesized by tBoc-based 

solid-phase peptide synthesis. Effects of both disagregins on platelet aggregation 

were assessed by light transmission aggregometry (LTA) in human platelet-rich 

plasma. Whole blood thrombus formation was investigated by perfusing blood 

over collagen-I with and without tissue factor at high wall-shear rate (1000s-1) in 

the presence of disagregin, RGD-disagregin or eptifibatide. 

Results: Disagregin showed inhibition of collagen- and ADP-induced platelet 

aggregation with IC50 values of 65 and 100 nM, respectively. This resembled the 

complete antiaggregatory effect of eptifibatide. Multiparameter assessment of 

thrombus formation showed highly suppressed platelet adhesion and aggregate 

formation with both disagregins, such in contrast to eptifibatide treatment which 

incompletely blocked aggregation under flow. Fibrin formation under flow 

was delayed by both disagregin and RGD-disagregin (p<0.01) and eptifibatide 

(p<0.05). Conclusions: Both αIIbβ3-blocking disagregins have a strong potential 

to suppress collagen-TF mediated platelet adhesion, thrombus formation and 

fibrin formation. Both disagregins can be seen as potential new αIIbβ3 inhibitors.
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Introduction
Ticks are hematophagous parasites, which collect blood by puncturing the skin of 

their hosts. This vascular puncturing leads to blood exposure to vascular collagens, 

which induces primary hemostasis by platelet adhesion and aggregation to 

produce a platelet plug or thrombus, initially arresting the bleeding.1 Interaction 

of integrin receptor αIIbβ3 with fibrinogen accomplishes the formation of platelet 

aggregates and thrombi. In addition, vascular puncturing also leads to blood 

contact with subendothelial tissue factor (TF), initiating secondary hemostasis, 

which via the extrinsic coagulation pathway triggers thrombin generation and 

fibrin clot formation to stabilize the platelet plug.1 To suppress primary and 

secondary hemostatic pathways of their hosts in order to enable continuation 

of feeding, ticks secrete saliva that contains a rich mixture of antiplatelet and 

anticoagulant proteins.2

Ticks of the Argasidae family are so-called soft ticks equipped with a soft, leathery 

shield. A prominent member of this family, Ornithodoros moubata, produces 

the protein disagregin in their salivary glands.3 This 6.9 kDa protein acts as an 

antihemostatic agent by binding to the αIIbβ3 integrin on platelets and preventing 

platelet aggregation.3 Upon activation (inside-out signaling), integrin αIIbβ3 is 

known to change from a closed to an open conformation, making its binding sites 

for fibrinogen accessible. Disagregin belongs to the disintegrins which are non-

enzymatic, 6-10 kDa cysteine-rich proteins, originally described in viper venom.4 

Disintegrins generally expose an Arg-Gly-Asp (RGD) or Lys-Gly-Asp (KGD) 

sequence, allowing specific binding to the activated integrins, thereby inhibiting 

binding of fibrinogen to activated platelets.3, 5-14 Interestingly, disagregin lacks an 

RGD-sequence but instead contains an Arg-Glu-Asp (RED)-sequence, suggesting 

a different mode of action. One of the clinically approved αIIbβ3 inhibitors is 
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eptifibatide, a cyclic heptapeptide found in snake venom.15 It contains a KGD-

sequence in which the lysine is modified into a homoarginine that increases 

specificity for the receptor.16

In this study we investigated whether (i) a chemically synthesized peptide, 

based on the tick-derived integrin antagonist disagregin, interferes with platelet 

activation, and (ii) the action mechanism is unique due to the absence of an RGD- 

sequence. Therefore, both native disagregin (referred to as ‘disagregin’) and an 

E15G variant (referred to as ‘RGD-disagregin’) were synthesized by solid-phase 

peptide synthesis and native chemical ligation. Subsequently, we revealed the 

effects of the synthesized proteins on human platelet adhesion, aggregation and 

ensuing fibrin formation.

Materials and methods
Full methods are described in the supplemental information.

Molecular docking and molecular dynamics (MD) simulations

A homology model of disagregin was constructed by using the SWISS-MODEL 

Webserver17 with bovine pancreatic trypsin inhibitor (BPTI K15R/R17D variant) 

in complex with human mesotrypsin serving as template (chain B of the PDB 

code 3P95). Molecular docking of disagregin and αIIbβ3 was conducted by using 

protein-protein docking module implemented in the HADDOCK WebServer.18 

As in our previous work19, the binding pose of disagregin with αIIbβ3 which 

gives the lowest binding free energy (indicating the most thermodynamically 

favorable conformation) was selected for further investigation of binding and 

interaction between different disagregin variants (RED-, RGD-, RAD, and AAA-

disagregin) with the αIIbβ3 integrin. Then, these complexes were subjected to 

molecular dynamics (MD) simulations for 20 ns by using standard parameters 
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and protocols as previously reported.19, 20 The binding free energy (BFE) between 

αIIbβ3 and the different disagregin variants was computed by applying the 

molecular mechanics/generalized Born surface area (MM/GBSA, GB model=5) 

method. MD simulations and BFE calculations were performed by the AMBER16 

program. 

 

Peptide synthesis 

All peptide fragments were manually synthesized using Boc-based solid-

phase peptide synthesis (SPPS) on a 0.25 mmol scale on 4-(Hydroxymethyl)

phenylacetamidomethyl-polystyrene (PAM) resin, as described previously 

(Table S1; Figure 2A).21, 22 Instead of 2-(1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU), 2-(6-Chloro-1H-benzotriazol-

1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU, Peptides 

International, Louisville, KY, USA) was used as coupling reagent. Sequences of 

peptide fragments are shown in Table S1.

Peptide fragments were deprotected and cleaved by anhydrous hydrogen fluoride 

(HF, GHC Gerling, Holz & Co, Handels GmbH, Hamburg, Germany) treatment 

for 1 hour at 0°C using 4% p-cresol as scavenger. After HF-cleavage, peptide 

products were precipitated and washed with ice-cold diethylether, dissolved in 

aqueous acetonitrile and lyophilized.22 Crude products were analyzed on a Waters 

(Milford, MA, USA, and Etten-Leur, The Netherlands) ultrahigh performance 

liquid chromatography mass spectrometry (UPLC-MS) XEVO-G2QToF system. 

Native chemical ligation and oxidative folding were performed as described 

previously (Figure 2B).22-24 After completion of folding, the proteins were purified 

by semipreparative HPLC, analyzed by UPLC-MS, and lyophilized.
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Light Transmission Aggregometry

Platelet-rich plasma (PRP) was collected by centrifuging whole blood at 240 x g 

for 15 minutes. Platelet-poor plasma (PPP) was collected by centrifuging whole 

blood for 10 minutes at 2200 x g twice. Platelet count in PRP was adjusted to 250 

x 109/L with autologous PPP. Samples of PRP were pre-incubated with indicated 

concentrations of disagregin, RGD-disagregin or eptifibatide for 2 minutes at 

37°C. Platelets were then activated with P2Y1 and P2Y12 receptor-targeting Me-

S-ADP (SantaCruz Biotechnology, CA, USA, 5 µM) or GPVI-targeting collagen 

(Nycomed Pharma, Munich, Germany, 1 µg/mL). Optical density changes from 

citrated PRP were measured under constant stirring by a Chronolog aggregometer 

(Havertown PA, USA) for 10 minutes at 37°C.25 

Shear-induced platelet adhesion and thrombus formation on collagen coated surface 

Glass coverslips (24 x 60 mm, Thermo Fisher, Breda, The Netherlands) were 

degreased with 2M HCl in 50% ethanol and washed with dH2O. The coverslips 

were then coated with a collagen-I microspot (1 µL each, 50 µg/mL, Takeda).

Following earlier described procedures, coated coverslips were mounted onto 

a transparent parallel-plate flow chamber (height 50 µm, width 3.0 mm, length 

30 mm; Maastricht flow chamber).26 Blood samples were pre-incubated with 

disagregin (1 µM or 100 nM), RGD-disagregin (1 µM or 100 nM) or eptifibatide 

(1 µM) for 5 minutes prior to the experiment. The samples were then recalcified 

in the presence of D-phenylalanyl-prolyl-arginyl chloromethyl ketone (PPACK; 

40 µM, Calbiochem, San Diego, CA, USA) with 7.5 mM CaCl2 and 3.75 mM MgCl2. 

Blood was perfused through the microfluidic chambers at a wall-shear rate of 

1000 s-1. After 3.5 minutes, the thrombi were stained for platelet activation with 

a mixture of FITC-labeled fibrinogen mAb (1:100, Dako, F0111, Santa Clara, CA, 
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USA), AF647-labeled anti-P-selectin mAb (1.25 µg/mL, Biolegend, San Diego, 

CA, USA) and AF568-annexin A5 (0.25 µg/mL, Invitrogen, Carlsbad, CA, USA) 

during a 2-minute perfusion (all in rinse buffer, containing HEPES buffer pH 7.45 

supplemented with 0.1% glucose, 0.1% BSA, 2 mM CaCl2 and 1 U/mL heparin). 

After 2 minutes of stasis, a perfusion with rinse buffer was started to remove 

unbound label. Subsequently, representative brightfield and tri-color fluorescence 

images were taken. After the experiment, the brightfield and fluorescence images 

were blindly analyzed for parameters using FIJI software. 

Collagen/TF-induced formation of platelet-fibrin thrombi in flowed whole blood

Clean and degreased coverslips were coated with 2 microspots (5 mm center-

to-center distance; 1 µL of 50 µg/mL collagen-I). After 1 hour incubation and 

a washing step with saline, the downstream microspot was co-coated with 

tissue factor (TF, 1 µL of 500 pM), similarly as described elsewhere.27 Prior to 

the experiment, citrated-anticoagulated blood samples were pre-incubated with 

disagregin (100 nM, 1 µM), RGD-disagregin (100 nM, 1 µM) or eptifibatide (1 

µM) for 5 minutes. Subsequently, the samples were supplemented with DiOC6 

(platelet membrane label, 0.5 µg/mL, AnaSpec, CA, USA), AF568-annexin A5 

(staining phosphatidylserine-exposing platelets, 1:200, Invitrogen) and AF647 

human fibrinogen (1:200, Molecular Probes, Bleiswijk, The Netherlands). During 

the flow, blood was continuously recalcified with a coagulation mix consisting 

of 63 mM CaCl2, 32 mM MgCl2 in modified Hepes buffer pH 7.45 via a y-shaped 

dual inlet tube at a volume ratio of 10:1, as described.27 Blood was perfused at a 

wall-shear rate of 1000 s-1 for 14 minutes. To evaluate the kinetics of thrombus and 

fibrin formation, brightfield and fluorescent microscopic images were taken and 

brightfield from each microspot at 2-minute intervals. One representative image 
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per timepoint was taken from both collagen-I and collagen-I/TF microspot to 

analyze parameters. Images were blindly analyzed for the parameters in Table S3.

Quantitative image analysis

Endpoint and time series of brightfield and fluorescence microscopic images 

were analyzed using scripts written in the open-access program FIJI, as described 

before.28 The following output parameters were used (Table S3): percentages of 

surface area coverage of platelet deposition (P1), PS exposure (P2) and thrombus 

surface area coverage (P3). Brightfield images were furthermore scored for 

thrombus morphology (P4) as follows: 0; no or few adhered platelets, 1; multiple 

single adhered platelets, 2; platelet monolayer, 3; small aggregates, 4; medium-size 

aggregates and 5; large aggregates.26-29 Thrombus multilayer (P5) and thrombus 

contraction (P6) were scored from 0-3.28 The following fibrin parameters were 

used: fibrinogen or fibrin deposition (P7), fibrin formation (P8) scored from 0-3. 

Times to fibrin formation were measured in minutes and subtracted (P9).

To compare all parameters between conditions, average values were uniformly 

scaled over a range from 0-10 and heatmaps were generated, as appropriate. 

Using the scaled values, subtraction was conducted to visualize the difference 

between control and treatment. In heatmaps with fibrin formation, times to first 

fibrin formation were subtracted from 14 minutes.27

Cell toxicity

Cell proliferation was measured real-time using the xCELLigence System (ACEA 

Biosciences, San Diego, CA, USA). EA.hy926 cells (15,000 cells per well) were 

seeded in a 96-xCELLigence-well plate. After 24 hours, different compounds 

were added in the well and proliferation was followed for 6 days (144 hours).
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Statistical analysis

Data are presented as medians ± interquartile ranges. Statistical significance 

between groups was determined using a Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons. GraphPad Prism 8.0 software (La Jolla, 

CA, USA) was used for statistical analyses. A p-value < 0.05 was considered as 

statistically significant.

Results
Docking and molecular dynamics simulations of different compounds with the αIIbβ3 

integrin

Molecular docking of disagregin into the binding pocket of αIIbβ3 revealed that 

the binding mode of disagregin is quite similar to the co-crystallized structure of 

eptifibatide in complex with αIIbβ3 (PDB code 2VDN). The homo-Arg residue 

of eptifibatide interacted with Asp224 of the αIIb domain (Figure 1A), whereas 

the Arg residue of the RED motif established H-bonds with Tyr190 and Asp232 

of the αIIb domain (Figure 1B). The Gly and Asp residues of eptifibatide formed 

H-bonds mainly with residues from the β3 domain, i.e. Tyr122, Ser123, Arg214, 

Asn215, and Arg216 (Figure 1A). Similar interactions between the Glu and Asp 

residues (RED motif) of disagregin were observed. The Glu residue interacted 

with Arg214 and also with the side chain of Tyr166 of the β3 domain and the Asp 

residue exhibited electrostatic interactions with the Ca2+ atom located in the β3 

domain (Figure 1B).

The derived docking complex of disagregin and αIIbβ3 was further subjected to 

MD simulations to investigate the stability of disagregin at the binding pocket 

of αIIbβ3. The last snapshot of the MD simulations showed that the RED motif 

of disagregin stably remained in the binding pocket of αIIbβ3 (Figure 1C). 
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Figure 1. Molecular docking and molecular dynamics (MD) simulations with disagregin and 
different variants (RGD-, RAD- and AAA-disagregin)
For all figures, the same colors were used to display αIIb (blue), β3 (yellow), inhibitors (eptifibatide 
and disagregin variants in green & magenta), and the key motif (magenta sticks). H-bonds are 
displayed in dashed lines. (A) X-ray structure of αIIbβ3 in complex with eptifibatide (2VDN - Re-
refinement of αIIbβ3 headpiece bound to eptifibatide). Eptifibatide interacts with residues from 
both the αIIb and β3 domain. (B) Molecular docking of disagregin (green) with αIIbβ3. The RED 
motif (magenta sticks) of disagregin binds to αIIbβ3 in a similar way as the homo-Arg-Gly-Asp 
motif of eptifibatide and this RED motif of disagregin can interact with residues from both the αIIb 
and β3 domain. (C) The complex between disagregin and αIIbβ3 after MD simulation (20ns). The 
RED motif (magenta sticks) of disagregin still fits into the binding pocket of αIIbβ3 and still exhibits 
interactions (H-bonds or electrostatic interactions) with residues from both αIIb and β3 domain. 
(D) The complex between RGD-disagregin and αIIbβ3 after MD simulation (20ns). (E) The complex 
between RAD-disagregin and αIIbβ3 after MD simulation (20ns). (F) The complex between AAA-
disagregin and αIIbβ3 after MD simulation (20ns).
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Although, the side chain of the Arg residue of the RED motif was quite flexible, 

resulting in losing H-bonds with Tyr190 and Asp232 of the αIIb domain, the 

electrostatic interactions between the side chain of the Arg residue with these 

residues were still detected. Moreover, the backbone atom of the Arg residue 

formed an additional H-bond with the side chain of Asn215 of the β3 domain. 

The interactions between the Glu and Asp residues with integrin αIIbβ3 were 

conserved as in the starting structure before running MD simulations. Mutation 

of RED to RGD led to an increased flexibility of the RGD motif which allowed 

the Arg residues to form stable H-bonds with Tyr190 and Asp232 of the αIIb 

domain (Figure 1D). Due to the lacking side chain, the Gly residue could not 

establish H-bonds with Tyr166 and Arg214 of the β3 domain as found in the Glu 

residue (RED motif). However, the backbone atoms of the Gly residue exhibited 

electrostatic interactions with Asn215 and Ala218 of the β3 domain (Figure 1D). 

The interaction between the Asp residue and the Ca2+ atom was still observed 

in the simulation with RGD-disagregin. To prove the importance of RED/RGD 

motif of disagregin for binding to αIIbβ3, we also generated complexes between 

RAD- and AAA-disagregin with αIIbβ3. For RAD-disagregin (Figure 1E), only 

interactions between the Arg residue and Tyr190 and Asp232 of the αIIb domain 

were found, whereas the Ala residue could not establish any interactions with 

any residues of αIIbβ3. The RAD motif was quite flexible during the simulation, 

resulting in losing the interactions between the Asp residue and the Ca2+ atom. 

In the case of AAA-disagregin, the derived results demonstrated that the AAA 

motif cannot form any interactions with αIIbβ3 (Figure 1F). 

The binding free energies (BFE) of these disagregin variants (RED-, RGD-, RAD, 

and AAA-disagregin) with αIIbβ3 are in agreement with experimental results 

and point out the essential roles of RED/RGD motif for binding to αIIbβ3 (Table 
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S2). The BFE value of RGD-disagregin (-21 kcal/mol) was slightly lower than 

disagregin (-15 kcal/mol) which supported the experiments showing that RGD-

disagregin exhibited a slightly better inhibitory activity than disagregin. 

A dramatically significant reduction of BFE values of RAD- and AAA-disagregin 

with αIIbβ3 (-8 and 8 kcal/mol for RAD- and AAA-disagregin, respectively) 

indicated the importance of the RED/RGD-sequence for binding with αIIbβ3. 

Especially, the positive BFE value of AAA-disagregin with αIIbβ3 implied an 

unfavorable binding of this variant with αIIbβ3.

Peptide synthesis

Disagregin and RGD-disagregin were successfully synthesized with Boc-based 

solid-phase peptide synthesis and native chemical ligation (Figure 2A, B). Due to 

oxidative folding problems with other variants, we chose to continue experiments 

with disagregin and RGD-disagregin. Purity was verified by HPLC analysis and 

mass spectrometry (Figure 2C). HPLC chromatograms demonstrated a single UV 

absorbance peak for both proteins (Figure S1). The measured monoisotopic mass 

of disagregin (6951.1) and RGD-disagregin (6879.4) corresponded well with their 

calculated monoisotopic masses, 6950.9 Da and 6878.9 Da, respectively (Figure 

S2). The predicted structure of disagregin is shown in Figure 2D.

Inhibition of platelet aggregation by disagregins

To probe the ability of the synthesized disagregin and RGD-disagregin to abrogate 

αIIbβ3-dependent platelet aggregation, light transmission aggregometry was 

performed using platelet-rich plasma. After pre-incubation with different 

concentrations of disagregin, RGD-disagregin or eptifibatide, the platelets were 

activated with intermediate doses of agonists. Eptifibatide was used as a control. 
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In response to ADP or collagen, disagregin inhibited aggregation with IC50 values 

of 99 nM and 64 nM, respectively (Figure 3A, B). For further comparison of the 

disagregins, two relevant concentrations were chosen, i.e. 100 nM (~ IC50) and 

1 µM (~ 10x IC50). At the higher concentration of 1 µM, disagregin was strongly 

effective in both ADP (p<0.01) and collagen-activated aggregation (p<0.05), 

comparable to eptifibatide (Figure 3C, D). At this concentration, RGD-disagregin 

inhibited aggregation with ADP (p<0.05) and collagen (p<0.01). The lower dose 

of RGD-disagregin (p<0.01), but not of disagregin, significantly reduced platelet 

aggregation with collagen (Figure 3D).

Figure 2. (A) Amino acid sequence of disagregin (top) and RGD-disagregin (bottom) where 
the latter only has an E15G mutation. Bold and underlined amino acids show ligation site.  
(B) Thioester peptide-COSR reacts with an N-cysteine-peptide to form a trans thioester. Spontaneous 
rearrangement through a five-membered ring intermediate leads to the formation of a native 
peptide bond at the site of ligation. (C) ESI spectrum of folded disagregin. (D) Predicted structure 
of disagregin.
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Assessment of whole blood platelet aggregation and thrombus formation under flow

To further investigate the observed antiaggregatory effect of disagregin, a 

multiparameter assay of collagen-dependent thrombus formation in whole blood 

under arterial flow conditions was performed.26 This test has previously been 

shown to detect the absence of flow-dependent platelet aggregation in patients 

with Glanzmann’s thrombasthenia, lacking integrin αIIbβ3,28 or with LAD-III 

syndrome, defective αIIbβ3 activation.29 For this assay, citrate-anticoagulated 

Figure 3. Suppression of agonist-induced platelet aggregation by disagregin, RGD-disagregin 
and eptifibatide. Human platelet-rich plasma was pre-incubated with indicated concentrations 
of disagregin, RGD-disagregin or eptifibatide for 2 minutes, after which platelet aggregation was 
measured with 5 µM ADP or 1 µg/mL collagen. (A) Effect of disagregin on ADP-induced platelet 
aggregation. Calculated half maximal inhibitory concentration (IC50) for disagregin 99 nM (n=10). 
(B) Effect of disagregin on collagen-induced platelet aggregation. Calculated IC50 for disagregin 
64 nM (n=10). (C,D) Quantified maximal platelet aggregation (% light transmission change) with 
disagregin, RGD-disagregin, or eptifibatide (1 µM or 100 nM) in response to stimulation with ADP 
(C) or collagen (D). Data are presented as medians ± interquartile ranges, *p<0.05, **p<0.01.
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blood was pre-incubated with disagregin, RGD-disagregin or eptifibatide, and 

subsequently recalcified in the presence of PPACK and flowed at high shear 

rate (1000 s-1) over collagen-I microspots. After 3.5 minutes of flow, brightfield 

and fluorescence microscopic images were collected to measure P-selectin 

expression (AF647-labeled anti-P-selectin mAb), platelet procoagulant activity 

(AF568-annexin A5) and activated integrins by fibrinogen binding (FITC-labeled 

fibrinogen mAb). Representative stills after 3.5 minutes are shown in Figure 4A. 

In control condition, medium aggregates were formed of contracted platelets, 

exposing P-selectin as well as phosphatidylserine, with activated integrins. 

In the presence of 1 µM disagregin or RGD-disagregin, the formation of 

multilayered thrombi and contracted thrombi was strongly suppressed (p<0.05), 

resulting in single platelets adhesion. In contrast, the low concentration of both 

disagregins and 1 µM eptifibatide still showed the presence of multilayered and 

contracted thrombi (Figure 4A,B,C). Both PS exposure and P-selectin expression 

were partially decreased in all conditions compared to control, however it has not 

reached significance (Figure 4A). In the presence of disagregin (1 µM) fibrinogen 

binding was no longer observed indicative of abolished integrin activation 

(p<0.05) (Figure 4D). Table S4 shows the significant decrease in morphological 

score, multilayer score, contraction score and integrin activation by the addition 

of disagregin and RGD-disagregin (Table S4). 

Time-dependent assessment of platelet-fibrin thrombus formation under flow

Subsequently, we established how the disagregins affected flow-dependent 

thrombus formation in the presence of coagulation triggered by TF, i.e. 

when thrombin and fibrin are generated. Therefore, a previously validated 

multiparameter test was used, in which whole blood is perfused at a high shear 
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rate over collagen-I and collagen-I/TF microspots. Series of microscopic images 

were collected in real time to measure platelet deposition (DiOC6 label), platelet 

procoagulant activation (AF568-annexin A5) and fibrin formation (AF647-

fibrinogen label, with threshold setting above fibrinogen fluorescence).27 

Figure 4. Effect of (RGD-)disagregin on microspot-induced whole blood thrombus formation. 
Citrated blood was pre-incubated with disagregin or RGD-disagregin, recalcified with PPACK, 
and then flowed through a microfluidic chamber at wall-shear rate of 1000 s-1. After 3.5 minutes, 
thrombi were stained with AF647-labeled anti-P-selectin mAb, AF568-annexin A5 and FITC-labeled 
fibrinogen mAb. Eptifibatide was used as a reference integrin antagonist. (A) Representative 
brightfield and fluorescence microscopic images from collagen-I microspots after 3.5 minutes of 
flow. Bars = 20 µm. Note dose-dependent reduction of platelet adhesion, platelet aggregation, 
P-selectin, PS exposure and integrin activation (measured by fibrinogen binding) with indicated 
inhibitors. (B) Decreased morphological score with various integrin inhibitors. (C) Decreased 
contraction score with various integrin inhibitors. (D) Decreased integrin activation with various 
integrin inhibitors. Data are presented as medians ± interquartile ranges, *p<0.05.
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Figure 5. Similar impairments in platelet-fibrin thrombus formation by disagregin and 
RGD-disagregin. Citrated blood was pre-labeled with DiOC6, AF568-annexin A5 and AF647 
human fibrinogen. Samples were pre-incubated with disagregin or RGD-disagregin, recalcified 
with CaCl2 and MgCl2, and then flowed through a microfluidic chamber at wall-shear rate of  
1000 s-1. Eptifibatide was used as a reference integrin antagonist. (A) Representative brightfield and 
fluorescence microscopic images from collagen-I/TF microspots after 10 minutes of flow. 
Bars = 20 µm. Note dose-dependent reduction of platelet adhesion, absence of platelet aggregation 
and delay of fibrin formation with indicated inhibitors. (B) Delayed time to first fibrin formation 
under flow with various integrin inhibitors. Data are presented as medians ± interquartile ranges, 
*p<0.05, **p<0.01. 
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In the control samples, at the 10 minutes time point, large aggregates were formed 

of contracted platelets, showing massive PS exposure and fibrin formation 

(Figure 5A). In the presence of 1 µM disagregin, only single platelets adhered, 

which did neither aggregate nor displayed PS exposure or fibrin formation (3.3% 

PS exposure for control and 0.5% for 1 µM disagregin) and fibrin formation 

(31% for control compared to 1% in the presence of 1 µM disagregin). The lower 

concentration of 100 nM disagregin partially suppressed platelet aggregate and 

fibrin formation, whilst PS exposure was still abolished. Overall, the addition of 1 

µM or 100 nM RGD-disagregin resulted in similar effects compared to disagregin 

at the same concentrations. Remarkably, the addition of 1 µM eptifibatide showed 

less inhibition in suppressing PS exposure and fibrin formation than disagregin 

at the same dose (not significant). This was also observed by measurement of 

the times to first fibrin formation. Whereas 1 µM disagregin or RGD-disagregin 

delayed time to fibrin from 5 to 12-13 minutes (p<0.01), 1 µM eptifibatide only 

partially delayed to 10 minutes (Figure 5B).

To quantitatively compare the effects of integrin inhibitors on all scaled 

parameters over time (Table S3), subtraction heatmaps were constructed for 

the spots containing collagen-I and collagen-I/TF (Figure 6A, B). As before, we 

distinguished between platelet adhesion parameters (P1-2), thrombus parameters 

(P3-6), and fibrin parameters (P7-9).27 Remarkably, the lower dose of 100 nM 

disagregins only moderately reduced and delayed all parameters, with RGD-

disagregin being slightly more effective than disagregin. On the other hand, the 

higher dose of 1 µM disagregin or RGD-disagregin effectively suppressed all 

thrombus (and platelet aggregation) parameters, and inhibited fibrin formation 

on the TF microspots. Eptifibatide at 1 µM showed a similar inhibitory pattern, but 

overall was less effective. Note that on collagen-I only microspots, the amounts 
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of fibrin formed were already low in the absence of inhibitors. Taken together, 

these results indicated that RGD-disagregin is similarly active as disagregin 

in abrogating platelet adhesion, aggregation and fibrin formation under flow 

conditions.

Cell proliferation with the addition of different compounds. 

Cell proliferation studies were performed to determine if the disagregins have 

toxic effects on endothelial cells (EA.hy926) (Figure S3). In this cell line used, the 

disagregins did not show obvious toxic effects, in that proliferation of cells was 

maintained by the addition of disagregin, RGD-disagregin or eptifibatide. 

Discussion
In this study, the inhibitory effects of disagregin and RGD-disagregin were 

investigated by light transmission aggregometry and whole blood thrombus 

formation under flow conditions. We confirmed that disagregin and RGD-

disagregin inhibited platelet aggregation stimulated by ADP or collagen. While 

our reported light transmission aggregometry IC50 value for disagregin was similar 

to a previous study, we used chemically synthesized peptides instead of salivary 

gland extracts from ticks, confirming that chemically synthesized disagregin 

inhibits equally well as tick disagregin, indicating that the functional influence 

of posttranslational modifications of both proteins on platelet aggregation is 

minimal.3

In this paper we have made advantage of chemically synthesized peptides 

enabling rapid production on large scale and incorporation or deletion of amino 

acids in a site-specific way to investigate antiplatelet activities. This ability will 

open the corridor to future pre-clinical studies.30 Since the antibody abciximab 
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and eptifibatide are at limited use for kidney failure patients, a synthesized small 

peptide offers a clear advantage for a targeted and antidote sensitive way to 

(temporarily) suppress platelet function after administration of the drug.31

Various integrin antagonists expose an RGD-sequence for specific binding to 

these activated receptors. Arg-Ala-Asp (RAD)-containing compounds are often 

used as control, which do not bind to activated integrins.32 In this paper, there 

is no difference in antiplatelet effects between disagregin and RGD-disagregin. 

Disagregin has a negatively charged sidechain (glutamate), and RGD-disagregin 

does not have a sidechain (glycine). Remarkably, a bulky acid group does not 

influence the antiplatelet effects. Although, disintegrins bind to the αIIbβ3 and 

other integrin receptors via their exposed RGD-sequence, the presence of this 

tripeptide sequence is not a prerequisite for the antagonistic integrin activity. 

Disintegrins containing similar to RGD-sequences, such as hRGD, KGD, RED,  

have been described, but barbourin is one of the few natural proteins that 

selectively binds the αIIbβ3 receptor and does not have an RGD-like sequence.33, 34

Our in silico molecular docking and molecular dynamics simulations revealed 

that disagregin binds to αIIbβ3 in a similar way as eptifibatide. The RED/RGD- 

sequence of disagregin and RGD-disagregin, respectively, interacts with residues 

from both the αIIb and β3 domain and also with the Ca2+ atom. Mutation of RED/

RGD-disagregin to RAD- or AAA-disagregin resulted in losing interactions and 

consequently significantly reduced BFE with αIIbβ3. Taken together, these results 

demonstrated that the RED/RGD-sequence is the key motif for interacting with 

αIIbβ3 and thus responsible for the antiplatelet function of disagregin. 

Multiparameter assessment of whole blood thrombus formation on collagen-I 

surfaces indicated less platelet adhesion by the addition of the inhibitors and no 

aggregate formation in the presence of disagregin or RGD-disagregin. 
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A previous study by van Geffen et al.28 showed a comparable result when testing 

blood of Glanzmann patients, showing single platelet adhesion and platelet 

monolayer. Ex vivo whole blood thrombus formation was also tested in mice 

blood, showing similar results (data not shown).

Disagregin and RGD-disagregin showed more inhibition compared to eptifibatide 

in our experiments in vitro. Harder et al. showed LTA IC50 values ranging from 

132-264 nM for eptifibatide.35 However, in our hands, it appeared that high 

concentrations of eptifibatide did not delay the time to fibrin formation as potently 

as the disagregins. Importantly, if disagregin would inhibit platelet adhesion, 

aggregation and fibrin formation in vivo as well, a lower dose of disagregin could 

be administered compared to eptifibatide in pre-clinical studies. 

Cell proliferation studies pointed to the absence of strong toxic effects (Figure S3). 

However, more toxicity research in other cell lines is necessary to conclude that in 

vivo studies can be performed without expected toxicity. 

Research is necessary to further modify the reversible binding ability of disagregin 

to the αIIbβ3 integrin receptor, and to design the best selective protein sequence 

for a dose-controllable antagonist.

A limitation of this study might be the use of labeled fibrinogen to detect fibrin 

in our experiments. However, we decreased the contribution of fibrinogen to the 

fibrin signal by threshold settings and brightfield images were used to confirm 

fluorescent fibers.36, 37 With labeled fibrinogen we prevent the underestimation of 

fibrin because of poor permeation of an antibody in the thrombus.38

Taken together, we conclude that disagregin and RGD-disagregin are potential 

αIIbβ3 integrin inhibitors by inhibiting platelet adhesion, aggregation and fibrin 

formation.
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Supplemental Information
Molecular docking and molecular dynamics (MD) simulations

Homology model of disagregin was constructed by using the SWISS-MODEL 

Webserver17 with the bovine pancreatic trypsin inhibitor (BPTI K15R/R17D 

variant) in complex with human mesotrypsin as a template (chain B of the PDB 

code 3P95). In this X-ray structure, the RAD motif of BPTI binds into the binding 

pocket of mesotrypsin representing a suitable template to model the binding mode 

of RED/RGD motif of disagregin with the αIIbβ3 integrin. Molecular docking of 

disagregin and αIIbβ3 was conducted by using protein-protein docking module 

implemented in the HADDOCK WebServer.18 As in our previous work,19 the 

binding pose of disagregin with αIIbβ3 which gives the lowest binding free energy 

(indicating the most thermodynamically favorable conformation) was selected 

for further investigation of binding and interaction between different disagregin 

variants (RED-, RGD-, RAD, and AAA-disagregin) with the αIIbβ3 integrin. The 

derived complex of native disagregin and αIIbβ3 was exploited as a template 

to build RGD-, RAD-, and AAA-disagregin in complex with αIIbβ3 by in silico 

mutation of the RED to RGD, RAD, and AAA motif. Then, these complexes were 

subjected to molecular dynamics (MD) simulations for 20 ns by using standard 

parameters and protocols as previously reported, e.g. AMBER ff14SB force field, 

TIP3P water model, temperature at 300 K and pressure at 1 bar.19, 20 The binding 

free energy (BFE) between αIIbβ3 and the different disagregin variants was 

computed by applying the molecular mechanics/generalized Born surface area 

(MM/GBSA, GB model = 5) method. MD simulations and BFE calculations were 

performed by the AMBER16 program. 
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Blood donors and blood collection

Blood was collected from healthy donors after they completed informed consent 

according to the Declaration of Helsinki. The study was approved by the local 

Medical Ethics Committee of Maastricht University Medical Center (Maastricht, 

The Netherlands). Blood cell counts were determined with a Sysmex XP-300 

(Chuo-ku Kobe, Japan). Exclusion criteria for healthy donors were history of 

bleeding and the usage of antiplatelet medication or anticoagulants two weeks 

before blood drawing. Blood samples were collected into 9 mL tubes containing 

3.2% trisodium citrate. The first 3 mL of blood were discarded.

Peptide synthesis

All peptide fragments were manually synthesized using Boc-based solid-

phase peptide synthesis (SPPS) on a 0.25 mmol scale on 4-(Hydroxymethyl)

phenylacetamidomethyl-polystyrene (PAM) resin, as described previously 

(Table S1; Figure 2A).21, 22 Instead of 2-(1H-benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU), 2-(6-Chloro-1H-benzotriazol-

Table S1. Amino acid sequences of synthesized disagregin and RGD-disagregin.

*MPAL, a leucine to which a mercaptopropionic is coupled after which the sequence is continued

Sequence

Disagregin C-terminus H2N-Cys-Trp-Lys-Gly-Ser-Tyr-Cys-Lys-His-Arg-Arg-Gln-Pro-Ser-Asn-Tyr-Phe-
Ala- Ser-Gln-Gln-Glu-Cys-Asn-Thr-Cys-Gly-Ala-COOH

Disagregin N-terminus H2N-Ser-Asp-Asp-Lys-Cys-Gln-Gly-Arg-Pro-Met-Tyr-Gly-Cys-Arg-Glu-Asp-Asp-
Asp-Ser-Val-Phe-Gly-Trp-Thr-Tyr-Asp-Ser-Asn-His-Gly-Gln-MPAL*-COOH

RGD-disagregin C-terminus H2N-Cys-Trp-Lys-Fly-Ser-Tyr-Cys-Lys-His-Arg-Arg-Gln-Pro-Ser-Asn-Tyr-Phe-
Ala-Ser-Gln-Gln-Glu-Cys-Arg-Asn-Thr-Cys-Gly-Ala-COOH

RGD-disagregin N-terminus H2N-Ser-Asp-Asp-Lys-Cys-Gln-Gly-Arg-Pro-Met-Tyr-Gly-Cys-Arg-Gly-Asp-Asp-
Asp-Ser-Val-Phe-Trp-Thr-Tyr-Asp-Ser-Asn-His-Gly-Gln-MPAL*-COOH
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1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU, Peptides 

International, Louisville, KY, USA) was used as coupling reagent. Sequences of 

peptide fragments are shown in Table S1.

Peptide fragments were deprotected and cleaved by anhydrous hydrogen fluoride 

(HF, GHC Gerling, Holz & Co, Handels GmbH, Hamburg, Germany) treatment 

for 1 hour at 0°C using 4% p-cresol as scavenger. After HF-cleavage, peptide 

products were precipitated and washed with ice-cold diethyl ether, dissolved in 

aqueous acetonitrile and lyophilized.22 Crude products were analyzed on a Waters 

(Milford, MA, USA, and Etten-Leur, The Netherlands) ultrahigh performance 

liquid chromatography mass spectrometry (UPLC-MS) XEVO-G2QToF system. 

Subsequently, peptide fragments were purified by semipreparative HPLC using 

Vydac C18 HPLC columns (10 mm x 250 mm, 12 mL/min flow rate or 22 mm x 

250 mm, 20 mL/min flow rate; Grace Davison Discovery Sciences, Deerfield, IL, 

USA) connected to a Waters Deltaprep System consisting of a Waters Prep LC 

Controller and a Waters 2487 Dual wavelength Absorbance Detector (λ= 214 nm). 

To elute the peptides, an appropriate gradient of buffer B was added in buffer A, 

where buffer A is 0.1% trifluoroacetic acid (TFA, Biosolve BV, Valkenswaard, The 

Netherlands) in H2O/CH3CN (95/5, v/v, Biosolve) and buffer B is 0.1% TFA in 

CH3CN/H2O (90/10, v/v) was used. 

Native chemical ligation and oxidative folding were performed as described 

previously (Figure 2B).22-24 After completion of folding, the proteins were purified 

by semipreparative HPLC, analyzed by UPLC-MS, and lyophilized.

Light Transmission Aggregometry

Platelet-rich plasma (PRP) was collected by centrifuging whole blood at 240 x g 

for 15 minutes. Platelet-poor plasma (PPP) was collected by centrifuging whole 



Chapter 3

84

blood for 10 minutes at 2200 x g twice. Platelet count in PRP was adjusted to 250 

x 109/L with autologous PPP. Samples of PRP were pre-incubated with indicated 

concentrations of disagregin, RGD-disagregin or eptifibatide for 2 minutes at 

37°C. Platelets were then activated with P2Y1 and P2Y12 receptor-targeting 

Me-S-ADP (SantaCruz Biotechnology, CA, USA, 5 µM) or GPVI-targeting collagen 

(Nycomed Pharma, Munich, Germany, 1 µg/mL). Optical density changes from 

citrated PRP were measured under constant stirring by a Chronolog aggregometer 

(Havertown PA, USA) for 10 minutes at 37°C.25

Shear-induced platelet adhesion and thrombus formation on collagen coated surface

Glass coverslips (24 x 60 mm, Thermo Fisher, Breda, The Netherlands) were 

degreased with 2M HCl in 50% ethanol and washed with dH2O. The coverslips 

were then coated with a collagen-I microspot (1 µL each, 50 µg/mL, Takeda) 

Disagregin
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Figure S1. HPLC chromatogram of disagregin (left) and RGD-disagregin (right).

Table S2. Binding Free Energy (BFE) between different disagregin variants with αIIbβ3.

Disagregin -15.04 ± 7.48
RGD-disagregin -20.84 ± 7.27
RAD-disagregin -7.87 ± 10.22
AAA-disagregin 7.99 ± 5.36

Variants Binding Free Energy (kcal/mol)
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and incubated for 1 hour in a humid atmosphere at room temperature. After the 

incubation, coverslips were washed with saline. Before the start of the flow assay, 

the coverslips were blocked with HEPES buffer pH 7.45 (136 mM NaCl, 10 mM 

HEPES, 2.7 mM KCl, 2 mM MgCl2) supplemented with 1% BSA.

Following earlier described procedures, coated coverslips were mounted onto 

a transparent parallel-plate flow chamber (height 50 µm, width 3.0 mm, length 

30 mm; Maastricht flow chamber).26 Blood samples were pre-incubated with 

disagregin (1 µM or 100 nM), RGD-disagregin (1 µM or 100 nM) or eptifibatide (1 

µM) for 5 minutes prior to the experiment. The samples were then recalcified in 

the presence of D-phenylalanyl-prolyl-arginyl chloromethyl ketone (PPACK; 40 

Table S3. Overview of analysis parameters of thrombus formation.

* Time to first fibrin formation is negative in subtractions

Parameters Image type Thrombus process Unit Range Scaling

P1 DiOC6 Platelet deposition %SAC 0.00-32.09 0-10

P2 AF568-annexin A5
Phosphatidylserine-
exposing platelets %SAC 0.00-4.24 0-10

P3 brightfield
Thrombus surface 
area coverage %SAC 0.00-34.11 0-10

P4 brightfield
Thrombus 
morphology score 0-5 0.00-4.45 0-10

P5 brightfield
Thrombus multilayer 
score 0-3 0.00-2.70 0-10

P6 brightfield
Thrombus 
contraction score 0-3 0.00-2.73 0-10

P7 AF647-fibrinogen Fibrin deposition %SAC 0.00-36.43 0-10
P8 brightfield Fibrin score 0-3 0.00-1.62 0-10

P9 AF647-fibrinogen
Time to first fibrin 
formation minutes* 0.00-15.00 0-10
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Figure S2. ESI-MS spectrum of folded disagregin (A) and folded RGD-disagregin (B) with their 
deconvoluted masses (C-D), respectively.

µM, Calbiochem, San Diego, CA, USA) with 7.5 mM CaCl2 and 3.75 mM MgCl2. 

Blood was perfused through the microfluidic chambers at a wall-shear rate of 

1000 s-1. After 3.5 minutes, the thrombi were stained for platelet activation with 

a mixture of FITC-labeled fibrinogen mAb (1:100, Dako, F0111, Santa Clara, CA, 

USA), AF647-labeled anti-P-selectin mAb (1.25 µg/mL, Biolegend, San Diego, 

CA, USA) and AF568-annexin A5 (0.25 µg/mL, Invitrogen, Carlsbad, CA, USA) 

during a 2-minute perfusion (all in rinse buffer, containing HEPES buffer pH 7.45 

supplemented with 0.1% glucose, 0.1% BSA, 2 mM CaCl2 and 1 U/mL heparin). 

After 2 minutes of stasis, a perfusion with rinse buffer was started to remove 

unbound label. Subsequently, representative brightfield and tri-color fluorescence 

images were taken with an EVOS-FL microscope (Thermo Fisher, Waltham, MA, 

USA) equipped with GFP (470 nm), RFP (531 nm) and Cy5 (626 nm) dichroic 
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cubes and an Olympus UPLSAPO 60x oil-immersion objective (Olympus Life 

Science, Tokyo, Japan). After the experiment, the brightfield and fluorescence 

images were blindly analyzed for parameters using FIJI software. To compare the 

various parameters, average values were scaled over a range from 0-10.28

Collagen/TF-induced formation of platelet-fibrin thrombi in flowed whole blood

Clean and degreased coverslips were coated with 2 microspots (5 mm center-

to-center distance; 1 µL of 50 µg/mL collagen-I). After 1 hour incubation and 

a washing step with saline, the downstream microspot was co-coated with 

tissue factor (TF, 1 µL of 500 pM), similarly as described elsewhere.27 Prior to 

the experiment, citrated-anticoagulated blood samples were pre-incubated with 

disagregin (100 nM, 1 µM), RGD-disagregin (100 nM, 1 µM) or eptifibatide (1 

µM) for 5 minutes. Subsequently, the samples were supplemented with DiOC6 

(platelet membrane label, 0.5 µg/mL, AnaSpec, CA, USA), AF568-annexin A5 

(staining phosphatidylserine-exposing platelets, 1:200, Invitrogen) and AF647 

human fibrinogen (1:200, Molecular Probes, Bleiswijk, The Netherlands).

During the flow, the blood was continuously recalcified with a coagulation mix 

consisting of 63 mM CaCl2, 32 mM MgCl2 in modified Hepes buffer pH 7.45 via 

Table S4. Overview of different additions on platelet adhesion, thrombus formation and platelet 
activation in non-coagulant conditions under flow (n=3)

Values were scaled from 0-10, control was set at 0. Color scale from green to white: dark green 
represents lower than control, white represents same as control. %SAC = surface area covered with 
platelets. * p<0.05. 

%SAC Morphological 
score

Multilayer 
score

Contraction 
score

PS 
exposure P-selectin % Integrin 

activation
Control 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Disagregin 100 nM -4.90 -3.38 -6.37 -6.00 -2.95 -2.42 -9.19
Disagregin 1 µM -7.90 -7.97* -10.00* -10.00* -8.04 -4.88 -9.85*
RGD-disagregin 100 nM -4.84 -4.19 -7.75 -8.07 -2.35 -2.16 -9.30
RGD-disagregin 1 µM -8.21 -7.98* -10.00* -10.00* -7.52 -5.15 -9.67
Eptifibatide 1 µM -7.85 -6.25 -9.26 -9.23 -3.58 -4.50 -8.21
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a y-shaped dual inlet tube at a volume ratio of 10:1, as described.27 Blood was 

perfused at a wall-shear rate of 1000 s-1 for 14 minutes. To evaluate the kinetics 

of thrombus and fibrin formation, brightfield and fluorescent microscopic 

images were taken and brightfield from each microspot at 2-minute intervals. 

One representative image per timepoint was taken from both collagen-I and 

collagen-I/TF microspot to analyze parameters. Images were blindly analyzed 

for the parameters in Table S3. To compare the parameters between conditions, 

average values were scaled over a range from 0-10.

Quantitative image analysis

Endpoint and time series of brightfield and fluorescence microscopic images 

were analyzed using scripts written in the open-access program FIJI, as described 

before.28 The following output parameters were used (Table S3): percentages of 

surface area coverage of platelet deposition (P1), PS exposure (P2) and thrombus 

surface area coverage (P3). Brightfield images were furthermore scored for 

thrombus morphology (P4) as follows: 0; no or few adhered platelets, 1; multiple 

single adhered platelets, 2; platelet monolayer, 3; small aggregates, 4; medium-size 

aggregates and 5; large aggregates.26-29 Thrombus multilayer (P5) and thrombus 

contraction (P6) were scored from 0-3 28. The following fibrin parameters were 

used: fibrinogen or fibrin deposition (P7), fibrin formation (P8) scored from 0-3. 

Times to fibrin formation were measured in minutes and subtracted (P9).

To compare all parameters between conditions, average values were uniformly 

scaled over a range from 0-10 and heatmaps were generated, as appropriate. 

Using the scaled values, subtraction was conducted to visualize the difference 

between control and treatment. In heatmaps with fibrin formation, times to first 

fibrin formation were subtracted from 14 minutes.27
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Cell toxicity

Cell proliferation was measured real-time using the xCELLigence System (ACEA 

Biosciences, San Diego, CA, USA). EA.hy926 cells (15,000 cells per well) were 

seeded in a 96-xCELLigence-well plate. After 24 hours, different compounds 

were added in the well and proliferation was followed for 6 days (144 hours).

Statistical analysis

Data are presented as medians ± interquartile ranges. Statistical significance 

between groups was determined using a Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons. GraphPad Prism 8.0 software (La Jolla, 

CA, USA) was used for statistical analyses. A p-value < 0.05 was considered as 

statistically significant.
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Figure S3. EA.hy926 proliferation continues as normal after the addition of disagregin (1 µM, 100 
nM), RGD-disagregin (1 µM, 100 nM) or eptifibatide (1 µM). EA.hy926 cells (15,000 cells per well) 
were seeded in a 96-xCELLigence-well plate. After 24 hours, different compounds were added in 
the well and proliferation was followed for 6 days (144 hours).
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Abstract
Eptifibatide is an αIIbβ3 inhibitor that is currently used in the clinic. More than 

10 scientific communications indicate that eptifibatide has a Lys-Gly-Asp or Arg-

Gly-Asp sequence, while it actually has a hArg-Gly-Asp sequence. We aimed to 

unravel the importance of the homoarginine residue in eptifibatide in platelet 

activation and aggregation.

Arg- and Lys-eptifibatide were synthesized by solid-phase peptide synthesis and 

measured in light transmission aggregometry, flow cytometry and whole blood 

thrombus formation under flow. Interactions of eptifibatide and its variants with 

αIIbβ3 integrin was studied using molecular dynamics simulations.

Eptifibatide showed inhibition of collagen- and ADP-induced platelet aggregation, 

while Arg- and Lys-eptifibatide did not. Multiparameter assessment of thrombus 

formation showed suppressed platelet aggregate and fibrin formation upon 

eptifibatide treatment, in contrast to the other variants. Molecular dynamics 

simulations revealed that the hArg residue in eptifibatide is crucial to its activity, 

since the substitution of the hArg to Arg or Lys resulted in the inability to form 

double H-bonds with Asp224 in the αIIb chain of the αIIbβ3 receptor. The hArg 

is pivotal for the interaction of eptifibatide for the αIIbβ3 receptor and efficient 

inhibition of platelet aggregation.
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Introduction
Upon vascular injury, vessel wall components (e.g. subendothelial collagen) are 

exposed to flowing blood, leading to platelet adhesion, activation, aggregation 

and subsequently hemostatic plug formation to stop blood loss and to repair the 

vessel.1 The integrin receptor αIIbβ3 (GPIIb/IIIa) plays an important role in this 

process by mediating fibrinogen binding and consequently governing formation 

of platelet thrombi.

The αIIbβ3 receptor on platelets is a transmembrane receptor, that changes 

its conformation upon platelet activation by adenosine diphosphate (ADP) 

or collagen. Blocking αIIbβ3 prevents the final step of platelet aggregation by 

inhibiting the binding of fibrinogen and von Willebrand factor (VWF) to the 

activated integrin.2 αIIbβ3 integrin inhibitors were primarily used in patients 

undergoing percutaneous coronary interventions (PCI), while later on they were 

also used in patients with acute coronary syndrome.3 Eptifibatide was introduced 

as an alternative for abciximab (Reopro; FDA approved in 1994), a human-murine 

chimeric Fab fragment of a monoclonal antibody against the αIIbβ3 integrin, 

to reduce the costs and risk of thrombocytopenia.4 Eptifibatide (Integrilin) was 

approved by the FDA in 1998 for intravenous administration. Nowadays, the 

indication for eptifibatide is the treatment of acute coronary syndrome and the 

reduction of ischemic events after PCI.5 Currently, three αIIbβ3 inhibitors are 

used in the clinic; abciximab, tirofiban and eptifibatide,6 the latter of which is 

further explored in this study.

Eptifibatide is a cyclic heptapeptide (molecular weight: 831.96 Da), including a 

mercaptopropionic acid (MPA) that allows cyclization via intramolecular 

disulfide bond formation.7 Eptifibatide is derived from the disintegrin protein
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barbourin, found in the venom of the United States southeastern pygmy 

rattlesnake Sistrurus miliarius barbouri.8 In a screening study of more than 60 snake 

venoms, barbourin was the sole protein that showed specificity towards the αIIbβ3 

integrin.9 In contrast to closely related disintegrin homologs, barbourin did not 

contain an Arg-Gly-Asp (RGD), but a Lys-Gly-Asp (KGD) sequence. Subsequent 

guanidination of the lysine side chain, yielding a homoarginine (hArg) residue, 

resulted in a significantly higher affinity of eptifibatide for αIIbβ3, while not 

affecting cross-interactions with other integrins.10

Eptifibatide competes with fibrinogen and VWF for the binding site on αIIbβ3 

integrin, but at higher concentrations (30 µM) can also interfere with vitronectin, 

the ligand for the αvβ3 integrin, on human smooth muscle cells and human 

umbilical vein endothelial cells (HUVECs).11

Although the importance of hArg residue in eptifibatide has been demonstrated,10 

mechanistic explanations for increased activity have remained speculative and 

more than 10 scientific publications have insisted on eptifibatide containing an 

Arg-Gly-Asp or Lys-Gly-Asp sequence instead of the actual hArg-Gly-Asp.

In this paper, we investigated the role of the hArg residue in the antiplatelet drug 

eptifibatide. Therefore, we synthesized eptifibatide analogs containing an Arg or 

a Lys residue at the position of hArg. The resulting Arg- and Lys-eptifibatide were 

compared with eptifibatide in both platelet functional assays (platelet aggregation 

and flow cytometry) and whole blood thrombus formation assays under flow. 

To unravel the molecular interactions between the αIIbβ3 receptor and each of 

the three ligands, in silico molecular dynamics (MD) simulation studies were 

performed.
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Materials and methods
Peptide synthesis

Arg-eptifibatide (MPA-Arg-Gly-Asp-Trp-Pro-Cys-NH2) was synthesized 

using tert-butyloxycarbonyl (Boc)-based solid-phase peptide synthesis 

(SPPS) on a 0.25 mmol scale on 4-methylbenzhydrylamine (MBHA) resin. 

Boc-Mercaptopropionic acid (MPA) was deprotected with trifluoracetic acid 

(TFA)/triisopropylsilane (TIS)/H2O (95/2.5/2.5, v/v). Cyclization of Arg-

eptifibatide was performed in 0.1 M Tris pH 8, 1 M Gnd-HCl (0.25 mg/mL). 

After completion of cyclization, the peptide was purified by semi preparative 

HPLC, analyzed by UPLC-MS (XEVO-G2QToF) and lyophilized. Lys-eptifibatide 

(MPA-Lys-Gly-Asp-Trp-Pro-Cys-NH2) was synthesized analogously. Eptifibatide 

(Integrilin; GSK, CAS 18627-80-7) was used without further purification. 

Blood collection

Blood was collected from healthy donors after completion of informed consent 

according to the Declaration of Helsinki. Approval of this study was given by 

the local Medical Ethics Committee of Maastricht University Medical Center 

(Maastricht, The Netherlands). Healthy donors were excluded when they had a 

history of bleeding and when they used antiplatelet medication or anticoagulants 

two weeks before blood collection. Blood was collected into 9 mL tubes containing 

3.2% trisodium citrate and the first 3 mL of blood were discarded.

Light Transmission Aggregometry

Whole blood was centrifuged for 15 minutes at 240 g to collect platelet-rich plasma 

(PRP). To collect platelet-poor plasma (PPP), whole blood was centrifuged for 10 

minutes at 2200 g. Plasma was transferred to a new tube and centrifuged for a
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second time for 10 minutes at 2200 g. To prevent platelet count changes between 

donors and hence its possible effect on the outcome, platelet count in PRP was 

adjusted to 250 x 109/L with autologous PPP. PRP was pre-incubated with 

indicated concentrations of eptifibatide, Arg-eptifibatide or Lys-eptifibatide for 2 

minutes at 37°C. Platelets were activated with P2Y1 and P2Y12 receptor-targeting 

Me-S-ADP (SantaCruz Biotechnology, CA, USA, 5 µM) or GPVI-targeting 

collagen (Nycomed Pharma, Munich, Germany, 1 µg/mL). Changes in optical 

density from citrated PRP were measured under constant stirring by a Chronolog 

aggregometer (Havertown PA, USA) for 10 minutes at 37°C. 

Collagen/TF-induced whole blood thrombus formation

Coverslips were coated with 2 microspots collagen-I (1 µL of 50 µg/mL) and 

incubated for one hour. After the incubation, coverslips were washed with saline, 

and the downstream microspot was co-coated with tissue factor (TF, 1 µl of 500 

pM), as described previously.12 Citrated-anticoagulated blood samples were 

pre-incubated with 1 µM eptifibatide, Arg-eptifibatide or Lys-eptifibatide for 5 

minutes at room temperature. Blood samples were supplemented with DiOC6 

(platelet membrane label, 0.5 µg/mL, AnaSpec, CA, USA), AF568-annexin A5 

Figure 1. Chemical structures of eptifibatide, Lys-eptifibatide and Arg-eptifibatide. Essential 
amino acid side chains are shown in red, blue and green for eptifibatide, Lys-eptifibatide and Arg-
eptifibatide, respectively.
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(staining phosphatidylserine-exposing platelets, 1:200, Invitrogen, Carlsbad, 

CA, USA) and AF647 human fibrinogen (1:200, Molecular Probes, Bleiswijk, The 

Netherlands).

Blood was continuously recalcified with a coagulation mix consisting of 63 mM 

CaCl2, 32 mM MgCl2 in modified Hepes buffer, pH 7.45 via a y-shaped dual inlet 

tube at a volume ratio of 10:1 during the experiment.12 Blood was perfused at a 

wall-shear rate of 1000 s-1 for 14 minutes. To evaluate the kinetics of thrombus 

and fibrin formation, brightfield and fluorescent microscopic images were taken 

in three colors from each microspot at 2-minute intervals. Images were blindly 

analyzed for the parameters in Table 1.

Platelet isolation

PRP was prepared by centrifugation at 240 g for 15 minutes. PRP was supplemented 

with 1:10 v/v acidic citrate dextrose (ACD; 80 mM trisodium citrate, 52 mM 

citric acid, 180 mM glucose) and centrifuged at 2230 g for 2 minutes at room 

temperature. Platelet pellets were resuspended in 10 mM Hepes buffer pH 6.6 

containing 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.1% glucose, 0.1% BSA and 

supplemented with 1:15 v/v ACD and 1 U/mL apyrase and centrifuged again at 

2230 g for 2 minutes. Subsequently, pelleted platelets were resuspended in Hepes 

buffer pH 7.45. Platelet count was determined with a Sysmex XP300 hematology 

analyzer (Chuo-ku Kobe, Japan).

Platelet activation measured by flow cytometry

Washed platelets (50 x 106/mL) were incubated with 1 µM of eptifibatide, Arg-

eptifibatide, Lys-eptifibatide or water (control) for 2 minutes and subsequently 

activated with 5 µg/mL CRP-XL (University of Cambridge, Cambridge, UK), 
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10 µM 2-methylthioadenosine diphosphate trisodium salt (Me-S-ADP; 

BioConnect, Huissen, The Netherlands) or 10 µM PAR-1 agonist peptide (TRAP-

6; BioConnect, Huissen, the Netherlands) for 15 minutes. Platelet activation 

was determined by measuring AF647-labeled CD62P (BioLegend, San Diego, 

CA, USA) and FITC anti-human CD41/CD61 (PAC-1; Becton Dickinson) on an 

Accuri C6 flow cytometer with CFlow Plus software (Becton Dickinson). Platelet 

activation was expressed as positive platelet percentage.

Quantitative image analysis

Brightfield and fluorescence microscopic images were analyzed using scripts 

written in the open-access program Fiji, as described before.13 Output parameters 

were (Table 1): percentages of surface area coverage of platelet deposition (P1), 

PS-exposure (P2), thrombus surface area coverage (P3). Scoring of brightfield 

images was performed for thrombus morphology (P4) as follows: 0; no or few 

Table 1. Overview of analysis parameters of thrombus formation.

Parameters Image 
type

Thrombus 
process Unit Range

P1 DiOC6 Platelet deposition %SAC 0.40-50.10

P3 brightfield
Thrombus surface 
area coverage %SAC 0.82-43.92

P4 brightfield
Thrombus 
morphology score 0-5 0.5-5

P5 brightfield
Thrombus 
multilayer score 0-3 0-3

P6 brightfield
Thrombus 
contraction score 0-3 0-3

P7
AF647-
fibrinogen Fibrin deposition %SAC 0.00-68.81

P8 brightfield Fibrin score 0-3 0-2.5

P9
AF647-
fibrinogen

Time to first fibrin 
formation minutes 3.57-15.00

%SAC 0.00-13.70P2
AF568-
annexin 
A5

Phosphatidylserine-
exposing platelets
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adhered platelets, 1; multiple single adhered platelets, 2; platelet monolayer, 3; 

small aggregates, 4; medium-size aggregates and 5; large aggregates.14 Other 

parameters, such as thrombus multilayer (P5), thrombus contraction (P6) were 

scored from 0-3.13 Fibrin output parameters were: percentages of surface area 

coverage of fibrin deposition (P7) and fibrin formation (P8) scored from 0-3. 

Times to fibrin formation were measured in minutes (P9).

Molecular Dynamics (MD) simulations

The X-ray structure of integrin αIIbβ3 in complex with eptifibatide (MPA-hArg-

Gly-Asp-Trp-Pro-Cys-NH2) was obtained from the Protein Data Bank (PDB code 

2VDN). To build the cyclic peptides Arg- and Lys-eptifibatide, the homoarginine 

residue (hArg) of eptifibatide was mutated in silico to Arg or Lys, respectively. 

The αIIbβ3-eptifibatide/Arg-eptifibatide/Lys-eptifibatide complexes were 

subjected to MD simulations by using similar protocols and parameters as in 

recent work,15, 16 AMBER14SB force field was assigned for the protein (αIIbβ3) 

and the cyclic peptides (eptifibatide/Arg-eptifibatide/Lys-eptifibatide), and 

explicit TIP3P water model was used. Prior to running MD simulations, energy 

minimization was first employed to relax the systems by applying 5,000 steps 

of steepest descent followed by 5,000 steps of conjugate gradient algorithm. 

Consequently, a position-phase of MD simulation was conducted for 500 ps to 

slowly adjust the systems by applying weak force constraint (10 kcal/mol•Å2) 

to restrain the complex and gradually increasing temperature of the system from 

0 to 300K. Then, in the final step a free MD simulation phase was performed 

for 100 ns by keeping the temperature at 300 K, pressure at 1 bar, and applying 

time step at 2 fs with SHAKE constraint. MD snapshots extracted from 80-100 

ns were utilized for binding free energy (BFE) calculations by using molecular 
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mechanics/generalized Born surface area (MM/GBSA) approach (generalized 

Born model 5 with default parameters). MD simulations and binding free energy 

(BFE) calculations were performed by using the AMBER16 program.

Statistical analysis

Data are presented as medians ± interquartile ranges. Statistical significance 

between groups was determined using a Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons. GraphPad Prism 8.0 software (La Jolla, 

CA, USA) was used for statistical analyses. A p-value < 0.05 was considered as 

statistically significant.

Results
Synthesis

Arg-eptifibatide and Lys-eptifibatide were synthesized with Boc-based solid-

phase peptide synthesis and cyclized via disulfide bond formation. Chemical 

structures are shown in Figure 1. Purities and identities were confirmed by 

liquid chromatography mass spectrometry (UPLC-MS). The measured mass of 

Arg-eptifibatide (817.31) and Lys-eptifibatide (789.40) corresponded well to their 

calculated monoisotopic masses, 817.30 Da and 789.29, respectively. 

Light Transmission Aggregometry

To investigate the platelet aggregation inhibitory potential of Arg- and Lys-

eptifibatide, light transmission aggregometry was performed in platelet-rich 

plasma. After pre-incubation with different concentrations of eptifibatide, Arg-

eptifibatide or Lys-eptifibatide, platelets were stimulated with ADP (5 µM) or 

collagen (1 µg/mL). In response to ADP and collagen, eptifibatide showed a 
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half-maximal inhibitory concentration (IC50) of 0.38 µM and 0.27 µM, respectively 

(Figure 2A,B). In response to both ADP and collagen, 1 µM eptifibatide significantly 

inhibited platelet aggregation (p<0.01 and p<0.001), whereas platelet aggregation 

remained unaffected in the presence of 100 nM eptifibatide (Figure 2C,D).

Arg-eptifibatide and Lys-eptifibatide showed higher IC50 values (2.77 µM and 

3.62 µM for ADP-induced aggregation and 1.80 µM and 2.19 µM for collagen-
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Figure 2. No effect on agonist-induced platelet aggregation by the addition of Arg- or Lys-
eptifibatide. Human platelet-rich plasma was incubated with indicated concentrations of eptifibatide, 
Arg-eptifibatide or Lys-eptifibatide for 2 minutes. Platelets were activated with 5 µM ADP or 1 µg/
mL collagen. (A) Effect of eptifibatide, Arg-eptifibatide and Lys-eptifibatide on ADP-induced platelet 
aggregation. Calculated half maximal inhibitory concentration (IC50) for eptifibatide; 0.38 µM, Arg-
eptifibatide; 2.77 µM and Lys-eptifibatide; 3.62 µM. (B) Effect of eptifibatide, Arg-eptifibatide and 
Lys-eptifibatide on collagen-induced platelet aggregation. Calculated IC50 for eptifibatide; 0.27 µM, 
Arg-eptifibatide; 1.80 µM and Lys-eptifibatide 2.19 µM. (C,D) Maximal platelet aggregation (% light 
transmission change) with eptifibatide, Arg-eptifibatide and Lys-eptifibatide (100 nM or 1 µM) in 
response to activation with ADP (C) or collagen (D). Data are presented as medians ± interquartile 
ranges (n=4-9). **p<0.01, ***p<0.001.
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induced aggregation, respectively) (Figure 2A,B). Pre-incubation of PRP with 

Arg-eptifibatide or Lys-eptifibatide did not affect platelet aggregation in response 

to both agonists (Figure 2C,D). This confirms that hArg in eptifibatide is required 

for inhibition of platelet aggregation.

Flow assays

A multiparameter test was used to assess the effects of eptifibatide, Arg-eptifibatide 

and Lys-eptifibatide on TF-initiated thrombus formation under flow. Blood was 

perfused over collagen-I and collagen-I/TF microspots, at 1000 s-1. 

Microscopic images were collected to assess platelet deposition (DiOC6), PS 

exposure (AF568-annexin A5) and fibrin formation (AF647-fibrinogen) (Figure 

3A). After 6 minutes of flow, platelet deposition was decreased by the addition 

of 1 µM eptifibatide (p<0.05, Figure 3A-i) compared to addition of 1 µM Arg-

eptifibatide or Lys-eptifibatide, which did not affect platelet deposition. Fibrin 

formation was decreased in the presence of eptifibatide (p<0.05), while addition 

of Arg-eptifibatide or Lys-eptifibatide resulted in fibrin formation similar to 

control (Figure 3A-ii).

Medium platelet aggregates were observed under control conditions, while 

eptifibatide treatment resulted in a monolayer of platelets (morphological score 

of 4 vs. 2, p<0.01). In contrast, Arg- and Lys-eptifibatide revealed no effects on 

thrombus morphology, as compared to control conditions (Figure 3A-iii). 

Surface area coverage by platelet-thrombi was decreased by the addition of both 

eptifibatide and Arg-eptifibatide after 12 minutes of flow (both 25%; p<0.05, 

Figure 3B-i). The addition of Lys-eptifibatide revealed platelet deposition 

comparable to the control. Addition of eptifibatide demonstrated a trend towards 

a significant decrease in fibrin formation (p=0.06), while the addition of the other 
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variants had no effect. Control samples formed large aggregates at this time point 

(morphological score of 5), also seen upon the addition of Arg- or Lys-eptifibatide, 

while eptifibatide resulted in only small aggregate formation (morphological score 

of 3; p<0.01, Figure 3B-iii). In contrast to the control sample, in which fibrin was 

formed after 4.45 minutes, eptifibatide delayed the time to first fibrin formation to 

Figure 3. Thrombus formation and multiparameter assessment by eptifibatide, Arg-eptifibatide 
and Lys-eptifibatide. Citrated whole blood was pre-incubated with 1 µM eptifibatide, Arg-
eptifibatide or Lys-eptifibatide and under continuous recalcification (CaCl2 and MgCl2) perfused 
over collagen-I microspots with TF. Samples were labeled with DiOC6, AF568-annexin A5 and 
AF647-fibrinogen. Samples were flowed through a microfluidic chamber at wall-shear rate of 
1000 s-1. (A) Representative brightfield and fluorescence microscopic images from collagen-I/
TF microspots after 6 minutes of flow. Thrombus surface area coverage (A-i), fibrin surface area 
coverage (A-ii) and morphological score (A-iii) of control, 1 µM eptifibatide, Arg-eptifibatide and 
Lys-eptifibatide pre-treated blood samples after 6 minutes of flow (n=3-8). (B) Representative 
brightfield and fluorescence microscopic images from collagen-I/TF microspots after 12 minutes of 
flow. Thrombus surface area coverage (B-i), fibrin surface area coverage (B-ii) and morphological 
score (B-iii) of control, 1 µM eptifibatide, Arg-eptifibatide and Lys-eptifibatide pre-treated blood 
samples after 12 minutes of flow (n=3-8). Data are presented as medians ± interquartile ranges, 
*p<0.05, **p<0.01. Bars = 20 µm.
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8.55 minutes (p<0.001; data not shown). The addition of Arg- or Lys-eptifibatide 

resulted in time to first fibrin formation comparable to the control (5.10 minutes 

and 6.35 minutes, respectively).

Platelet activation by flow cytometry

After the incubation with 1 µM of eptifibatide variants, washed platelets were 

activated with ADP, CRP-XL or TRAP-6 to investigate their effect on platelet 

activation. The addition of eptifibatide significantly decreased PAC1 binding 

stimulated by CRP-XL (p<0.01), and ADP (p=0.05; Figure 4). No significant effect 

was visible in TRAP-6 activation, partly because of the large variation in platelet 

responsiveness to eptifibatide (Figure 4). The addition of Arg- or Lys-eptifibatide 

showed no significant effects in PAC1 binding when activated with ADP, CRP-XL 

or TRAP-6 (Figure 4).

Molecular dynamics simulations

MD simulations revealed that the hArg/Arg/Lys residue of eptifibatide variants 

showed different interactions with surrounding residues from the αIIb domain, 

whereas interaction between other residues of the cyclic peptides with β3 domain 

were quite conserved. As demonstrated in Figure 5A, the hArg residue of the 

starting structure in eptifibatide formed double H-bonds with Asp224 of the αIIb 

subunit of the receptor. These double H-bonds were quite stable during simulations 

as they were still observed at the end of the simulation (100 ns; Figure 5B). On the 

other hand, H-bonds between the Arg residue of Arg-eptifibatide with Tyr189, 

Tyr190, and Asp224 of αIIb were detected in the starting structure of αIIbβ3 – Arg-

eptifibatide complex (Figure 5C). However, the Arg residue of Arg-eptifibatide is 

too short to form stable interactions with Asp224, consequently this Arg residue 
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lost interactions with Asp224 and with Tyr189 and Tyr190 as demonstrated in 

Figure 5D. In the starting structure of Lys-eptifibatide (Figure 5E), the Lys residue 

interacted with the backbone atom of Tyr189 of the αIIb domain. Since Lys has a 

similar length of the side chain as hArg, this residue can also introduce additional 

H-bond interactions with Asp224 of the αIIb domain (Figure 5F). However, an 

amine at the side chain of Lys can only form one H-bond with Asp224, while the 

guanidinium group of hArg of eptifibatide can form double H-bonds. The BFE 

value of the αIIbβ3-eptifibatide complex (-61.55 ± 5.13 kcal/mol) is significantly 

lower (more negative) than the αIIbβ3-Arg-eptifibatide complex (-49.14 ± 5.41 

kcal/mol) indicating that eptifibatide can bind to αIIbβ3 stronger than Arg-

eptifibatide. The binding of Lys-eptifibatide with αIIbβ3 showed a BFE of -53.09 

± 7.53 kcal/mol. Taken all these results (interactions and BFE) together, it implies 

that among these three cyclic peptides, eptifibatide is the strongest inhibitor for 

binding with αIIbβ3, whereas Lys- and Arg-eptifibatide can also bind and interact 

with αIIbβ3 but less strong than eptifibatide. These in silico results confirm the 

importance of the hArg residue for binding with αIIbβ3. 

Figure 4. Effect of eptifibatide, Arg-eptifibatide and Lys-eptifibatide on platelet activation 
measured by flow cytometry. Washed platelets were incubated with 1 µM of eptifibatide, Arg-
eptifibatide or Lys-eptifibatide and activated with the following agonists. (A) ADP, (B) CRP-XL, (C) 
TRAP-6. Data are presented as medians ± interquartile ranges (n=2-4). ** p<0.01
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(A) (B)

(C) (D)

(E) (F)

Eptifibatide starting structure Eptifibatide at 100 ns

Arg-eptifibatide starting structure Arg-eptifibatide at 100 ns

Lys-eptifibatide starting structure Lys-eptifibatide at 100 ns

αIIb β3 αIIb β3

Figure 5. Comparison of structures of the αIIbβ3-eptifibatide/Arg-eptifibatide/Lys-eptifibatide 
complex. (A) The complex between αIIbβ3 and eptifibatide before running simulations (starting 
structure) and (B) the αIIbβ3-eptifibatide complex derived from the last snapshot of MD simulations 
(100 ns). (C) The starting structure of αIIbβ3-Arg-eptifibatide complex and (D) the last MD snapshot 
of αIIbβ3-Arg-eptifibatide complex. (E) The structure of αIIbβ3-Lys-eptifibatide complex extracted 
from the starting point before running simulation and (F) at the end of the simulation. The αIIb 
domain is shown in green, whereas β3 domain is displayed in cyan. Eptifibatide, Arg-eptifibatide 
and Lys-eptifibatide are shown in magenta, orange, and red stick, respectively. Asp224 of αIIb 
domain, which is the key residue for interacting with hArg residues in eptifibatide, is shown in 
white stick. H-bond interactions are displayed as black dashed lines. 
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Discussion
In this study, the effects of eptifibatide, Arg-eptifibatide and Lys-eptifibatide 

were investigated by light transmission aggregometry, whole blood thrombus 

formation, flow cytometry, molecular docking and MD simulations.

Compared to Arg- and Lys-eptifibatide, eptifibatide showed superior inhibition 

of platelet aggregation in light transmission aggregometry. We confirmed the 

IC50 values of eptifibatide on platelet aggregation through activation by ADP 

or collagen, as previously shown by Harder et al..17 The IC50 values in our 

experiments of both Arg- and Lys-eptifibatide were 7-9 times higher by ADP-

stimulated platelet aggregation and 6-8 times higher by collagen-stimulated 

platelet aggregation, indicating that the (hArg)-containing analog is the strongest 

platelet aggregation inhibitor. Scarbourough et al. showed an IC50 value of 

eptifibatide of 1.0 µM in their platelet aggregation assays (activated with 20 µM 

ADP), which is three times lower than our IC50 value. This difference in results 

can be explained by the higher ADP concentration used for activation (20 µM vs. 

5 µM), since there is a weak level of agreement in LTA activation between those 

concentrations.18

Multiparameter assessment of thrombus formation on collagen-I/TF surfaces 

showed less platelet adhesion upon the addition of eptifibatide, while platelet 

adhesion upon the addition of Arg- and Lys-eptifibatide was comparable to 

control. Eptifibatide treatment resulted in a small aggregate formation after 12 

minutes of perfusion, while control and eptifibatide variant treatments showed 

large aggregates. Fibrin formation was significantly decreased upon the addition 

of eptifibatide (after 6 minutes of flow), however, after 12 minutes of flow, only a 

trend towards a decrease remains.
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Our in silico studies revealed that eptifibatide, Arg-eptifibatide and Lys-eptifibatide 

showed different interactions with neighboring residues from the αIIb domain 

of the αIIbβ3 integrin. Interactions with the β3 domain of the integrin were 

quite similar. Mutation of hArg to Arg or Lys resulted in a loss of αIIb domain 

interactions, confirming the crucial role of hArg in eptifibatide, and explaining 

why Arg-eptifibatide and Lys-eptifibatide bind less strong to αIIbβ3.

It has been demonstrated by Scarborough et al. that methylene-extended side 

chains such as Lys and hArg, provide better specificity for αIIbβ3 over αvβ3 

receptors.10 It was also suggested that inhibitors with lower pKa values than 

Arg are more readily accommodated by the αIIbβ3 receptor (pKa hArg 12.3; 

pKa Lys 10.3),19 however replacement of hArg by Lys resulted in a significant 

lower affinity for αIIbβ3 due to one H-bond compared to two H-bonds with 

eptifibatide as demonstrated by our in silico studies. Lys-eptifibatide does not 

show any effects in our platelet aggregation assay and whole blood thrombus 

formation, demonstrating that the number of ligand-receptor interaction sites 

through H-bonds instead of a lower pKa value is important for effective receptor 

binding and thus platelet aggregation inhibition. Although the pKa value of hArg 

(predicted value 12.3, ChemAxon, Budapest, Hungary) can be lower than the pKa 

value of Arg (13.8),19 it is mainly the side chain length of hArg that ensures good 

receptor affinity by formation of double H-bonds. In contrast to the side chain 

of the hArg residue, the side chain of the Arg residue is too short for efficient 

H-bond formation with the αIIbβ3 receptor.19

Although it has been demonstrated that a lysine residue provides receptor 

specificity,10 the affinity of Lys-eptifibatide for αIIbβ3 is significantly lower than 

that of the hArg containing analog in our experiments.

The in silico results were in agreement with the experimental data, however, the 
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in silico data showed that Lys-eptifibatide can bind stronger to the αIIbβ3 integrin 

than Arg-eptifibatide. This is in agreement with previous experiments where it 

was shown that the side chains of Lys and hArg provide better specificity, while 

light transmission aggregometry and flow data showed that Lys-eptifibatide 

binds less strongly compared to Arg-eptifibatide.

In conclusion, the present study showed that the hArg residue in eptifibatide is 

crucial for its platelet aggregation inhibitory potential, most likely due to efficient 

H-bond formation with the αIIbβ3 receptor.
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Abstract
Background: Ticks are hematophagous parasites that penetrate the skin of their 

hosts to feed themselves with blood. They inject saliva into the host’s bloodstream, 

which contains anticoagulant and antiplatelet proteins, to continue their feeding 

process. In this study, we investigated disagregin, a protein derived from the salivary 

glands of Ornithodoros moubata. Objectives: We aim to unravel the structure of 

disagregin and to investigate whether disagregin can bind to both inactive and active 

platelets. We also pursue to study the integrin subtype-specificity of disagregin. 

Methods: Disagregin was expressed in E.coli. Solution NMR spectroscopy was 

used to reveal the structure of disagregin. Anisotropy experiments were used 

to investigate the binding potential of disagregin to αIIbβ3. Flow cytometry 

experiments were performed to measure platelet activation by the addition of 

disagregin.

Results: The structure of disagregin was unraveled and disagregin binding to the 

αIIbβ3 integrin showed a dose-dependent increase in fluorescence anisotropy. 

This indicated binding of disagregin to this integrin subtype. Flow cytometry  

experiments resulted in fully prevention of PAC1 binding and partly prevention of 

AF647-fibrinogen binding by pre-incubation with disagregin, while post-incubation 

with disagregin did not result in replacing the binding of PAC1 or AF647-fibrinogen. 

Upon activation with CRP-XL or ADP, the MFI ratio of OG488-disagregin was not 

increased, indicating that disagregin does not bind to activated αIIbβ3 integrins. 

Conclusions: We elucidated the structure of disagregin by NMR spectroscopy. 

Fluorescence polarization assays confirmed that disagregin binds to αIIbβ3. 

However, additional research is necessary to investigate the integrin subtype-

specificity of disagregin by comparing its binding potential to other integrins. 

Preliminary results showed that disagregin does not bind to activated platelets.
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Introduction
Ticks are blood-feeding ectoparasites of terrestrial vertebrates, including 

amphibians, reptiles, birds and mammals. These anthropods are related to spiders 

and scorpions and over 900 different species have been described thus far.1 Beside 

the singles-species comprising Nuttalliellidae, they can be divided into two major 

families, the Argasidae (soft ticks) and Ixodidae (hard ticks).2 While argasids feed 

for a short time, typically less than one hour, ixodids feed for a longer period of 

time, varying from a few days to over one or more weeks. Although the feeding 

strategy differs among soft and hard ticks, all ticks must circumvent host defense 

mechanisms while ingesting a blood meal. Therefore, ticks inject saliva containing 

numerous bioactive compounds, including anticoagulants, platelet aggregation 

inhibitors, and immunomodulatory proteins.3 

An interesting platelet aggregation inhibitor derived from the salivary glands of 

the soft tick Ornithodoros moubata is disagregin.4 This protein consists of 60 amino 

acids and inhibits platelet aggregation induced by agonists such as adenosine 

diphosphate (ADP), collagen, and thrombin, by binding to the αIIbβ3 integrin 

receptor.4, 5 Disagregin also inhibits thrombus formation in a whole blood 

thrombus formation assay, where whole blood was perfused at a high shear 

rate over collagen I/tissue factor (TF) microspots.5 It has been demonstrated 

that disagregin has no effect on the adhesion of human umbilical cord vein 

endothelial cells (HUVECs) to fibrinogen or vitronectin, indicating selectivity 

for integrin αIIbβ3 over related integrin subtypes such as αvβ3.4 Remarkably, 

disagregin contains an Arg-Glu-Asp sequence while generally significant αIIbβ3-

specificity is obtained by an Arg for Lys or hArg substitution in the Arg-Gly-Asp 

recognition sequence.6 However, αIIbβ3-selectivity over other integrin subtypes 

can also be obtained by a more extended backbone conformation in the Arg-Gly-
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Asp sequence.7 Furthermore, the flanking amino acid residues of the Arg-Gly-Asp 

motif can increase the affinity for an integrin subtype and therewith contributes 

to integrin subtype selectivity.8-10

The αIIbβ3 receptor (GPIIbIIIa; CD41/CD61) is uniquely expressed on the surface 

of platelets with a copy number of 80,000 per platelet.11 The main ligand of this 

integrin is fibrinogen, however fibronectin, vitronectin and von Willebrand factor 

(VWF) can also bind to the αIIbβ3 receptor.12

The structure of disagregin and its residues involved in binding to the αIIbβ3 

receptor are not unraveled thus far. In this study, the structure of disagregin 

was elucidated using solution NMR. In addition, we aim to investigate whether 

disagregin can bind to both the integrin’s inactive and active state. Finally, we 

want to investigate the integrin subtype-specificity of disagregin by comparing 

its binding potential to αIIbβ3 with αvβ3, αvβ5, and α5β1 using anisotropy.

Material and methods
Protein expression, refolding, and purification

The pET23a vector containing the disagregin gene was purchased from GenScript, 

USA. Disagregin was expressed in E.coli, refolded and purified as described 

previously13 with minor adaptations in the cell lysis procedure. Namely, for 

lysis, bacterial pellets were resuspended in 6 Gnd-HCl, 50 mM Tris, pH 8 at 

concentration 1 mg/mL and stirred for 1 hour at room temperature. Then cell 

debris was removed by centrifugation at 10,000 rpm for 20 minutes at 4°C, and the 

soluble fraction was dialyzed overnight against 0.5% acetic acid using a 3.5 kDa 

Spectra/Por RC membrane (Repligen). After dialysis, the soluble fraction was 

separated by centrifugation at 10,000 rpm for 20 minutes at 4°C and lyophilized.
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NMR spectroscopy and structure calculation

NMR samples were prepared, and NMR spectra were recorded using Bruker 

Avance III HD 700 MHz spectrometer, equipped with a cryogenically cooled TCI 

probe as described previously.13 Spectra processing was performed by Bruker 

Topspin 3.2 and NMRFAM-SPARKY 3.114 software.14 Backbone resonance 

assignment was derived from a combination of 15N and 13C HSQC, DIPSI, 

and 15N NOESY spectra of 1.4 mM disagregin, recorded at pH 4.5 and several 

temperatures - namely 25, 30, 37 and 44°C. Distance constraints were extracted 

from 15N NOESY spectra recorded at 30°C. Dihedral angles were predicted using 

TALOS+ web-server.15 Structure calculations were performed with Xplor-NIH 

software16, 17 using EEFx force field.18 In short, 100 initial structures were calculated 

with the fold protocol, then from 10 structures with the lowest energy another 100 

structures were calculated using the refinement protocol. The final ensemble of 10 

lowest-energy structures was analyzed using PSVS server.19 

Proteoliposome preparation

150 µl of 10 mg/mL DMPC and DMPG (Avanti Polar Lipids) in CHCl3 were 

mixed, dried under nitrogen flow and resuspended in 500 µL of 20 mM Tris, 1 mM 

CaCl2, 50 mM NaCl, pH 7.4. After 3 freeze/thaw cycles, suspension was extruded 

through 100 nm membrane 11 times. 200 µL of resulting liposome mixture was 

mixed with 100 µL of 1.4 mg/mL αIIbβ3 receptor (Merck) in 50% glycerol, 0.2% 

Triton-X and incubated at 37°C with constant shaking for 2 hours. Resulting 

mixture was subsequently incubated with 10 mg of SM2 Bio-beads (Bio-Rad) and 

immediately used for experiments.
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Fluorescence polarization assay

Fluorescence polarization assays were carried out using FluoroMax 4 fluorimeter 

(Horiba) equipped with FM4-2000 polarizers in 3-mL cuvettes. 100 nM 

disagregin-OG488 in 20mM Tris, 50 mM NaCl, 1 mM CaCl2, pH 7.4 were titrated 

by proteoliposomes at 20°C. Fluorescent signal was measured using 480 and 525 

nm as excitation and emission wavelengths, respectively. The final titration curve 

is a result of three independent measurements.

Platelet isolation

Blood was collected from healthy volunteers after they completed informed 

consent according to the declaration of Helsinki. The study was approved by 

the local Medical Ethics Committee of Maastricht University Medical Center 

(Maastricht, the Netherlands). Blood samples were collected into 9 mL tubes 

containing 3.2% trisodium citrate and the first 3 mL of blood were discarded. 

Platelet-rich plasma (PRP) was prepared by centrifugation at 240 g for 15 minutes. 

PRP was supplemented with 1:10 v/v acidic citrate dextrose (ACD; 80 mM 

trisodium citrate, 52 mM citric acid, 180 mM glucose) and centrifuged at 2230 g 

for 2 minutes at room temperature. Platelet pellets were resuspended in Hepes 

buffer pH 6.6 (10 mM Hepes, 136 mM NaCl, 2.7 mM KCl, 2 mM MgCl2, 0.1% 

glucose, 0.1% BSA) and supplemented with 1:15 v/v ACD and 1 U/mL apyrase 

and centrifuged again at 2230 g for 2 minutes. Subsequently, pelleted platelets 

were resuspended in Hepes buffer pH 7.45. Platelet count was determined with a 

Sysmex XP300 hematology analyzer (Chuo-ku Kobe, Japan).
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Platelet activation measured by flow cytometry

Pre-incubation

Washed platelets (50 x 106/mL) were incubated with 1 µM of disagregin for 5 

minutes and subsequently activated with 5 µg/mL CRP-XL (University of 

Cambridge, Cambridge, UK) and stained with FITC anti-human CD41/CD61 

(PAC1; Becton Dickinson) or AF647-fibrinogen for 15 minutes. Platelet activation 

was determined by measuring on an Accuri C6 flow cytometer with CFlow Plus 

software (Becton Dickinson). Platelet activation was expressed as positive platelet 

percentage.

Post-incubation

Washed platelets (50 x 106/mL) were activated with 5 µg/mL CRP-XL (University 

of Cambridge, Cambridge, UK) and stained with FITC anti-human CD41/CD61 

(PAC1; Becton Dickinson) or AF647-fibrinogen for 10 minutes. Thereafter, 1 µM of 

disagregin was added and incubated for 5 minutes before determination of platelet 

activation. Platelet activation was expressed as positive platelet percentage.

Platelet activation with labeled disagregin

Washed platelets (50 x 106/mL) were activated with 5 µg/mL collagen-related 

peptide (CRP)-XL (University of Cambridge, Cambridge, UK) or 10 µM 

2-methylthioadenosine diphosphate trisodium salt (Me-S-ADP; BioConnect, 

Huissen, The Netherlands) for 5 minutes. Afterwards, activated samples were 

incubated with FITC anti-human CD41/CD61 (PAC1; Beckton Dickinson), Alexa 

Fluor 647 labeled human fibrinogen (Life Technologies) or Oregon green 488 

labeled disagregin for 10 minutes and their binding to platelets were assessed 

on an Accuri C6 flow cytometer with CFlow Plus software (Becton Dickinson). 
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PAC1, AF647-fibrinogen and OG488-disagregin binding was expressed as median 

fluorescent ratio between activated and non-activated samples.

Results
Disagregin expression

Expression in E.coli yielded the major product with molecular weight 6958.2 

Da, corresponding to the native sequence of disagregin without an N-terminal 

methionine. Oxidative folding resulted in the single product with a molecular 

weight of 6952.1 Da, indicating the formation of three disulfide bonds. The overall 

yield of refolded disagregin was ~1 mg per 1 L of bacterial culture.

Figure 1. 15N HSQC spectra of 1.4 mM disagregin at 30°C, pH 4.5. Labels for side chains signals 
are hidden for visibility. 
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NMR spectroscopy and structure calculation

The 15N HSQC spectrum of disagregin at 30°C showed one major signal set 

with all amide signals present (Figure 1). Insignificant peak splitting was 

observed for R14, Q31, Y37, Q51, and Q52. The distant constraints for structure 

calculation were extracted from the 2D 15N NOESY spectrum recorded at 30°C. 

Using the previously obtained homology model,5 1341 distant constraints were 

unambiguously assigned. This combined with dihedral angles constraints 

obtained using TALOS+ and disulfide bond connectivity [C6-C58, C13-C38, 

C32-C54] specific for BPTI/Kunitz type proteins, this data was used for structure 

calculation (Table 1). The assembly of the lowest-energy structures showed that 

disagregin adopts a compact globular fold embodying two major loops M10-F21 

and S36-N46, β-hairpin G22-G35, and short α-helix Q51-T57 (Figure 2). The overall 

protein fold is arranged around three disulfide bonds. The first C6-C58 connects 

the N- and C-terminus, C13-C38 - M10-F21 and S36-N46 loops, and C32-C54 – the 

β-hairpin G22-G35 and α-helix Q51-T57.

Table 1. Overview of constraints for structure calculation and refinement statistics for 10 lowest-
energy structures of disagregin obtained with PSVS server.

Experimental constraints 
Distance constraints 

Long 286 
Medium [1 < (i-j) < 5] 115 
Sequential [(i-j) = 1] 307 
Intraresidial [i=j] 633 
Total 1341 

Dihedral angle constraints 88 
Number of restrains per 
residue 

 

Average atomic RMSD to the mean structure (Å) 
Backbone 0.5 Å 
Heavy atoms 1.0 Å 

Global quality scores (mean/Z score)  
Verify3D 0.29 
Prosall 0.63 
PROCHECK (ϕ–ψ) -0.39 
PROCHECK (all) -0.26 
MolProbity clash score 0.00 

Ramachandran statistics (% of all residues) 
Most favoured 84.3% 
Additionally allowed  14.1%  
Generously allowed 1.5% 
Disallowed regions 0.0% 
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Disagregin binding to the αIIbβ3 integrin

To assess disagregin binding to the receptor, a fluorescence polarization assay 

was used with disagregin labeled with the fluorescent label Oregon Green 488 

and the αIIbβ3 integrin reconstituted into DMPC/DMPG liposomes. Addition 

of proteoliposomes caused dose-dependent increase in fluorescence anisotropy, 

indicating binding of disagregin to the integrin (Figure 3). Titration of disagregin 

with empty liposomes did not result in the increase of anisotropy.

Platelet activation by flow cytometry

We performed a flow cytometry experiment to investigate the competition with 

PAC1 and AF647-fibrinogen binding to platelets. Pre-incubation with disagregin 

fully prevented the PAC1 binding and partly prevented the AF647-fibrinogen 

Figure 2. The assembly of 10 calculated lowest-energy structures of disagregin. Sidechains are 
hidden for visibility; disulfide bonds are shown as sticks.
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binding (Figure 4A, B). This is explained by the additional binding sites of 

the large multimeric fibrinogen protein for the integrin αIIbβ3 complex. Post-

incubation with disagregin did not replace the (high-affinity) binding of PAC1 

or AF647-fibrinogen (Figure 4C,D). Staining of platelets with PAC1 and AF647-

fibrinogen, without the activation of CRP-XL, did not show activated platelets 

(data not shown).

The flow cytometry experiment performed with labeled disagregin showed that 

upon activation with CRP-XL or ADP, the MFI ratio of OG488-disagregin is not 

increased. This may imply that disagregin is not binding to activated integrins. 

Activation with CRP-XL and ADP did lead to PAC1 and AF647-fibrinogen binding 

(Figure 5).

Figure 3. The titration curve of 100 nM disagregin-Oregon Green 488 (black squares) by DMPC/
DMPG/αIIbβ3 integrin proteoliposomes followed by fluorescence anisotropy averaged from 
three independent measurements. As negative control, DMPC/DMPG liposomes with the same 
lipid concentration were used (red squares). 
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Figure 4. Effect of pre- and post-incubation with 1 µM of disagregin on platelet activation 
(expressed as positive platelet percentage) measured by flow cytometry (n=2). Data are presented 
as medians ± interquartile ranges. Unstimulated platelets were used as control.

Figure 5. Effect of PAC1, AF647-fibrinogen and OG488-disagregin on platelet activation 
(expressed as median fluorescence intensity ratio between activated and non-activated samples) 
measured by flow cytometry (n=3). Data are presented as medians ± ranges.
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Discussion
Kunitz-type domain protease inhibitors have been originally crystallized from 

soy beans by Kunitz20 and extensively studied using the example of bovine 

pancreatic trypsin inhibitor (BPTI).21 They are often multidomain proteins, 

each domain of which is a compact globule with two β-strands and an N- and 

C-terminal α-helix. Kunitz-type domain proteins are one of the most abundant 

in the tick sialome and are usually associated with serine proteases inhibitors.22  

Tick anticoagulant protein (TAP) is a single-domain Kunitz-type inhibitor 

of activated coagulation factor X (FXa) and was the first characterized tick 

protein with such a type of fold.23 In contrast to TAP, tick serine protease with 

two Kunitz-type domains occur more often and include boophilin, hemalin, 

amblin, Ixolaris, and Amblyomin-X.24-27 Although disagregin has no inhibitory 

activity against serine proteases, structure elucidation of disagregin showed 

that it adopts a canonical BPTI/Kunitz-type domain fold with two β-strands, 

α-helix and a characteristic disulfide network [C1-C6, C2-C4, C3-C5]. The RED-

sequence, which is crucial for integrin inhibition, is located in a substrate-binding 

presenting loop of a Kunitz-type domain fold. That goes in line with homology 

modeling of closely related savignygrin, isolated from Ornithodoros kalahariensis 

(Ornithodoros savignyi), which showed similarly the location of RGD-sequence in 

the same loop.28 The M10-F21 loop embodying the RED-sequence is connected to 

the S36-N46 loop by C13-C38 disulfide bond. This bond could play a crucial role 

for correct representation of the RED-sequence for receptor binding as it has been 

shown that REDV- sequence by itself does not inhibit platelet aggregation.29 
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Functionally, disagregin belongs to disintegrins, a family of disintegrins 

represents a family of low molecular weight, cysteine-rich, Arg-Gly-Asp (RGD)/

Lys-Gly-Asp(KGD)-containing proteins that have an effect on the αIIbβ3 integrin 

in platelets, and other platelet receptors. Disagregin displays an RED-sequence, 

thereby confirming that not only RGD- and KGD-sequences are effective in 

platelet aggregation, but also the RED-sequence.

We aim to investigate the integrin subtype-specificity of disagregin by comparing 

its αIIbβ3-binding potential to αvβ3, αvβ5, and α5β1 using anisotropy. Although 

disagregin has demonstrated to be an effective platelet aggregation inhibitor,4, 5 

the receptor to which disagregin binds has not yet been fully established. 

Since the αIIbβ3 receptor is the most common integrin receptor on platelets, it 

may be obvious that disagregin binds to this integrin. This chapter confirms with 

a fluorescence polarization assay using αIIbβ3 reconstituted into liposomes that 

disagregin binds to αIIbβ3. In the future, the receptor-specificity of disagregin 

will be investigated by reconstituting other integrin receptors (αvβ3, αvβ5, and 

α5β1) into liposomes. Fluorescence polarization experiments using one integrin 

subtype reconstituted into liposomes may serve as a platform to study integrin 

subtype-specificity of other tick platelet aggregation inhibitory proteins, i.e. 

savignygrin.

This chapter demonstrated preliminary results of disagregin that did not bind to 

activated platelets. Additional experiments will be performed to confirm these 

results by performing microscopic analysis. Subsequently, the effect of disagregin 

on outside-in and inside-out signaling should be tested.
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Abstract
Background: Hematophagous parasites, such as ticks, penetrate the skin and 

blood vessels of their hosts for feeding. During the feeding process, they secrete 

saliva containing amongst others antiplatelet proteins into the blood of the host 

to prevent blood clotting. In this study, we investigated savignygrin, a protein 

derived from the salivary glands of Ornithodoros kalahariensis, formerly known as 

Ornithodoros savignyi. 

Objectives: We aim to investigate the inhibitory effects of savignygrin on platelet 

aggregation and to unravel the molecular interactions of savignygrin with the 

integrin αIIbβ3.

Methods: Savignygrin was expressed in E.coli. The effect of savignygrin on 

platelets was assessed by light transmission aggregometry in human platelet-

rich plasma. Molecular docking and molecular dynamics simulations were used 

to assess the binding between savignygrin and the αIIbβ3 integrin. Interactions 

of savignygrin with the integrin αIIbβ3 were compared with the interactions of 

disagregin.

Results: Savignygrin showed platelet aggregation inhibition with IC50 values of 

366 nM and 165 nM for ADP- and collagen activation, respectively. The binding 

free energy (BFE) value of the savignygrin-αIIbβ3 complex (-11.62 ± 6.79 kcal/

mol) was significantly higher (less negative) than the disagregin-αIIbβ3 complex 

(-15.04 ± 7.48 kcal/mol).

Conclusions: Although there are similarities in sequence (45% sequence identity 

and 61% sequence similarity) between savignygrin and disagregin, disagregin 

binds stronger to αIIbβ3 than savignygrin.
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Introduction
Hematophagous parasites collect blood by penetrating the skin of their hosts. 

Upon vessel damage, blood will be exposed to subendothelial collagens, 

resulting in platelet adhesion and aggregation to form a hemostatic plug (primary 

hemostasis).1 Simultaneously, blood is exposed to tissue factor (TF), which leads 

to activation of the extrinsic coagulation pathway, resulting in thrombin and 

fibrin formation (secondary hemostasis).2 Hematophagous parasites circumvent 

these host defense mechanisms by secretion of saliva containing antiplatelet and 

anticoagulant proteins to enable continuation of their feeding process.3

Ticks are well-known examples of hematophagous ectoparasites (class Arachnida, 

order Ixodida) that are found all over the world. About 900 different species 

have been described thus far, representing three families: Ixodidae (hard ticks), 

Argasidae (soft ticks) and Nuttalliellidae (monotypic family).4 The Argasidae 

family consists of soft ticks with a leathery shield, and their feeding takes about 

30 minutes.5 Savignygrin is a protein (61 amino acids, three disulfide bonds) 

isolated from the saliva of Ornithodoros kalahariensis, which contains an Arg-Gly-

Asp (RGD) motif.6 Ornithodoros kalahariensis is formerly known as Ornothidoros 

savignyi.7

Savignygrin belongs to the family of disintegrins, which are nonenzymatic 

cysteine-rich proteins that expose an RGD or KGD sequence, often specifically 

binding to activated integrins, especially integrin αIIbβ3.8 Savignygrin shows 45% 

sequence identity and 61% sequence similarity to disagregin,6 thereby suggesting 

similar effects (Figure 1). 

In this study, we investigated the antiplatelet effects of savignygrin and the 

interaction of savignygrin with the αIIbβ3 integrin. Therefore, we expressed 

savignygrin and tested the effects in a platelet aggregation assay. The binding 
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of savignygrin to the αIIbβ3 integrin was investigated by in silico molecular 

dynamics simulation studies and was compared with the binding of disagregin 

to integrin αIIbβ3.

Materials and methods
Protein expression

The pET23a vector containing the savignygrin gene was purchased from 

GenScript, USA. Recombinant savignygrin was expressed in Escherichia coli. 

Cells were grown in 1 L of LB medium at 37°C until the A600 value reached 

0.5-0.8. Thereafter, expression was induced with 0.1 mM isopropyl β-D-1-thio-

galactopyranoside (Sigma Aldrich, MO, USA). After 3 hours of induction, cells 

were centrifuged for 20 minutes at 4,000 rpm (4°C). Cell pellets were resuspended 

in 6 Gnd-HCl, 50 mM Tris, pH 8 (0.1 g/mL) under continuous stirring for 1 hour to 

induce cell lysis. To remove cell debris, the resulting suspension was centrifuged 

for 20 minutes at 10,000 rpm (4°C). The supernatant was dialyzed against 0.5% 

acetic acid using a 3.5 kDa Spectra/Por RC membrane (Repligen, MA, USA). 

To isolate the soluble fraction, the dialysate was centrifuged for 20 minutes at 

10,000 rpm (4°C), which then was lyophilized. Recombinant savignygrin was 

oxidatively refolded in 50 mM Tris, pH 8 with 1 M Gnd-HCl and 0.6 mg/mL of 

GSSG/GSH as a redox couple which resulted in the formation of three disulfide 

bonds. Folded savignygrin was purified by semipreparative high-performance 

liquid chromatography (HPLC), analyzed by UPLC-MS and lyophilized.

Savignygrin YQPECLEPSLYGCRGDEDATFGWTFDREDGGCRQGSYCTRFGQPKNYFRSERDCKKACGNA
...:|....:||||.|:|:.||||:|...|.|.:||||....||.|||.|:::|:..||. 

Disagregin SDDKCQGRPMYGCREDDDSVFGWTYDSNHGQCWKGSYCKHRRQPSNYFASQQECRNTCGA-

Figure 1. Sequence alignment of savignygrin and disagregin. Identical amino acids are depicted 
as ‘|’. Most amino acid substitutions show negative scores or zero (depicted as ‘.’). Positive scores 
are depicted as ‘:’.9
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Blood collection

Blood was collected from healthy donors after completion of informed consent 

according to the Declaration of Helsinki. This study was approved by the local 

Medical Ethics Committee of Maastricht University Medical Center (Maastricht, 

the Netherlands). Exclusion criteria were history of bleeding and the usage of 

antiplatelet medication or anticoagulants two weeks before blood drawing. Blood 

was collected into 9 mL tubes containing 3.2% trisodium citrate, and the first 3 

mL of blood were discarded. Blood cell counts were determined with a Sysmex 

XP-300 (Chuo-ku Kobe, Japan).

Light Transmission Aggregometry

Platelet-rich plasma (PRP) was collected by centrifugation of whole blood for 15 

minutes at 240 g. Platelet-poor plasma (PPP) was collected by centrifugation of 

whole blood for 10 minutes at 2200 g. Thereafter, the plasma was transferred to 

a new tube and centrifuged for 10 minutes at 2200 g. Platelet count in PRP was 

adjusted to 250 x 109/L with autologous PPP, to prevent platelet count changes 

between donors and its possible effect on the test. PRP samples were pre-incubated 

with indicated concentrations of savignygrin for 2 minutes at 37°C. Activation of 

platelets was performed by the addition of P2Y1 and P2Y12 receptor-targeting 

Me-S-ADP (SantaCruz Biotechnology, CA, USA, 5 µM) or GPVI-targeting collagen 

(Nycomed Pharma, Munich, Germany, 1 µg/mL). A Chronolog aggregometer 

(Havertown PA, USA) was used to assess changes in optical density from PRP 

under constant stirring for 10 minutes at 37°C.

Homology model and molecular dynamics (MD) simulations

To investigate in silico interactions between savignygrin and αIIbβ3, approaches 
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and protocols used as described in our previous work.10 The homology model of 

savignygrin was built by application of the SWISS-MODEL Webserver11 using the 

bovine pancreatic trypsin inhibitor extracted from the PDB ID 1BTH as a template. 

The derived model of savignygrin was superimposed onto the disagregin structure 

in complex with αIIbβ3 obtained from our previous work. Then, disagregin was 

removed from the complex while savignygrin was kept. By doing this way, the 

savignygrin-αIIbβ3 complex was derived and then the complex was subjected to 

MD simulations (20 ns) and binding free energy calculations by using standard 

protocols and parameters as explained lately.10, 12

Statistical analysis

Data are presented as medians ± interquartile ranges. Statistical significance 

between groups was determined using a Kruskal-Wallis test with Dunn’s 

correction for multiple comparisons. GraphPad Prism 8.0 software (La Jolla, 

CA, USA) was used for statistical analyses. A p-value < 0.05 was considered as 

statistically significant.

Results
Savignygrin dose-dependently inhibited platelet aggregation measured by light 

transmission aggregometry

LTA was performed to investigate platelet aggregation inhibition by savignygrin. 

PRP was incubated with different concentrations of savignygrin (ranged from 

0.1 – 1 µM) and thereafter activated with ADP or collagen. The addition of 1 µM 

savignygrin demonstrated a significant decrease in both ADP-induced (p<0.05) 

and collagen-induced platelet aggregation (p<0.01; Figure 2A,B). A dose-

dependent effect was shown between 0.1 and 1 µM savignygrin in both ADP- 



In vitro antiplatelet evaluation of tick savignygrin  

137

6

(p<0.01) and collagen-induced platelet aggregation (p<0.05; Figure 2A,B). The 

addition of 0.5 µM savignygrin revealed a trend towards a significance decrease in 

collagen-induced platelet aggregation (p=0.06). In response to ADP, savignygrin 

inhibited aggregation with half maximal inhibitory concentration (IC50) value of 

366 nM (Figure 2C), while collagen-induced platelet aggregation was inhibited 

with an IC50 value of 165 nM (Figure 2D).
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Figure 2. Dose-response effect of savignygrin on agonist-induced platelet aggregation. Human 
platelet-rich plasma was incubated with indicated concentrations of savignygrin for 2 minutes. 
Platelets were activated with 5 µM ADP or 1 µg/mL collagen. Maximal platelet aggregation (% 
light transmission change) with savignygrin in response to activation with ADP (A) or collagen (B). 
Effect of savignygrin on ADP-induced platelet aggregation. Calculated IC50 is 366 nM (C). Effect 
of savignygrin on collagen-induced platelet aggregation. Calculated IC50 is 165 nM (D). Data are 
presented as medians ± interquartile ranges (n=4). *p<0.05, **p<0.01.
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Interactions of savignygrin with the binding pocket of αIIbβ3

The structures of the disagregin-αIIbβ3 and savignygrin-αIIbβ3 complexes were 

extracted from the last snapshot (20 ns) of MD simulations, which are displayed in 

Figure 3A and 3B, respectively. The Arg residue from the RED motif of disagregin 

interacted with residues Tyr190 and Asp232 (αIIb domain) and Asn215 (β3 

domain), as described in our previous study.10 The Glu residue formed H-bonds 

with Tyr166 and Arg214 (β3 domain) and the Asp residue exhibited interactions 

with the Ca2+ atom (Figure 3A). Although savignygrin has similar folding 

patterns as disagregin, savignygrin could not fit well into the binding pocket of 

αIIbβ3, because of losing several important interactions. Only H-bonds between 

Asp232 (αIIb domain) with the Arg residue from the RGD motif of savignygrin 

and interactions between the Ca2+ atom and the Asp residue were observed in the 

Figure 3. Comparison of the disagregin-αIIbβ3 and savignygrin-αIIbβ3 complexes. The 
disagregin-αIIbβ3 complex derived from the last snapshot of MD simulations (20 ns)(A). The 
savignygrin-αIIbβ3 complex derived from the last snapshot of MD simulations (20 ns)(B). The αIIb 
domain is shown in red, whereas the β3 domain is displayed in cyan. H-bond interactions are 
displayed as black dashed lines.
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savignygrin-αIIbβ3 complex, whereas the Gly residue from the RGD motif was 

unable to form strong interactions (e.g. H-bond and electrostatic interactions) 

with any surrounding residues from αIIbβ3 (Figure 3B). The binding free energy 

(BFE) value of the savignygrin-αIIbβ3 complex (-11.62 ± 6.79 kcal/mol) was 

significantly higher than the disagregin-αIIbβ3 complex (-15.04 ± 7.48 kcal/mol) 

indicating that disagregin can bind to αIIbβ3 stronger than savignygrin.

Discussion
In this study, the effects of savignygrin on collagen- and ADP-induced platelet 

aggregation were investigated. In addition, the interaction of savignygrin with 

integrin αIIbβ3 was investigated by in silico molecular dynamics simulations. 

In LTA, savignygrin had an IC50 value of 366 nM and 165 nM for ADP- and 

collagen-induced platelet aggregation, respectively. Although we proposed 

similar mechanisms for platelet inhibition for both savignygrin and disagregin, 

disagregin showed an IC50 of 99 nM and 64 nM in response to ADP or collagen, 

respectively, indicating an approximately threefold decreased affinity of 

savignygrin for αIIbβ3 compared to disagregin.10 Mans et al. showed ADP-

induced (10 µM) platelet aggregation experiments in which savignygrin inhibited 

aggregation with an IC50 of 130 nM, however these experiments were performed 

with isolated savignygrin from tick saliva.6 In this study, recombinantly produced 

savignygrin was used,6 suggesting that posttranslational modifications may play 

a role in interacting with the αIIbβ3 receptor.

In contrast to disagregin that has an RED motif, savignygrin possesses an RGD 

tripeptide sequence, which could result in higher integrin receptor subtype 

specificity and which needs further investigation.

Mans and coworkers suggested specificity of savignygrin for αIIbβ3, because 
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there was no effect of savignygrin on osteosarcoma cell adhesion (which express 

the αvβ3) to vitronectin.6 To confirm the specificity of savignygrin for αIIbβ3 over 

αvβ3 and to investigate the potential binding of savignygrin to other integrins, 

biophysical fluorescent anisotropy experiments using single subtype integrin-

containing liposomes or SPR technology could provide more insights in this 

unsolved matter.

Our in silico molecular docking and molecular dynamics simulations revealed 

that savignygrin did not fit well into the binding pocket of αIIbβ3 because several 

important interactions were absent. H-bonds between Asp232 (αIIb domain) 

with the Arg residue from the RGD motif of savignygrin were observed and 

interactions between the Ca2+ atom and the Asp residue were observed in the 

savignygrin-αIIbβ3 complex. 

The glycine in the RGD motif of savignygrin does not have a side chain and no 

strong interactions with surrounding residues of αIIbβ3 can be formed, while 

disagregin has a negatively charged side chain (glutamate), which resulted in 

H-bonds with Tyr166 and Arg214 of the β3 domain.

More research is necessary to elucidate which amino acids are involved in αIIbβ3 

binding, including the flanking amino acids of the tripeptide motif, which may be 

of influence in binding to the receptor as shown by Müller et al..13 This experiment 

can be performed with NMR spectroscopy using uniformly metabolically 13C and 
15N enriched savignygrin and liposome reconstituted integrin receptor.

The cysteine arrangement in savignygrin and disagregin is similar (Figure 1), 

and comparable to the bovine pancreatic trypsin inhibitor (BPTI) family of serine 

protease inhibitors, thereby suggesting the same type of folding.6

Savignygrin is isolated from the saliva of Ornithodoros kalahariensis (Ornithodoros 

savignyi), while disagregin is isolated from the saliva of Ornithodoros moubata, 
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both soft ticks with a leathery shield, that live in the northern part of Africa and 

the southern part of Africa, respectively. While we expected a similar pattern 

in platelet inhibition, which was not shown in our experiments, this can be 

explained by the type of hosts. The hosts of Ornithodoros kalahariensis are giraffes, 

lions, sheep, goats, pigs, camels, antelopes, donkeys, dogs and man, while 

the host range of Ornithodoros moubata is narrow, including pigs, porcupines, 

antbears and man. These variances in hosts can possibly explain the differences 

between savignygrin and disagregin, since the mechanisms to suppress platelet 

aggregation could vary between hosts.14
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Cardiovascular disease is the leading cause of morbidity and mortality in the 

world and in 2017 it led to 17.8 million deaths worldwide, which accounted for 

32% of total deaths.1 Therefore, research on cardiovascular disease is important 

to improve early diagnosis and to expand and refine therapeutic strategies and 

ultimately to prevent this disease.

The work described in this thesis focused on the effects of exogenic proteins on 

platelet inhibition, aggregation, and thrombus formation and to investigate their 

potential antiplatelet effects.

In this chapter, I will discuss the major findings of my work, which provide new 

insights into exogenic proteins that could be developed into new therapeutic 

strategies, and some concluding remarks and future perspectives will be 

presented.

(Peptide) drug discovery and development

Peptide drug discovery started in the early 1920s with the invention of insulin 

therapy.2 More peptidic drugs were discovered in the second half of the twentieth 

century, such as synthetic vasopressin (antidiuretic hormone; regulation of 

tonicity of body fluids) and oxytocin (hormone that responses to reproduction 

and childbirth).3, 4

Peptide drug candidates are often improved in the selectivity for the receptor 

and their stability under physiological conditions. Unfortunately, peptide drugs 

still have some disadvantages, such as inadequate oral bioavailability and 

short plasma half-life. Enzymes in the body that break down amide bonds of 

ingested proteins present in food also cleave the amide bonds in peptide drugs, 

which results in insignificant oral bioavailability.5 Peptides and proteins cannot 

be transported well over cell membranes without active mechanisms, therefore 
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resulting in a lower extent of the drug dosage that reaches the therapeutic site. 

The short plasma half-life is a result of peptidases present in the body, which 

breakdown these peptide drugs and mechanisms that disable peptides in clearing 

peptides from circulation.6 

To improve the half-life of peptides, peptides must be modified by for example 

cyclization or conjugation. Conjugation is the alteration of a peptide by coupling 

it to lipids, polyethylene glycol (PEG) or Fc fragments. An additional advantage 

of conjugation is that it often improves the solubility of the peptide.7 In addition, 

a peptide conjugated with a fluorescent label can be used as an imaging agent to 

image specific cell types that are targeted by the peptide.7 Conjugation to larger 

proteins or PEGylation leads to longer plasma half-life and the increase in size 

also results in steric hindrance which could prevent degradation of the drug by 

enzymes. N- and C-terminal peptidase degradation processes in circulation can 

be inhibited by cyclization of peptides.8

Stabilized α-helices in peptide drugs by stapling can lead to improved cell 

penetration and target affinities. Because of stapling, proteolytic degradation 

will also be impaired, and these peptide modifications can further diversify drug 

development.9

In peptide drug development, the average peptide chain length has increased 

from 10 to approximately 20 amino acids, however, peptides with lengths up to 

50 amino acids are also entering clinical trials.10 The reason for this increase in 

length is the advancement in peptide synthesis and manufacturing technologies. 

The proteins that we investigated in this thesis (disagregin and savignygrin, 

Chapter 3 and Chapter 6) contain 60 and 61 amino acids, respectively. In order to 

avoid in vivo instability and insufficient oral bioavailability due to their length, 

structure-activity relationships (SARs) are necessary to investigate the binding 
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parts of these proteins to their receptors enabling generation of effective truncated 

versions of these proteins. Preliminary results of structure-activity relationships 

are shown in Chapter 5, in which the binding of disagregin to the αIIbβ3 integrin 

in single subtype integrin-containing liposomes in anisotropy experiments was 

investigated. It appeared that disagregin binds to the αIIbβ3 integrin, which 

might be obvious since the αIIbβ3 integrin is the most abundant integrin on 

platelets. The receptor-specificity of disagregin will be investigated in future 

experiments by reconstituting other integrin receptors into liposomes, such as 

αvβ3, αvβ5, and α5β1. This experimental method in which one integrin subtype 

is reconstituted into liposomes may serve as a platform to study integrin subtype-

specificity of other tick platelet aggregation inhibitory proteins. In addition to the 

receptor specificity of disagregin, the integrin specificity of RGD-disagregin and 

savignygrin will be investigated in the near future.

Peptides from ticks and snakes as potent platelet inhibitors

Throughout the years, several peptides and proteins have been isolated from 

animals, that have high potency and selectivity, and have been considered as 

potential new therapeutics (Chapter 2). Saliva of bloodsucking parasites contains 

a plethora of immunomodulatory, antiplatelet and anticoagulant proteins, such 

as disintegrins (Chapter 2). Proteins from bloodsucking parasites such as ticks are 

beneficial for drug discovery because millions of years of evolution have acted 

as a lead optimization process, achieving stability and target specificity while 

reducing toxicity and immunogenicity. Therefore, these organisms represent 

major sources of lead compounds for development of pharmacological tools 

and potentially useful therapeutic agents for treatment of hemostatic disorders, 

cardiovascular diseases, and disorders of the immune system.
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Peptides derived from animals without adjustments are named native peptides. 

In my thesis I have studied the native peptide disagregin, originating from tick 

saliva, possibly targeting the αIIbβ3 integrin (Chapter 3). We also studied analogs, 

modified versions of native peptides to improve drug properties, such as RGD-

disagregin (Chapter 3) and eptifibatide, Lys- and Arg-eptifibatide (Chapter 4). 

Native disagregin was modified to RGD-disagregin in Chapter 3 to investigate 

the possible beneficial inhibitory effects on platelet activation and aggregation, 

since common αIIbβ3 antagonists contain an RGD-sequence. The homoarginine 

in eptifibatide was substituted into lysine or arginine in Chapter 4 to investigate 

the importance of this amino acid in the clinically used drug eptifibatide. We have 

shown that the hArg residue in eptifibatide is crucial for effective binding to the 

αIIbβ3 receptor. Although it has been demonstrated that a lysine residue provides 

receptor specificity, the affinity of Lys-eptifibatide for αIIbβ3 is significantly lower 

than that of the hArg containing analog.11 This indicates how important, but 

also how difficult it is to develop receptor-specific ligands, while maintaining 

adequate receptor affinity.

The results in this thesis led to the possible new αIIbβ3 integrin inhibitor 

disagregin, which needs to be tested in additional experiments and eventually 

in in vivo experiments. We also found that the RED motif of disagregin can bind 

to the αIIbβ3 integrin. The mutation of native disagregin to RGD-disagregin did 

not result in additional inhibitory effects on platelet activation and aggregation, 

suggesting that alongside the RGD motif, also the RED motif in antagonists can 

be of importance in binding to the αIIbβ3 integrin.

To produce the peptides described in this thesis, I used solid-phase peptide 

synthesis (SPPS), the method of producing synthetic peptides with the advantage 

that the amino acid sequence can be site-specifically adjusted.12 
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Disadvantages of this method are the high costs, and the difficulty to produce 

peptides longer than 40-50 amino acids. If the production of longer peptides is 

required, ligation of peptide fragments can be performed by native chemical 

ligation.13 In Chapter 6, bacterial expression technologies were used to produce 

savignygrin. Bacterial expression techniques are less time-consuming compared 

to SPPS and the costs are relatively low. They allow the production of longer 

peptide chains and can be easily used to enrich peptides with 13C and 15N for 

NMR studies. Disadvantages of bacterial expression are the possible toxicity for 

cells and site-specific amino acid modifications are difficult to achieve.

In this thesis, we have successfully combined both SPPS and bacterial expression 

as complementary technologies to aid in structure-function analysis of our target 

proteins. SPPS was used in Chapter 3 and 4 and bacterial expression was used in 

Chapter 5 and 6. 

Molecular docking and molecular dynamics simulations (used in Chapter 3, 4 

and 6) are rapid and efficient methods to investigate the structural interactions 

of these proteins with their receptors. For the development of new drugs, 

molecular docking and dynamics simulations studies will have to be followed 

up by biological characterization to investigate the functions and effects of the 

proteins. In this thesis, we found in in vitro assays that the RED-sequence of 

native disagregin is important for binding to the αIIbβ3 integrin. However, the 

RGD-disagregin variant can also bind to the αIIbβ3 integrin. RAD- and AAA-

disagregin were not able to form interactions with the integrin (Chapter 3) as 

shown by molecular dynamics simulations.

Molecular dynamics simulations were also used to unravel the pivotal role of 

the homoarginine residue in eptifibatide (Chapter 4) and to clarify the lower 

αIIbβ3-affinity of savignygrin over disagregin (Chapter 6). These revealed that 
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the hydrogen bonds governed by the homoarginine residue in eptifibatide were 

necessary to form strong interactions with the αIIbβ3 integrin (Chapter 4) and that 

savignygrin could not fit well into the binding pocket of αIIbβ3 (Chapter 6).

Moreover, in Chapter 4 molecular dynamics simulations based on interactions 

and binding free energy showed that eptifibatide is the strongest inhibitor of 

αIIbβ3, followed by Lys-eptifibatide and Arg-eptifibatide. However, our LTA 

experiments showed that the half maximal inhibitory concentration (IC50) value 

of Arg-eptifibatide is lower compared to the IC50 value of Lys-eptifibatide, thereby 

suggesting that Arg-eptifibatide is a better inhibitor. This demonstrated that 

molecular docking and molecular dynamics simulations are adequate methods to 

explain and predict ligand-receptor interactions. However, these in silico methods 

always need to be complimented with in vitro experiments. Future developments 

of these techniques will lead to a better comparability between computational 

and biological studies, but this requires valid input from in vitro and in vivo 

experiments.

Platelet function tests in routine and research laboratory settings

Since our investigated proteins are targeting platelet αIIbβ3 receptors, platelet 

function tests are important parts of this thesis. Light transmission aggregometry 

(LTA) is an easy and well-established assay showing clear effects of peptides on 

platelet aggregation, which can be used to calculate the IC50 of platelet aggregation 

inhibitors.14 Our LTA experiments showed clear inhibition of platelet aggregation 

by the addition of disagregin and RGD-disagregin, resulting in nanomolar range 

IC50 values (Chapter 3). Platelet aggregation studies also revealed the importance of 

the homoarginine in eptifibatide, since the IC50 values of Arg- and Lys-eptifibatide 

were 7-9 times higher by ADP stimulated platelet aggregation and 6-8 times higher 
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by collagen-stimulated platelet aggregation (Chapter 4). Although LTA is still the 

gold standard for platelet aggregation testing, it is a static test that measures light 

transmission upon activation in platelet-rich plasma, ignoring the effects of other 

blood cells and the effects of shear stress in the blood vessel.

In this thesis, we therefore also performed whole blood thrombus formation 

under flow, where whole blood can be tested under various shear conditions. 

An advantage of this method is that it is performed in whole blood, so other 

cell types are present that can possibly influence effects and it shows a better 

representation of the in vivo situation. Whole blood thrombus formation is often 

used in mouse models as a substitute for animal testing and correlates with in 

vivo thrombosis outcomes.15, 16

We used this method to investigate thrombus and fibrin formation by the addition 

of disagregin or RGD-disagregin, to explore their antiplatelet effects and whether 

modification of the peptide leads to improved platelet inhibitory effects. The 

addition of disagregin or RGD-disagregin resulted in the suppression of integrin 

activation and multilayered and contracted thrombi, only showing single platelet 

adhesion (Chapter 3). Fibrin formation was also significantly delayed by the 

addition of disagregin or RGD-disagregin, suggesting that they can be further 

developed into possible new antiplatelet drugs. 

In Chapter 4 we also used whole blood thrombus formation to assess the formation 

of thrombi by the addition of eptifibatide, Arg- or Lys-eptifibatide. Researchers 

often communicated that eptifibatide contains an Arg – Gly - Asp (RGD) or 

Lys – Gly - Asp (KGD)-sequence, which is incorrect since eptifibatide contains 

an hArg – Gly – Asp sequence. Eptifibatide is derived from the disintegrin 

barbourin, which contains a KGD-sequence, which possibly explains the 

incorrect communication. Furthermore, hArg does not belong to the eukaryotic 21 
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proteinogenic amino acids which makes it probably less known. The Lys residue 

was replaced by an hArg residue to enhance affinity for the αIIbβ3 integrin.11 

Eptifibatide has been indicated to belong to the Arg – Gly – Asp mimetics, which 

may also explain incorrect communication about the tripeptide sequence. We 

showed the importance of the homoarginine residue in eptifibatide. Addition of 

eptifibatide to the blood resulted in effective platelet inhibition reducing large 

aggregate formation to a platelet monolayer, while the addition of Arg- or Lys-

eptifibatide showed regular large aggregate formation (Chapter 4). By showing 

the inability of Arg- and Lys-eptifibatide to inhibit platelet aggregation, we aim 

to emphasize that eptifibatide contains an hArg – Gly – Asp sequence and that 

correct communication of amino acid sequences is important to avoid possible 

future errors in knowledge dissemination.

Peptides in clinical trials

Currently around 60 peptide drugs are approved in clinical trials and the current 

status is that additional 155 new peptide drug candidates are being tested in 

clinical trials. Over 200 trials with peptide drugs were discontinued because 

of unwanted side effects and death.10 Peptide drugs are often administered by 

injection, while oral administration would be favorable for patient compliance 

and easier application for prophylaxis. Some oral platelet antagonists that were 

tested in clinical trials, such as orbofiban, sibrafiban, xemilofiban, lotrafiban and 

roxifiban (Chapter 2), all targeting platelet integrin αIIbβ3, were discontinued 

because of an increase in mortality and excessive bleeding complications.17-20

In recent years, long-acting peptides have been developed that reduce the 

intravenous injection frequency. This reduces the pressure to develop only 

peptides that can be taken by the preferred oral route. More flexibility in routes 
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of administration (such as inhalation) creates more opportunities for newly 

developed peptide drugs to enter the market.21 

Although rapid clearance is a disadvantage of peptide drugs, in certain cases it 

can be advantageous because a short half-life often means less unfavorable side 

effects and fast action of the drug.19 

Concluding remarks and future perspectives

This thesis described several new insights in exogenous factors as antiplatelet 

drugs. First, we showed peptides and proteins derived from nature, that inhibited 

platelet activation. Second, we provided new sequences that bind to the αIIbβ3 

integrin, shown by the protein disagregin, that was tested in platelet aggregation 

and thrombus formation experiments. Third, the importance of homoarginine in 

the clinically used antiplatelet drug eptifibatide was shown, since the substitution 

of this amino acid by arginine or lysine led to a decrease in antiplatelet effects. 

Fourth, preliminary results of structure-activity relationships between disagregin 

and the αIIbβ3 integrin were given. Lastly, the antiplatelet effects of savignygrin 

and the comparison of binding of savignygrin and disagregin to the αIIbβ3 

integrin by molecular dynamics simulations were presented.

Elucidation of protein structures and protein-protein interactions are key in 

unraveling molecular mechanisms in health and disease. This will also lead to 

novel design by modulating protein-protein interactions, leading to improved in 

silico drug design.

The combination of complementary techniques is important in both fundamental 

and applied research, and multidisciplinary research will form the basis of new 

discoveries in health and disease.
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Summary

This thesis has aimed at lessons from nature for drug development. Exogenic 

proteins related to platelet inhibition via αIIbβ3 were produced and their potential 

antiplatelet effects were investigated.

Chapter 1 provides a brief introduction about hemostasis, regulatory mechanisms, 

thrombosis, bleeding, and the laboratory tests that have been used in this thesis. 

When hemostasis is disturbed upon injury of the vessel wall, blood platelets 

adhere and coagulation is initiated which eventually leads to fibrin formation. 

These processes are suppressed in healthy vessels by natural anticoagulants. In 

case of impaired hemostasis, either thrombosis or bleeding will occur. The main 

laboratory tests that have been used in this thesis, light transmission aggregometry 

and whole blood thrombus formation under flow, are introduced briefly.

This chapter also describes peptide drugs and exogenous proteins that are 

currently used in the clinic. Peptides and proteins that have been used to unravel 

molecular mechanisms in health and disease are also briefly introduced.

Chapter 2 gives an overview of the integrin αIIbβ3, its signaling pathways, oral 

antagonists, binding of the currently used antiplatelet drugs abciximab, tirofiban 

and eptifibatide, and peptides and proteins derived from nature that play a role 

in modulating platelet aggregation. In this chapter, we focused on disintegrins, 

which are low molecular weight integrin-binding cysteine-rich peptides that bind 

to the αIIbβ3 integrin. This resulted in an overview of 73 disintegrins found in 

snakes, ticks, leeches, worms and horseflies, that affect mainly the αIIbβ3 integrin 

on platelets. However, some disintegrins also target αvβ3, α5β1, α2β1 or αvβ5 

integrins.

In Chapter 3, the effects of two tick-derived proteins, disagregin and RGD-

disagregin, on platelet adhesion, thrombus formation and fibrin formation were 
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described. The two proteins were chemically synthesized and tested in platelet 

aggregation tests. Disagregin inhibited ADP- and collagen-induced platelet 

aggregation with IC50 values of 99 nM and 64 nM, respectively. For further 

experiments, two concentrations were chosen (100 nM, ~ IC50 and 1 µM, ~ 10x IC50). 

The 1 µM concentration of disagregin and RGD-disagregin significantly inhibited 

platelet aggregation induced with ADP or collagen. The 100 nM concentration 

of RGD-disagregin significantly reduced collagen-induced platelet aggregation, 

while 100 nM of disagregin did not. Whole blood platelet aggregation and 

thrombus formation under flow with disagregin or RGD-disagregin resulted in 

the suppression of multilayered and contracted thrombi, showing only single 

platelet adhesion. Integrin activation was also decreased by the addition of 

disagregin or RGD-disagregin.

Flow-dependent thrombus formation was assessed in the presence of coagulation 

triggered by TF. In the presence of 1 µM disagregin or RGD-disagregin, only single 

platelets adhered, which did not aggregate or displayed PS exposure or fibrin 

formation, while control samples showed large aggregates, massive PS exposure 

and fibrin formation. Time to fibrin formation was significantly delayed by the 

addition of disagregin of RGD-disagregin from 5 to 12-13 minutes. Disagregin 

and RGD-disagregin are potential αIIbβ3 integrin inhibitors because of their 

inhibition pattern on platelet adhesion, aggregation and fibrin formation.

Chapter 4 focuses on the importance of the homoarginine residue in antiplatelet 

drug eptifibatide in binding to the αIIbβ3 integrin. Eptifibatide analogs, containing 

an Arg or Lys residue at the position of the hArg residue, were synthesized by 

solid-phase peptide synthesis. Light transmission aggregometry was performed 

and resulted in IC50 values for eptifibatide of 0.38 µM and 0.27 µM for ADP- and 

collagen-induced platelet aggregation, respectively. The IC50 values of Arg- and 
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Lys-eptifibatide were 7-9 times higher by ADP-stimulated platelet aggregation 

and 6-8 times higher by collagen-stimulated platelet aggregation. Pre-incubation 

with Arg- or Lys-eptifibatide did not affect platelet aggregation. Collagen/TF-

induced whole blood thrombus formation was performed and resulted in the 

formation of large aggregates by the addition of Arg- or Lys-eptifibatide, as also 

indicated by the control samples, while eptifibatide showed small aggregate 

formation. 

The time to fibrin formation was delayed by the addition of eptifibatide, while 

time to first fibrin formation of the analogs was comparable to control. In flow 

cytometry experiments, washed platelets were activated with CRP-XL, ADP 

or TRAP-6 to investigate the effects of eptifibatide, Arg- or Lys-eptifibatide on 

platelet activation. PAC1 binding was decreased by the addition of eptifibatide 

when activated with CRP-XL or ADP, while the addition of the analogs showed 

no significant effects in PAC1 binding. Molecular dynamics simulations revealed 

that the mutation of the hArg to Arg or Lys resulted in losing αIIb domain 

interactions, thereby confirming that the hArg in eptifibatide is essential for 

effective binding to the αIIbβ3 integrin.

In Chapter 5 we unraveled the structure of disagregin using solution NMR 

spectroscopy. Binding of disagregin to the αIIbβ3 integrin was investigated by 

a fluorescence polarization assay. Flow cytometry experiments showed that 

pre-incubation with disagregin prevented PAC1 binding and partly prevented 

AF647-fibrinogen binding, explained by the additional binding sites of fibrinogen 

for the αIIbβ3 integrin complex. Post-incubation with disagregin did not replace 

the binding of high-affinity PAC1 or AF647-fibrinogen.

Chapter 6 studies the effects of tick salivary protein savignygrin on platelet 

aggregation and its binding to the αIIbβ3 integrin by molecular dynamics 
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simulations. A dose-dependent effect of savignygrin was shown in both ADP- 

and collagen-induced platelet aggregation, resulting in IC50 values of 366 nM and 

165 nM for ADP- and collagen-induced platelet aggregation, respectively. 

From molecular dynamics simulation studies, it appeared that savignygrin could 

not fit well into the binding pocket of αIIbβ3, because several hydrogen bonds 

could not be formed. The binding of savignygrin to the αIIbβ3 integrin was 

compared to the binding of disagregin, resulting in a significantly higher (less 

negative) binding free energy value for savignygrin, indicating that disagregin 

can bind to αIIbβ3 stronger than savignygrin. This can be explained by the fact 

that the glycine residue of the RGD motif in savignygrin does not show strong 

interactions with surrounding residues of αIIbβ3. 

The final Chapter 7 discusses the main findings of this thesis and elaborates 

the potential clinical relevance of these in view of the current literature. The 

studies presented in this thesis provide new insights into peptides and proteins 

derived from nature, new sequences that also bind to the αIIbβ3 integrin, the 

importance of homoarginine in the clinically used antiplatelet drug eptifibatide, 

structure-activity relationships between disagregin and the αIIbβ3 integrin and 

the antiplatelet effects of savignygrin and its binding to the αIIbβ3 integrin.
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Samenvatting

Als de hemostase verstoord raakt door schade aan de wand van een bloedvat, 

dan worden de bloedplaatjes geactiveerd en bloedstolling geïnitieerd, wat 

uiteindelijk zal leiden tot fibrinevorming. Deze processen worden in gezonde 

bloedvaten onderdrukt door aanwezige antistollingsmechanismen. Als de 

hemostase verstoord is kan dit leiden tot trombose of bloedingen.

Hoofdstuk 1 geeft een korte introductie over hemostase, regulerende 

mechanismen, trombose en bloedingen. De laboratoriumtesten die uitgevoerd 

zijn in deze dissertatie, bloedplaatjesaggregatie en trombusvorming in stromend 

volbloed, worden kort geïntroduceerd in dit hoofdstuk. Verder beschrijft dit 

hoofdstuk ook peptiden en exogene eiwitten die op dit moment gebruikt 

worden als medicijn in de kliniek. Daarnaast worden ook peptiden en eiwitten 

geïntroduceerd die gebruikt zijn om moleculaire mechanismen te ontrafelen, in 

zowel fysiologische en pathologische processen.

Hoofdstuk 2 geeft een overzicht van de αIIbβ3 integrine receptor, 

signaleringsroutes, orale antagonisten, binding van abciximab, tirofiban en 

eptifibatide aan de αIIbβ3 receptor, en peptiden en eiwitten uit de natuur die 

een rol spelen in bloedplaatjesaggregatie. In dit hoofdstuk focussen we op 

disintegrines. Disintegrines zijn laagmoleculaire en cysteïne-rijke peptiden die 

binden aan de αIIbβ3 receptor. We geven een overzicht van 73 disintegrines uit 

slangen, teken, bloedzuigers, wormen en paardenvliegen, die vooral een effect op 

de αIIbβ3 receptor in bloedplaatjes hebben. Sommige disintegrines hebben ook 

een effect op de αvβ3, α5β1, α2β1 of αvβ5 receptor.

In Hoofdstuk 3 worden de effecten van twee tekeneiwitten, disagregine 

en RGD-disagregine, op bloedplaatjesadhesie, trombus- en fibrinevorming 

besproken. Deze twee eiwitten werden chemisch gesynthetiseerd en getest in 
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bloedplaatjesaggregatietesten. Disagregine remt ADP- en collageen-geïnduceerde 

bloedplaatjesaggregatie met IC50-waarden van 99 nM en 64 nM. Voor verdere 

experimenten werden twee concentraties gekozen (100 nM, IC50 en 1 µM, ~ 10x 

IC50). De hoge concentratie van disagregine en RGD-disagregine verminderde 

significant de ADP- en collageen-geïnduceerde bloedplaatjesaggregatie. De 

lage concentratie (100 nM) van RGD-disagregine verminderde significant de 

collageen-geïnduceerde bloedplaatjesaggregatie, terwijl de lage concentratie 

van disagregine geen effect had. Bloedplaatjesaggregatie en trombusvorming 

in stromend volbloed met disagregine of RGD-disagregine resulteerde in de 

aanhechting van losse bloedplaatjes, waarbij geen gecontraheerde trombi werden 

gevormd. Door het toevoegen van disagregine of RGD-disagregine verminderde 

ook de integrine activatie.

Trombusvorming in stromend volbloed werd uitgevoerd in de aanwezigheid 

van stolling veroorzaakt door weefselfactor. Losse bloedplaatjes hechtten aan in 

de aanwezigheid van 1 µM disagregine of RGD-disagregine. Deze bloedplaatjes 

vormden geen aggregaten, brachten geen fosfatidylserine tot expressie en vormden 

geen fibrine. In controlemetingen werden grote aggregaten gevormd, werd veel 

fosfatidylserine tot expressie gebracht en werd veel fibrine gevormd. De tijd tot 

fibrinevorming was vertraagd van 5 naar 12-13 minuten door het toevoegen van 

disagregine of RGD-disagregine. Disagregine en RGD-disagregine zijn potentiële 

kandidaten voor de remming van de αIIbβ3 receptor vanwege hun effecten op 

bloedplaatjesadhesie, bloedplaatjesaggregatie en fibrinevorming.

Hoofdstuk 4 focust op het belang van het aminozuur homoarginine (hArg) dat 

aanwezig is in de bloedplaatjesaggregatieremmer eptifibatide. Analoga, die 

een arginine of lysine aminozuur op de positie van het homoarginine residu 

hebben, werden gesynthetiseerd met behulp van vaste-fase peptidensynthese. 
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Bloedplaatjesaggregatietesten werden uitgevoerd en resulteerden in de volgende 

IC50-waarden voor eptifibatide; 0.38 µM voor ADP-geïnduceerde aggregatie en 

0.27 µM voor collageen-geïnduceerde aggregatie. De IC50-waarden voor Arg- en 

Lys-eptifibatide waren 7-9 keer hoger voor ADP-geïnduceerde aggregatie en 6-8 

keer hoger voor collageen-geïnduceerde aggregatie. Pre-incubatie met Arg- of 

Lys-eptifibatide leidde niet tot een effect op de bloedplaatjesaggregatie. Volbloed 

collageen/weefselfactor-geïnduceerde trombusvorming werd uitgevoerd en 

resulteerde in grote aggregaten door toevoeging van Arg- en Lys-eptifibatide, 

vergelijkbaar met de controlesamples, terwijl de toevoeging van eptifibatide 

tot de vorming van kleine aggregaten leidde. De tijd tot fibrinevorming was 

vertraagd door het toevoegen van eptifibatide, terwijl de toevoeging van Arg- of 

Lys-eptifibatide niet resulteerde in een vertraging. 

Gewassen bloedplaatjes zijn in flowcytometrie experimenten geactiveerd met 

CRP-XL, ADP of TRAP-6 om de effecten van eptifibatide, Arg- of Lys-eptifibatide 

op bloedplaatjesactivatie te onderzoeken. PAC1 binding door activatie met 

CRP-XL of ADP was afgenomen door het toevoegen van eptifibatide, terwijl het 

toevoegen van de analoga geen effect had op de PAC1 binding. Molecular dynamics 

simulaties toonden aan dat de wisseling van homoarginine voor arginine of lysine 

resulteerde in minder interacties met het αIIb domein van de receptor. Hierdoor 

kunnen we concluderen dat het aminozuur hArg in eptifibatide essentieel is voor 

effectieve binding aan de αIIbβ3 receptor.

In Hoofdstuk 5 hebben we de structuur van disagregine opgehelderd met 

behulp van NMR-spectroscopie. Verder werd door middel van een fluorescentie 

polarisatie test de binding van disagregine aan de αIIbβ3 integrine receptor 

onderzocht. Pre-incubatie met disagregine leidde tot suppressie van PAC1 

binding aan de geactiveerde αIIbβ3 receptor op bloedplaatjes. Daarnaast werd 
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ook gedeeltelijk, vanwege de additionele bindingsplekken van fibrinogeen, de 

AF647-fibrinogeen binding geremd. Post-incubatie met disagregine veranderde 

de binding van PAC1 of AF647-fibrinogeen niet.

Hoofdstuk 6 beschrijft de effecten van het tekeneiwit savignygrine op 

bloedplaatjesaggregatie en de binding van savignygrine aan de αIIbβ3 integrine 

receptor met behulp van molecular dynamics simulaties. Een dosisafhankelijk 

effect van savignygrine was zichtbaar in ADP- en collageen-geïnduceerde 

aggregatie, dat resulteerde in IC50-waarden van 366 nM (ADP) and 165 nM 

(collageen). Molecular dynamics simulaties lieten zien dat savignygrine niet 

goed kon binden aan de αIIbβ3 receptor aangezien enkele enkele essentiële 

interacties niet gevormd konden worden. De binding van savignygrine aan de 

αIIbβ3 receptor werd vergeleken met de receptorbinding van disagregine. De 

bindingsvrije energiewaarde van savignygrine was significant hoger (minder 

negatief) dan de bindingsvrije energiewaarde van disagregine, wat aangeeft dat 

disagregine sterker aan de αIIbβ3 receptor bindt dan savignygrine. Dit komt 

doordat het aminozuur glycine van savignygrine geen sterke interacties maakt 

met de omringende aminozuren van de αIIbβ3 receptor.

Hoofdstuk 7 bediscussieert de belangrijkste bevindingen van dit proefschrift en 

de potentiële klinische relevantie. De studies in dit proefschrift geven nieuwe 

inzichten in peptiden en eiwitten uit de natuur, nieuwe sequenties die binden 

aan de αIIbβ3 receptor, het belang van het aminozuur homoarginine in de 

bloedplaatjesaggregatieremmer eptifibatide, structuur-activiteit relaties tussen 

disagregine en de αIIbβ3 receptor, de effecten van savignygrine op bloedplaatjes 

en de binding van savignygrine aan de αIIbβ3 receptor.
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Hemostasis, the process that keeps blood fluid within the circulation while 

preventing excessive bleeding at sites of vessel injury by formation of a blood 

clot, is a tightly regulated equilibrium between pro- and anticoagulant processes. 

If this balance is disturbed, it will either lead to thrombosis or bleeding. Blood 

coagulation, platelets and the vessel wall play pivotal roles in hemostasis. In 

this thesis, we focused on platelets. Excess of platelet aggregation can result in 

thrombosis. Antiplatelet drugs, such as αIIbβ3 integrin inhibitors, are applied to 

restore the hemostatic balance and thus to prevent thrombosis. Administration of 

these drugs leads to inhibited platelet aggregation and thrombus formation, by 

preventing fibrinogen bridging between platelets.

The major disadvantage of antiplatelet drugs is the risk of bleeding in patients. 

Therefore, it is important to monitor patients on platelet aggregation inhibitors in 

the acute phase in order to avoid potential bleeding events or to change treatment 

plans. It is important that new therapeutics are being developed that lead to 

restoration of the hemostatic balance without adverse effects, such as bleeding. 

Hematophagous parasites, such as ticks and leeches, but also snakes, have 

interesting platelet aggregation inhibitors in their salivary glands. Evolution has 

led to peptides and proteins that are very efficient in blocking platelet aggregation. 

For drug discovery, salivary proteins from bloodsucking parasites are suitable 

starting points. Millions of years of evolution functioned as an optimization 

process, resulting in high protein stability and target specificity while reducing 

toxicity and immunogenicity. There is little structural data available for tick-

derived proteins, thus far. Structural analysis will give us insights in the molecular 

properties that provide low-immunogenic character of these proteins. Although, 

it should be noted that some tick proteins may be immunogenic. 
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In this thesis, the effects of different nature-derived proteins on platelet 

aggregation, thrombus formation and fibrin formation are described. Proteins 

derived from ticks and snakes were chemically synthesized or biologically 

produced and tested in platelet aggregation and thrombus formation assays.

With these assays, we showed that both disagregin and its analog RGD-disagregin 

inhibited platelet adhesion, thrombus formation and fibrin formation. This 

showed the potential for both peptides as new platelet antagonists that can lead 

to both economical and societal benefits.

We also elucidated the importance of the homoarginine residue in the clinically 

used αIIbβ3 integrin inhibitor eptifibatide. Various scientific papers indicate that 

eptifibatide contains an arginine or lysine residue in the tripeptide sequence 

(RGD or KGD). We mutated the homoarginine into arginine or lysine to Arg-

eptifibatide and Lys-eptifibatide and tested these variants in platelet activation, 

platelet aggregation and whole blood thrombus formation assays. Arg- and 

Lys-eptifibatide did not affect platelet activation and aggregation, and their 

time to fibrin formation was comparable to control, thereby showing that the 

homoarginine is crucial for effective binding to the αIIbβ3 integrin. With these 

results, we want to stress the importance of the communication of the correct 

sequence in research papers, to prevent mistakes during experiments and to 

prevent incorrect conclusions.

In several chapters, we have used in silico molecular dynamics simulations, which 

are prediction methods by computational approaches that can be used for drug 

design. These methods are essential, since research on proposed inhibitors in their 

binding to integrins can lead to the development of new inhibitors, but also to the 

identification of amino acids involved in receptor binding. Using this method, 

large amounts of money can be saved, as only successful candidates (including 
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targeting sequences) have to be produced and then tested in biological assays. 

The number of animal experiments may also be reduced by the use of in silico 

methods, since only those compounds that are successful in in silico methods and 

subsequent in vitro studies need to be tested in in vivo experiments. The animal 

experiments cannot be completely replaced, but this is already a great step in 

reducing animal tests. To make proper and efficient use of in silico methods, more 

protein structures still need to be elucidated. As more protein structures become 

publicly available in online databases, more protein-protein interactions can be 

investigated, thereby obtaining more information about the design of possible 

new therapeutics. If improvements will be made, this can lead to faster and 

focused performance of biological assays, which can result in faster and more 

efficient development of new drugs.

In addition to improvements in computational methods, also improvements 

in biological assays are important in future research. Whole blood thrombus 

formation is used in several chapters in this thesis. This method partially mimics 

the physiological state of thrombus and fibrin formation in the human body, by 

providing a substrate from the vessel wall to assess platelet adhesion, aggregation 

and fibrin formation. However, trained personnel is required to perform the assay 

and to interpret the results and therefore there is a need for an easy-to-use device. 

Standardization of this method is difficult, because of the inter-donor variability 

in both healthy individuals and patients. More research is necessary to improve 

this method, so that standardization of this method can be accomplished, which 

may lead to improved patient diagnosis and thus improved healthcare.

Altogether, the results of this thesis are very important for future clinical 

therapies. Furthermore, we have shown that the amino acid homoarginine is of 

high importance in the structure of eptifibatide. This new finding can be useful for 
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experimental research projects using eptifibatide, so that results will be obtained 

in a proper way. The disagregins presented in this thesis might be more effective 

than current drugs in the fight against thrombosis. On the other hand, careful 

considerations should still be made to have a proper balance between bleeding 

and thrombosis in patients using antiplatelet drugs. Therefore, clinical studies 

should be applied to test drug safety in patients undergoing this treatment 

and to find the most effective dose. For these studies, it is important to involve 

commercial parties, spin-off companies and clinical study managers, that will 

perform large scale testing with this drug. Hopefully, this will result in improved 

therapies for patients at high thrombotic risks in the near future to help the fight 

against cardiovascular diseases.
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189

8

Dankwoord
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PhD tracks. Femke, voor een korte periode was je mijn buurvrouw op kantoor. 
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