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Abstract
SARS-CoV-2 represents the causative agent of the current pandemic (COVID-19). The drug repurposing technique is used 
to search for possible drugs that can bind to SARS-CoV-2 proteins and inhibit viral replication. In this study, the FDA-
approved antiplatelets are tested against the main protease and spike proteins of SARS-CoV-2 using in silico methods. 
Molecular docking and molecular dynamics simulation are used in the current study. The results suggest the effectiveness 
of vorapaxar, ticagrelor, cilostazol, cangrelor, and prasugrel in binding the main protease  (Mpro) of SARS-CoV-2. At the 
same time, vorapaxar, ticagrelor, and cilostazol are the best binders of the spike protein. Therefore, these compounds could 
be successful candidates against COVID-19 that need to be tested experimentally.
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Introduction

The world is currently facing novel coronavirus disease 
2019 (COVID-19), an unprecedented health crisis caused 
by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). SARS-CoV-2 is one of the families of coronavi-
ruses (CoVs), which include the severe acute respiratory 
syndrome coronavirus (SARS-CoV) and the Middle East 
respiratory syndrome coronavirus (MERS-CoV), resulting 
in high mortality rates [1]. In December 2019, the first case 
of COVID-19 was discovered in Wuhan, Hubei, China, then 
rapidly spread worldwide [2]. The World Health Organiza-
tion (WHO) in March 2020 announced that COVID-19 is a 
pandemic [3, 4]. Since the pandemic, about 200 million con-
firmed cases and over 4.2 million deaths globally around 220 
countries, areas, or territories, with the majority in Europe 

and the Americas. The common symptoms of COVID-19 are 
fever, dry cough, nausea, shortness of breath, and respiratory 
complications. In many cases, olfactory sensory losses occur 
and sometimes leading to death [5].

SARS‐CoV‐2 was reported as an enveloped positive 
single-stranded RNA virus and categorized as a betacoro-
navirus family member [6]. SARS‐CoV‐2 consists of 16 
non-structural proteins and four structural proteins, such as 
nucleocapsid (N), spike (S), envelope (E), and membrane 
(M) [7]. The ribonucleic acid (RNA) genome binds to N 
protein to form the viral nucleocapsid, whereas the S, E, 
and M proteins contribute to shaping the viral envelope. 
The glycoprotein spikes distinguish coronaviruses by their 
unique crown‐like appearance [8]. Cell internalization of 
SARS‐CoV‐2 utilizes the angiotensin-converting enzyme 
2 (ACE2), expressed on many cell types in human tissues 
by interacting with spike protein [9]. After cell internaliza-
tion, viral RNA is translated into two polyproteins (pp1a 
and pp1ab) encoding multiple critical non-structural pro-
teins (nsPs), including two proteases; main protease  (Mpro) 
or Chymotrypsin-like protease  (3CLpro) and papain-like pro-
tease  (PLpro), both of them processes the polypeptide pp1a 
and pp1ab in a specific way to generate 16 nsPs [9, 10]. 
The papain-like protease is responsible for the production 
of four nsPs. On the other hand, the rest of the vital nsPs 
are produced by  Mpro, including methyltransferase, helicase, 
and RNA-dependent RNA polymerase (RdRp); all of them 
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have a significant role in the viral infection cycle. Hence, the 
main protease and spike protein are considered prospective 
therapeutic targets to inhibit viral replication [9, 11].

Until now, there is no complete awareness of the patho-
genic pathways of SARS-CoV-2. COVID-19 patients are 
suffering from severe acute respiratory syndrome and maybe 
in some cases leading to lung damage due to direct harmful 
viral effects on both types I and II pneumocytes and alveo-
lar endothelial cells [12], resulting in uncontrolled severe 
inflammatory reaction and pulmonary microvascular throm-
bosis [13, 14]. Medical treatments have been proposed to 
avoid the symptoms of coagulopathy in COVID-19 patients 
[15]. Recent data showed that anticoagulant therapy has 
better results in moderate and severe COVID-19 patients 
with coagulopathy signs and those receiving mechanical 
ventilation [12, 16]. Additionally, the prophylactic impact 
of antithrombotic therapy on COVID-19 severity and mor-
tality has been considered [17]. Moreover, it was reported 
that heparin could bind with the SARS-CoV-2 S1 recep-
tor domain leading to a conformational change that hin-
ders cell infection, which confirms the antiviral effect of 
heparin against COVID-19 [18]. No clinical findings have 
been reported concerning antiplatelet therapy's poten-
tial protective or therapeutic effects against COVID-19, 
unlike anticoagulant treatment [12]. Only one clinical trial 
(NCT04365309) has been started assuming aspirin's early 
usage is expected to reduce the incidence of COVID-19 due 
to its ability to inhibit viral proliferation, platelet aggrega-
tion, and lung injury.

So far, no specific drugs have shown promising thera-
peutic potential against COVID-19, while several attempts 
to find possible therapeutics are ongoing [19–22]. The Dis-
covery of a new particular drug against SARS-CoV-2 will 
take more time utilizing the conventional method. So, drug 
repurposing has been launched as an inspiring approach, as 
recommended by WHO [23]. Our group recently revealed 
the promising role of antiplatelet FDA-approved drugs in the 
treatment of COVID-19 by inhibiting main protease  (Mpro) 
and spike glycoprotein (S) [24].

This study will focus more intensely on screening the 
antiplatelet FDA-approved drugs against main protease and 
spike glycoprotein based on molecular dynamics (MD) sim-
ulation, which can confirm the stability of the interactions 
of the docked complexes.

Materials and methods

Structural retrieval and preparation

The structure of the ligands (FDA- approved Antiplatelets) 
are retrieved from the PubChem database and prepared for 
the docking study [24, 25]. Additionally, the SARS-CoV-2 

 Mpro and spike protein structures are retrieved from the Pro-
tein Data Bank (PDB ID: 6Y84 and 6YLA, respectively). 
The systems are prepared using PyMOL software, where 
water and ions are removed, and the missed H-atoms are 
added to the protein structures [26]. The protein structures 
are subjected to a 100 ns Molecular Dynamics Simulation 
(MDS) run. The CHARMM 36 force field is used to equili-
brate the protein solvated in the TIP3P water model [27, 
28]. The salt concentration is adjusted to the physiological 
conditions (154 mM NaCl and the pH value of 7.0) during 
the simulation. The temperature is adjusted to 310 K, and 
the system is simulated in NVT ensemble (constant number 
of atoms, volume, and temperature). NAno-scale Molecu-
lar Dynamics (NAMD) 2.13 and the Visualizing Molecular 
Dynamics (VMD) 1.9.3 software are utilized to run the sim-
ulation, input files preparation, and for data analysis along 
with in-house codes [29, 30]. The University of California 
San Francisco Chimera software is used to perform cluster 
analysis of the trajectories [31]. A representative conforma-
tion from each cluster is used in the docking experiments to 
test the antiplatelets' binding affinities against SARS-CoV-2 
proteins. As shown below, twelve different conformations of 
the Mpro and seven conformations for the spike are used in 
the docking experiments.

Molecular docking

AutoDock Vina software is used to perform the docking 
experiments, while AutoDock Tools is used to prepare 
the input files and to set the grid box [32, 33]. Any missed 
H-atoms and charges are added to both the ligands and 
the proteins. The box sizes were set to 40 × 40 × 40 Å3 for 
both proteins, while the box center is set to be at the active 
site dyad (H41 and C145) in the case of  Mpro and at the 
receptor-binding domain of the spike protein. In the  Mpro 
the dyad residues are set to be flexible during the docking 
experiments. Average binding affinity values are plotted with 
their standard deviations (SD) for each drug. The docking 
complexes are examined using Protein–Ligand Interaction 
Profiler (PLIP) web server for detailed established interac-
tions [34]. PyMOL software is used to represent selected 
complexes.

Results and discussion

The highly contagious COVID-19 pandemic affects the 
world leaving more than 4.2 M deaths and about 200 M 
infections. Drug repurposing is successfully helping 
COVID-19 patients by the reduction in the infection sever-
ity and the hospitalization period. [35]. Different in silico 
studies have suggested the previously approved drugs against 
the SARS-CoV-2. The suggestions are based on these drugs' 
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binding ability against viral and host-cell proteins crucial for 
the infection [36–38].

The authors' recently published docking study suggests 
the possibility of antiplatelet drugs against COVID-19 [24]. 
To prove these drugs' effectiveness, we include molecular 
dynamics simulation for the SARS-CoV-2 protein targets 
 Mpro and the spike protein for 100 ns (see the supplementary 
figure S1).

Figure 1 shows the average binding affinity for each 
drug of the antiplatelets against the SARS-CoV-2 spike 
(A) and  Mpro (B). The spike protein was represented by 

seven different conformations representing the different 
clusters after MDS, while 12 conformations represented 
 Mpro. The average binding affinity for nelfinavir is repre-
sented in the red columns, while the best compounds are 
in green. As reflected from the bar graphs, the best three 
compounds in their average binding affinity against both 
SARS-CoV-2 spike and  Mpro are vorapaxar (-7.74 ± 0.35 
and -8.08 ± 0.33  kcal/mol), ticagrelor (-7.03 ± 0.28 
and -7.75 ± 0.35 kcal/mol), and cilostazol (-6.86 ± 0.43 
and -7.27 ± 0.36  kcal/mol). Additionally, cangrelor 
(-6.78 ± 0.44 kcal/mol) and prasugrel (-6.76 ± 0.36 kcal/mol) 

Fig. 1  The average binding affinity (in kcal/mol) of the antiplatelet drugs against SARS-CoV-2 spike (A) and Mpro (B) proteins calculated by 
AutoDock Vina software. Error bars represent the standard deviation. Nelfinavir, the positive control, is shown in red columns
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show comparable average binding affinities against SARS-
CoV-2  Mpro compared to nelfinavir (-6.92 ± 0.51 kcal/mol).

The interaction patterns' details of the antiplatelet drugs 
against SARS-CoV-2 proteins are summarized in Table 1 
(spike) and Table 2  (Mpro). Two main types of interactions 
are established between the antiplatelet drugs and the SARS-
CoV-2 proteins, which are H-bonding and hydrophobic con-
tacts. The most-reported H-bonds are formed between the 
medicines and W436 and R509 of the spike, while residues 
F342 and W436 established hydrophobic contacts with the 
drugs. SARS-CoV-2  Mpro residues that form H-bonds with 
the medicines are G143, S144, C145 (one of the dyads), and 
E166. Additionally, L27 and E166 of the  Mpro form hydro-
phobic contacts with the drugs. It is evident that the main 
interactions that stabilize the drug, icosapent ethyl, in the 
spike and  Mpro are the hydrophobic contacts, while H-bonds 
are essential in stabilizing other drugs in the  Mpro active site 
pocket (see Table 2).

The best three drugs in binding SARS-CoV-2 spike and 
 Mpro (vorapaxar, ticagrelor, and cilostazol) are represented 
in Figs. 2A and 2B. Proteins are expressed in the rainbow-
colored cartoons and surface (N-blue and C-red). Interact-
ing residues are labeled (one-letter) and shown in colored 
lines, while the drugs are in green sticks. Vorapaxar is 

the best binder drug to spike RBD and  Mpro of SARS-
CoV-2 with average binding affinity values of -7.74 ± 0.35 
and -8.08 ± 0.33, respectively. Vorapaxar, ticagrelor, and 
cilostazol bind to the  Mpro at the same pocket that con-
tains the dyads (H41 and C145). Hence, these drugs could 
be potential candidates for SARS-CoV-2 inhibition by 
impairing  Mpro function.

The current study suggests that vorapaxar, ticagrelor, 
and cilostazol are able to bind with both  Mpro and SARS-
CoV-2 spike RBD. Each one of them has an antithrombotic 
role besides the prospective antiviral effect. Vorapaxar is 
considered as protease-activated receptor 1 (PAR-1), is 
overexpressed by CD8 T lymphocytes after viral infection, 
working as an antagonist that inhibits thrombin-related 
platelet aggregation. It does not affect coagulation fac-
tors, ADP-mediated platelet aggregation, or bleeding time 
[39, 40]. Ticagrelor is a  P2Y12 receptor antagonist which 
inhibits thrombosis and reduces the risk of myocardial 
infarction [41, 42]. Cilostazol is an antiplatelet agent and 
vasodilator used to treat intermittent claudication by inhib-
iting phosphodiesterase III and suppressing cyclic AMP 
(cAMP) degradation [43]. This study suggests the dual 
role of these three drugs against COVID-19 that needs to 
be tested experimentally.

Table 1  The interaction pattern of the compounds having binding affinities against SARS-CoV-2 spike protein

The AutoDock Vina scores are listed among H-bonds and hydrophobic contacts and the residues that interact. Residue interacts with π-stacking 
is blue-colored, while the orange residue is that interacts with salt bridges. Bold residues are the most common residues

Compound AutoDock Vina 
score (kcal/mol)

H-bonding Hydrophobic interaction

Number Interacting residues Number Interacting residues

Nelfinavir −7.0 3 T430, F515, and L517 1 V382
Anagrelide −5.9 2 T430(2) 1 F515
Aspirin −5.2 9 R454(4), K458, S459, D467, and E471(2) 2 K458 and E471
Cangrelor −6.2 10 D428, T430(2), G431, S514(2), F515(3), 

and L517
Cilostazol −7.1 5 S373, W436, S438(2), and R509 4 F342, V367, F374, and W436
Clopidogrel −5.7 2 W436 and R509 3 F342, F374, and W436
Dipyridamole −5.5 8 Y396(2), D427, D428(2), D428, and 

E516(2)
3 P426, K462, and F464

Epoprostenol −5.9 2 S375 and D405 5 T376, V407, R408, V433, and V503
Icosapent ethyl −5.1 1 T430 10 V382, L387, L390, F392(2), P426, F464, 

F515(2), and L517
Iloprost −6.2 3 W436, S438, and R509 4 F342, V367, and L441(2)
Pentoxifylline −5.7 2 V382 and S514 7 V382, L387, L390, F392(2), and F515(2)
Prasugrel −6.4 3 F338, G339, and N343 8 F338, F342(2), V367, L368, F374, and 

W436(2)
Ticagrelor −7.0 7 F342, N343, A344, T345, W436, N437, 

and R509
2 F374 and W436

Ticlopidine −5.5 1 E516 4 E516, L517(2), and L518
Tirofiban −6.1 4 C336, G339, S373, and R509 9 F342(3), V367(2), L368, F374, W436, and 

L441
Vorapaxar −7.6 2 K462 and L517 4 R355, P426, F429, and F464
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We previously reported the enhanced binding contribution 
of the cell-surface Glucose Regulated Protein 78 (CS-GRP78), 
also termed Heat Shock Protein A5 (HSPA5), to the newly 
emerged variants SARS-CoV-2 (UK, South African, and Bra-
zilian) spike protein compared to the wildtype variant [44, 45]. 
The predicted GRP78 recognition site of the spike is located 
in the C480-C488 region [46–48]. This recognition site is not 
affected by the binding of the antiplatelet drugs in our study. 
Additionally, antiplatelet drugs bind well with the spike pro-
tein apart from the binding surface to the main receptor for 
SARS-CoV-2, the Angiotensin-Converting Enzyme 2 (ACE2) 
(see Fig. 3). This makes the antiplatelet drugs bind to both 
wildtype and the new variant mutations of the spike.

Even if not in the recognition surface, drug binding to the 
Receptor Binding Domain (RBD) of the spike protein can 
be of therapeutic importance since the spike is responsible 
for host cell entry [49]. Thus, any hindrance exerted by the 
drug bound firmly in the pockets of the RBD may affect the 
conformational changes that mediate cell entry. On the other 

hand, the spike's antiplatelet binding may not affect the host 
cell recognition to SARS-CoV-2.

Conclusion

Antiplatelet FDA-approved drugs are tested in this study 
against SARS-CoV-2  Mpro and spike proteins after molecu-
lar dynamics and trajectory clustering. The different confor-
mations of  Mpro (twelve) and the spike RBD (seven), gotten 
after clustering the MDS trajectories, support our previous 
finding that antiplatelet drugs could be successful candidates 
against COVID-19. Vorapaxar, ticagrelor, and cilostazol are 
able to bind firmly to both  Mpro and the RBD of the SARS-
CoV-2 spike. The drug-binding is not close to the mutations 
observed in the new variants of the spike (the UK, South 
African, and Brazilian); hence it could inhibit all variants 
of the spike. These in silico findings are yet to be verified by 
experimental activity assays and clinical trials.

Table 2  The interaction pattern of the compounds having better binding affinities than Nelfinavir against SARS-CoV-2 Mpro

The AutoDock Vina scores are listed among H-bonds and hydrophobic contacts and the residues that interact. Residues that interact with 
π-stacking are blue-colored. Bold residues are the most common residues

Compound AutoDock Vina 
score (kcal/mol)

H-bonding Hydrophobic interaction

Number Interacting residues Number Interacting residues

Nelfinavir −6.7 1 E166 3 T25, L27, and M165
Anagrelide −6.4 5 N142, G143, S144, C145, and E166
Aspirin −5.2 4 G143, S144, C145, and E166 1 E166
Cangrelor −6.7 10 N119, L141, N142, G143, S144, C145, E166, 

Q189(2), and D187
Cilostazol −7.2 5 S144, E166, Q189, T190, and Q192 1 Q189
Clopidogrel −5.7 2 E166 and D187
Dipyridamole −6.2 8 N28(2), N142, G143, C145(2), E166, and Q189 2 T25 and L27
Epoprostenol −5.9 6 N142, G143, S144, Q189, and Q192 1 P168
Icosapent ethyl −4.8 0 7 A70, V73(2), L75, 

T93, K97, and 
P122

Iloprost −5.9 6 R40, Y54(3), E55, and N84 2 P52 and Y54
Pentoxifylline −5.7 5 N142, G143, S144, C145, and E166 2 T25 and L27
Prasugrel −7.0 7 S46, L141, G143, S144(2), C145, and E166
Ticagrelor −7.8 7 N142, G143, S144(3), C145, and E166 1 T25
Ticlopidine −5.4 0 2 M165 and Q192
Tirofiban −5.9 5 G143, S144, C145, and T190(2) 2 M165 and Q192
Vorapaxar −8.1 4 T26, N119, N142, and E166 2 E166 and R188
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Fig. 2  Docking complexes of the best three drugs against SARS-
CoV-2 spike (A) and Mpro (B). Medicines are represented in green 
sticks while interacting residues are in lines and labeled with their 

one-letter code. The proteins are expressed in rainbow-colored 
(N-blue and C-red) cartoons. Surface representation of the proteins is 
found in the right-bottom corner for each figure
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