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In recent years, more than 200 countries of the world have faced a health crisis due to the
epidemiological disease of COVID-19 caused by the SARS-CoV-2 virus. It had a huge impact on
the world economy and the global health sector. Researchers are studying the design and discovery
of drugs that can inhibit SARS-CoV-2. The main protease of SARS-CoV-2 is an attractive target
for the study of antiviral drugs against coronavirus diseases. According to the docking results, bind-
ing energy for boceprevir, masitinib and rupintrivir with CMP are —10.80, —9.39, and —9.51 kcal/-

mol respectively. Also, for all investigated systems, van der Waals and electrostatic interactions are
quite favorable for binding the drugs to SARS-CoV-2 coronavirus main protease, indicating con-

firmation of the complex stability.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

An acute respiratory illness (COVID-19) that accelerated across the
world has been found to be caused by a completely unique strain of
coronaviruses (SARS-CoV-2) (Hu et al., 2021). In 2019, a serious res-
piratory infectious disease appeared in China and quickly in other
countries, such as Spain, the United States of America, Britain, Russia,
Brazil, and France. The disease continued to worsen until January 30,
2020, when the World Health Organization (WHO) named the infec-
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tious disease the new 2019 coronavirus (2019-nCoV) (World Health
Organization, 2021). On January 30, 2020, the WHO announced the
prevalence of the Coronavirus in a globalized dangerous situation.
And on March 11, 2020, the WHO described Covid-19 as an epidemic.
No specific antiviral drug is currently available for the treatment or
prevention of coronavirus diseases, so there is still a serious need for
treatment and prevention against coronavirus infection (Hafeez
et al., 2020). Covid-19 is a highly contagious viral disease with a very
high transmission rate, and given the dangers and lethality of the virus,
the best way to control the disease is to control the disease and prevent
new cases, or in other words, cut the transmission chain. As of March
23, 2022, the disease has spread to more than 474,424,710 confirmed
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worldwide (https://coronavirus.jhu.edu/). The structure of the newest
type of coronavirus has a single-stranded RNAs genome with positive
polarity and is also surrounded by a lipid bilayer membrane with a
diameter of approximately 50-200 nm (Tolksdorf et al., 2021; Ewert
et al., 2021; Dhar, 2022). The viral particles of the coronaviruses have
four important structural proteins: spike (S) proteins, envelope (E),
membrane (M), and nucleocapsid (N) proteins (Satarker and
Nampoothiri, 2020; Yadav et al., 2021). Protein N is located in the
structure of the virus genome, and the other three proteins together
form the coat of the virus (Boson et al., 2021). Of these four proteins,
the most important is the protein (Spike), which is located on the mem-
brane of the virus. S membrane protein is a glycoprotein and forms
homotrimers on the viral surface. Protein E may be a passing protein
that’s important to pathogenesis. Protein M is a small membrane pro-
tein with three passing areas that may be important for virion shape
protein N plays a very important role in the packaging of RNA and
also the release of viral particles. Several non-structural proteins have
an enzyme activity such as protease and RNA polymerase activity with
RNA, so an important and effective strategy for antiviral development
against SARS-COV-2 is blocking enzymatic activity (Li and Kang,
2020). The proliferation cycle of SARS-COV-2 is based on the binding
of the S protein to the angiotensin 2 receptor at the human cell surface,
which changes the cell membrane and the viral membrane with the
change of the protein spike S (Delpino and Quarleri, 2020; Gheblawi
et al., 2020). After this stage, viral genes can enter the host cell and
cause more virus replication. Human infection with SARS-COV-2
and its proliferation in human cells depends on different proteins,
including (i) structural proteins corresponding to the glycosylated
spike (S) protein, that mediates host cell receptor recognition and host
cell entry, and induces host immune responses; and (ii) non-structural
proteins such as polymer-dependent RNA enzyme (RdRp), (iii) main
proteolytic enzyme Mpro. Mpro protease plays a key role in transcrip-
tion and replication of the genome of coronavirus 2 (SARS-Cov-2).
Understanding proteases to identify and develop specific antiviral
drugs can effectively prevent or treat Covid-19 (Luan et al., 2020;
Jankun, 2020). One of the important points about finding drugs is to
use the available drug screening method with the help of software
and predefined algorithms in the form of computer-aided drug design
(Yoosefian et al., 2022; Yoosefian et al., 2018; Yu and MacKerell,
2017; Ziaadini et al., 2019; Afzali et al., 2015). The mechanism of
action and knowledge of the qualitative nature of the interactions, in
addition to the quantitative nature and amounts of energy exchanged,
is important in deciding whether a drug combination is effective for a
specific purpose.

To provide antiviral drugs that can be quickly used to fight the
COVID-19 pandemic, a study was conducted to identify existing drugs
that could potentially be used as inhibitors of the SARS-CoV-2 virus
that causes the disease COVID-19. Eight HCV drugs (Simeprevir, gra-
zoprevir, Telaprevir, Paritaprevir, Narlaprevir, Vaniprevir, Boceprevir,
Asunaprevir) have been identified to inhibit viral replication in human
Vero and/or 293T cells expressing the ACE2 receptor (Bafna et al.,
2021). Another study suggests the reuse of three chemicals, dex-
tromethorphan, prednisolone, and dexamethasone, as anti-covid
agents. The tertiary structure of the major protease of Coronavirus
(Mpro) with PDB ID 6LU7 was used as the target protein in this anal-
ysis. Molecular docking and further dynamics study revealed their syn-
ergistic effect against the protease protein of COVID-19 (Sarkar and
Sen, 2022). Hydroxychloroquine (HCQ) and remdesivir were effective
in treating COVID-19 patients. Docking and molecular dynamics
(MD) simulations of HCQ and remdesivir with Mpro protein have
been performed, which provided promising results for the inhibition
of Mpro protein in SARS-CoV-2. On the basis of results obtained
we designed structurally modified 18 novel derivatives of HCQ, remde-
sivir and tetrahydrocannabinol (THC) and carried out docking studies
of all the derivatives. Further, molecular dynamics simulation of one
derivative of HCQ and one derivative of tetrahydrocannabinol show-
ing excellent docking score was performed along with the respective
parent molecules. The two derivatives gave excellent docking score

and higher stability than the parent molecule as validated with molec-
ular dynamics (MD) simulation for the binding affinities towards
Mpro of SARS-CoV-2 thus represented as strong inhibitors at very
low concentration. (Mishra et al., 2021). In this study, with the help
of molecular dynamics simulations, we investigated three drugs as inhi-
bitors of SARS-CoV-2 coronavirus main protease (CMP), which are:

(1) Boceprevir: a protease inhibitor used to treat hepatitis caused
by hepatitis C infection (HCV) genotype 1. It binds to the
HCV non-structural protein 3 dynamic site (Rizza et al.,
2011; Bacon et al., 2011).

(ii) Masitinib: a tyrosine kinase inhibitor that inhibits the stem-cell
factor receptor, KIT (kinase inhibitor targeting) in both bio-
chemical and cellular assays (Dubreuil et al., 2009; Marech
et al., 2014).

(iii) Rupintrivir: an enterovirus protease inhibitor, which has been
reported to have anti-human norovirus activity in vitro. It is
a peptidomimetic inhibitor of rhinovirus 3Cpro and an ana-
logue (AG7404) have advanced to clinical trials, but failed
due to limited efficacy (Rocha-Pereira et al., 2014; Hung
et al., 2011).

2. Method

2.1. Molecular dynamics simulations:

The complex structure of CMP and the candidate drugs (i)
boceprevir (PDB code: 7C6S, BCV/CMP), masitinib (PDB
code: 7JU7, MSB/CMP) and rupintrivir (PDB code: 7L8J,
RPV/CMP) were prepared to simulate the molecular dynamics
simulation. The crystal structure of SARS-CoV-2 main pro-
tease in complex with a ligand has been presented in
Fig. 1A. Furthermore, the active sites for each of these three
complexes i.e. BCV/CMP, MSB/CMP and RPV/CMP are
shown in Fig. 1B-D. In this region of an enzyme ligand mole-
cules bind and undergo a chemical reaction.

ITP and PDB files of drugs (BCV, MSB and RPV) were
generated based on Charm 36 force field. Calculations of
molecular dynamics simulation were performed using GRO-
MACS program version 1 (2019) (Abraham et al., 2015).
VMD was used to visualize the whole process (Humphrey
et al., 1996). First, the protein was placed in the center of
the simulated box; then the drug molecule was added to the
simulated box. The distance between the protein-drug complex
and the simulation box wall was determined as 1 nm. TIP3P
was chosen as the water model in this force field, and chlorine
ions were added to neutralize the net load of the system. The
algorithm of “‘steepest” was used for integration in 50,000
steps to perform simulations in the system neutralization steps
and minimize energy. Before simulating molecular dynamics,
temperature equilibration was achieved for 10 ns at 300 K
using a V-rescale thermostat during NVT. In addition, the
pressure was balanced for 10 ns using NPT and 1 bar using
parrinello-rahman barostat. In this process, the LINCS algo-
rithm, along with the Particle Mesh Ewald (PME) method,
was used to calculate long-range electrostatic forces (Hess
et al., 1997). During the simulation, the Fourier grid spacing
and Coulomb radius were set at 0.16 and 1.2 nm, respectively,
and the van der Waals interactions were limited to 1.2 nm. The
MD trajectories were saved at every 10 ps for energy stabiliza-
tion, and the root means square deviation (RMSD) calcula-
tions. Furthermore, the equations of motion were integrated
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Fig. 1

4 sty

(A) The crystal structure of SARS-CoV-2 main protease in complex with a drug (drug in blue and CMP in red), the important

resediues in the active site of (B) MSB/CMP complex, (C) RPV/CMP complex and (D) BCV/CMP complex.

using the leap-frog algorithm, with a time step of 2 fs and a
total time of 100 ns.

3. Results and discussion

3.1. Molecular dynamics simulation

In this study, in order to evaluate the stability and equilibrium
of the system, various parameters such as potential energy and
total system energy are calculated and the goal of minimizing
energy is to bring the system to the most stable state. Potential
energy and total energy for all three systems (BCV/CMP,

MSB/CMP and RPV/CMP) was calculated and shown in
Fig. 2.

RMSD is the most reliable method of molecular dynamics
simulation analysis. It is also used to analyze time-dependent
particles, especially to determine the stability of the structure
on a time scale and the degree of deviation from the original
coordinates during simulation. Deviation from the original
coordinates indicates an imbalance of the system during the
simulation. To investigate the exact structural behavior and
test the stability of the inhibitors, the RMSD of the systems
was calculated within 100 ns. As shown in Fig. 3A, the average
values of RMSD are 6 for MSB/CMP and RPV/CMP systems
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and 6.4 for BCV/CMP system indicating the stability and equi-
librium of the systems during simulation.

The amino acid motions of CMP were analyzed using the
square root of the fluctuation squares for all three systems
(BCV/CMP, MSB/CMP and RPV/CMP). This calculation is
a measure of system flexibility. Fig. 3B of the RMSF diagram
shows that many residues are below 0.2 nm, indicating that the
residues were stable during molecular dynamics simulation.

Radius of gyration (Rg) is one of the useful analyzes
obtained from the results of molecular dynamics simulations
and has been selected as the first criterion to study the three-
dimensional structure of the studied systems. Because it can
be directly compared to laboratory results, for large molecules
such as proteins, the radius of gyration is a good measure of
the folding of proteins. The amount of Rg in the secondary
structure of the protein is always constant and any change in
this structure leads to a change in the amount of Rg. As shown
in Fig. 3C, the gyration radius fluctuates over 100 ns with an
almost horizontal slope around the mean value of
2.24 + 0.02 until the end of the simulation. The small standard
deviation, i.e. the small amplitude of the oscillation around the
mean value, indicates the high stability of the second and third
protein structures in all three systems, within 100 ns of the
simulation.

In order to investigate the interaction between BCV, MSB
and RPV drugs and CMP, the relative distances between the
CMP and drugs were measured. Fig. 4A shows the calculated
simulations of the distances between CMP and drugs during
100 ns. The distance between CMP with inhibitors shows nor-
mal fluctuations. The average distance for BCV/CMP, MSB/
CMP and RPV/CMP systems are 1.88, 2.04 and 1.93 A,
respectively. The results of this analysis show that among the
three studied drugs, drug BCV has a smaller distance with
the CMP and shows that it is better placed in the active site
of the CMP.

To better understand of the interaction between CMP and
investigated drugs, the number of contact between CMP and
drugs was calculated for all three systems (BCV/CMP, MSB/
CMP and RPV/CMP). Fig. 4B shows the close relationship
and interaction between these three complexes over the simu-
lation time. According to the results, the average number of
contacts for BCV/CMP is 2922 and for RPV/CMP 2221 and
finally the average number of contacts for MSB/CMP is
1939 and these results are consistent with the distance data.

Analysis of hydrogen bonds provides useful information
about protein—ligand interactions. Hydrogen bonding, interac-
tion involving a hydrogen atom located between a pair of other
atoms having a high affinity for electrons; such a bond is
weaker than an ionic bond or covalent bond but stronger than
van der Waals forces (Yoosefian et al., 2011; Raissi et al., 2010;
Mirhaji et al., 2018; Afzali et al., 2014; Ghanbarian et al.,
2013). Hydrogen bonds contribute favorably to protein stabil-
ity and the contribution of hydrogen bonds to protein stability
is strongly context dependent. Hydrogen bonds by side chains
and peptide groups make similar contributions to protein sta-
bility. The greater the number of hydrogen bonds, the stronger
the bond between BCV/CMP, MSB/CMP and RPV/CMP
protein—ligand complexes. As shown in Fig. 4C, the behavior
of the hydrogen bonds between these three complexes is quite
different. The average hydrogen bonds number obtained in
BCV/CMP, MSB/CMP and RPV/CMP complexes are 3.19,
0.66 and 2.08, respectively. The higher number of hydrogen

bonds in the BCV/CMP complex shows that there is a good
connection between the BCV drug and the CMP, and it can
be concluded that among these three drugs, BCV is the best
candidate for inhibiting the CMP.

PCA analysis helps us to better understand the behavior of
proteins when binding to ligands. The PCA representation is a
reflection of the specific vector of the location of each carbon
atom during the simulation. Fig. 5A shows the eigenvalues ver-
sus the eigenvectors and shows that the three PCAs initially
cover the highest motion reflectance, and therefore the two-
dimensional shape of the PCA diagram for these systems is a
good representation of protein motions. As shown in
Fig. 5B-D, the BCV diagram, which takes up less space, shows
that the protein moves less when bound to the compound, and
therefore takes up less space. MSB and RPV also take up more
space than MSB. This also suggests that BCV carbon atoms
tend to reduce protein compression when bond to this ligand.

As a final analysis, free binding energies were investigated
at molecular mechanics/Poisson Boltzmann surface area
(MM-PBSA) methodology implemented in the g mmpbsa
apparatus of GROMACS was utilized in Poisson Boltzmann
(MM-PBSA) (Kumari et al., 2014). After the complexes are
fully balanced, 10 frames are separated from the last 20 ns of
molecular dynamics simulation and these frames are used for
the free binding energies calculation. As presented in Table 1,
for all investigated systems BCV/CMP, MSB/CMP and RPV/
CMP, van der Waals and electrostatic interactions are quite
favorable for binding the BCV, MSB and RPV to CMP, indi-
cating confirmation of the complex stability.

3.2. ADMET result

Pharmacokinetic and toxicological data were analyzed and
supported by the server from the ADMET lab 2.0 website
(https://admetmesh.scbdd.com/) (Xiong et al., 2021) and
(https://tox-new.charite.de/protox_II). In the present study,
ADMET properties and biological activities of different drugs
are observed; all three drugs are probably metabolized by
CYP3A4. MSB and BCV have the ability to act as P-
glycoprotein (Pgp) substrate; also MSB has the ability to cross
the blood-brain barrier (BBB) (see Table2). The toxicity pro-
files of compounds such as their ability to cause liver damage,
mutation and cancer, cytotoxicity and immunotoxicity were
predicted. Table 4 predicts the toxicity of compounds in silico.
LD stands for “Lethal Dose”. LD50 is the amount of a mate-
rial, given all at once, which causes the death of 50% (one half)
of a group of test animals. As seen in the Table 3, the LD50 for
BCV, MSB and RPV are 1500, 1000 and 4000 (mg/kg), respec-
tively. The higher the LD50, the less toxic the substance. Also,
the results show that the hepatotoxicity of MSB is active.

3.3. Molecular docking results

In this section, all docking simulations were analyzed using
AutoDockTools. The atomic coordinates for the best scoring
conformation obtained for each drug-protein complex, were
stored in PDB format for analysis. The interactions of these
protein-ligand complexes were mapped using Ligplot, a fully
automated protein—ligand interaction profiler, for comparative
analysis of inhibitor binding simulations. Docking simulations
were used to investigate the affinity of BCV, MSB and RPV
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Table 1 Binding free energies of each drug/CMP complex
calculated by MMPBSAa (energies in kJ/mol).

for their common targets compared to the CMP (see Table 4).
Docking scores for BCV, MSB and RPV with CMP are
—10.80, —9.39, and —9.51 kcal/mol respectively. According

RPV/CMP  BCV/CMP  MSB/CMP to Fig. 1, more than 4 hydrogen bonds between BCV and
Van der Waals energy ~ —185.45 ~192.77 —166.58 RPV with CMP have also interacted with two important resi-
Electrostatic energy —29.39 —15.67 —49.93 dues of the active site (Her 41, cys145). But MSB did not make
Polar solvation energy 148.45 126.03 180.62 good interactions with the important residues of the active site
SASA energy —21.39 —19.57 —21.26 of CMP and no favorable binding energy was observed.
Binding energy —87.77 —101.98 —57.14
Table 2 ADME property prediction.
DRUG LogP LogS BBB Pgp- Pgp- CYP1A2 CYP2CI19 CYP2C9 CYP2D6 CYP3A4

inhibitor substrate inhibitor inhibitor inhibitor inhibitor inhibitor

BOSEPERIVIR 3.979 —5.066 0.328 0.9%94 0.991 0.003 0.296 0.206 0.263 0.891
MASITINIB 4.768 —4.185 0.854 1 0.98 0.52 0.658 0.581 0.835 0.906
RUPINTRIVIR 3.28 —4.189 0.236 0.291 0.985 0.035 0.394 0.843 0.01 0.931
Table 3 Toxicity prediction by ProTox II.
DRUG LD50 CLASS Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity
BOSEPERIVIR 1500 4 Inactive Inactive Inactive Inactive Inactive
MASITINIB 1000 4 Active Inactive Inactive Inactive Inactive
RUPINTRIVIR 4000 5 Inactive Inactive Inactive Inactive Inactive
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Table 4 Lowest Binding energy (kcal/mol), inhibitory constant (nM&uM).

DRUG Target PDB Ki Binding Energy
Boceprevir HCV protease 3SVé6 912.24 nM —8.24
Masitinib tyrosine kinase SMQL 16.08 nM —10.63
Rupintrivir 3C protease 7L8H 1.63 mM -7.9
Boceprevir CMP 7C6S 12.08 nM —10.8
Masitinib CMP ALY 130.36 nM -9.39
Rupintrivir CMP 7L8J 107.47 nM -9.51
4. Conclusions References

In this study, the ability of three drugs boceprevir, rupintrivir and
masitinib to inhibit the SARS-CoV-2 main protease was investigated
so that it can be used as a potential drug for the treatment of Coron-
avirus disease. RMSD results show that all systems are in perfect equi-
librium. Furthermore, analyze of RMSF structural parameters and
gyrus radius for BCV, MSB and RPV drugs with CMP showed that
the protease has a stable structure with high strength. The results
showed that all three drugs have the ability to inhibit the CMP. And
among the three studied drugs, drug BCV showed the best perfor-
mance. Overall the docking results show that among these three drugs
selected to interact with CMP, the two drugs boceprevir and rupin-
trivir have a higher docking score may be a successful treatment
against COVID-19. MM-PBSA analysis show that, among the three
drugs studied, drug BCV has the highest binding energy, although
the other two drugs also have good binding energies.
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