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In the current scenario of the severe acute respiratory syndrome caused by novel coronavirus 2 (SARS-CoV-2)
pandemic, the repurposing of the Food and Drug Administration (FDA)-approved antiviral drugs for the possibility of
treating SARS-CoV-2 is an unavoidable scientific method. It further exemplifies the physical interactions between the
target protein and the chosen drugs. In this study, the main protease (M) structure of SARS-CoV-2 Protein Data Bank
ID: 7BUY with 42 FDA-approved antiviral drugs was analyzed by molecular docking using PyRx-Vina, and the amino
acids involved in docking are analyzed using Discovery Studio Visualizer. The protein—drug complex stability was
analyzed by molecular dynamics simulation (MDS) using GROMACS. The results showed that ledipasvir showed the
maximum binding affinity (—10.4 kcal/mol) with MP™ of SARS-CoV-2 followed by paritaprevir (—9.1 kcal/mol) and
velpatasvir (—8.8 kcal/mol). These three compounds are found to have a significant number of interactions. Moreover,
ledipasvir and velpatasvir showed similar interactions at GLU240, PRO241, ILE249, PRO293, and VAL202. MDS
showed that the top ligands had formed stable complexes with M. Molecular Mechanics Poisson—Boltzmann Surface
Area calculation revealed thermodynamically stable binding energies of —195.370 + 1.119 kJ/mol and —180.778 +
0.868 kJ/mol for ledipasvir and velpatasvir, respectively. Paritaprevir showed stable binding energy of —75.679 +
0.922 kJ/mol with M of SARS-CoV-2.

INTRODUCTION

was identified in Brazil by November 2020. The Delta variant

As per WHO, more than 235 million people have been
detected with severe acute respiratory syndrome caused by novel
coronavirus 2 (SARS-CoV-2), and nearly 4.80 million deaths as of
October 3,2021 (WHO, 2021). At first, SARS-CoV-2 was reported
in China by 2019, and as of now, Alpha, Beta, Gamma, Delta,
Lambda, and Mu variants of SARS-CoV-2 had been reported in
different countries. The first mutant variety was identified in the
UK by September 2020. The second variant, Beta, was identified
in South Africa by May 2020, and the third variant, Gamma,
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was reported initially in India by October 2020, and the Lambda
variant was identified in Peru by December 2020. Recently, the Mu
variant was detected in Colombia by January 2021 [https:/www.
who.int/en/activities/tracking-SARS-CoV-2-variants  (Accessed
on 06 October 2021)].

Many factors influence the precision of the diagnosis,
including the increased rate of spreading, the high number of
asymptomatic individuals, and genetic variants; hence, it is
decisive to diagnose an individual for SARS-CoV-2 infection
more accurately (Bokam et al., 2021). Initially, nasopharyngeal/
sputum samples are the most preferred sampling method for
diagnosis. To avoid bewildering negative results, WHO has
streamlined the diagnostic method using Reverse Transcription-
Polymerase Chain Reaction (RT-PCR) for more accuracy. As a
result of whole-genome sequencing of SARS-CoV-2, exclusive
primers that target spike genes (S), RdRp gene, E gene, and N
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gene had been developed. In recent times, RT-PCR followed
by radiological imaging using computerized tomography is
the complementary diagnostic approach for SARS-CoV-2
infection. The ground-glass opacities in specific lung segments
are considered as a characteristic patterned feature of SARS-
CoV-2 infection. In addition, serological screening of patients
with elevated interleukins, IL-6, IL-2, IL-7, IL-10, and C-reactive
protein is also considered an important biochemical signal for
SARS-CoV-2 (Sharma et al., 2021).

Next to diagnosis, finding out a suitable antiviral drug
for the treatment is an essential step. Finding an efficient antiviral
agent in this hectic pandemic situation is the foremost objective
in modern drug discovery and development. Until discovering
the novel antiviral drug, screening the existing approved drugs
against SARS-CoV-2 is an alternate option for emergency
management. The repurpose screening has the advantage of
skipping the essential steps of usual drug development processes
like understanding the properties like pharmacodynamics,
pharmacokinetics,  absorption, distribution, metabolism,
excretion, and toxicity since the selected drugs are already
characterized and approved. Many chemical representatives
have been explored as antiviral drugs that may directly impact
the life of viruses (Das et al., 2021).

The development of a vaccine against SARS-CoV-2 is
also in a rapid phase. So far, 218 candidate vaccines have been
developed and out of which 26 candidate vaccines are under
phase 1-3 trials. Different molecular platforms are investigating
a more efficient vaccine based on DNA/RNA, peptide, virus-like
particle, inactivated virus, and viral vector formulations (Sarma
etal., 2021).

Protease inhibitors are the most predominant division
of antivirals next to the inhibitors of polymerase. Protease
inhibitors target a crucial maturation step in polyprotein
processing that applies to most viruses with the help of viral
proteases (Chaudhuri ez al., 2018). In the available protein targets
of SARS-CoV-2, the main protease (MP°) has gained massive
attention since it has a direct role in processing polyproteins
complexes of SARS-CoV-2, ppla, and pplb, translated from
viral RNA (Boopathi ez al., 2021). Only in the dimer form, Mr®
is biologically active, and the dimer structure is not explored
thoroughly. The main protease is the key enzyme that cleaves
the polyprotein obtained from viral mRNA at 11 different sites
and produces proteins essentially required for the replication
machinery (Zhang et al., 2020). Hence, discovering a drug as
an inhibitor for MP™ will be the most significant barrier for viral
replication. Structurally, MP™ is made up of 306 amino acids
arranged in three different domains. Most of the amino acids in
domains I and II are arranged in beta-barrel form, while the third
domain primarily comprises alpha helices (Khan et al., 2021b).

With the available antiviral drugs, most countries have
initiated trial-based research observations to know the efficacy of
the existing approved drugs. In a few cases, positive results have
been obtained in patients of SARS-CoV-2, treated with a mixture
of lopinavir and ritonavir, potential anti-HIV drugs. Oseltamivir
and hydroxychloroquine were also tried in the US, India, and so on.
The familiar anti-HIV drugs, lopinavir, ritonavir, and ribavirin, were
used in combined form in South Korea, which successfully revokes
the viral clearance (Chen ef al., 2020a). In recent times, many in

silico research has reported that Food and Drug Administration
(FDA)-approved drugs lopinavir (Pant et al, 2021), setrobuvir
(Elfiky, 2021), saquinavir (Al-Khafaji er al, 2021), remdesivir,
saquinavir, darunavir (Khan ez a/., 2021a), and disulfiram (Lobo-
Galo et al., 2021), which have strong bonding with SARS-CoV-2.
Nevertheless, the need for the potential drug candidate is sky
high due to the acceleration in the spreading rate of SARS-CoV-2
universally. In this context, more FDA-approved drugs should be
screened with MP© of SARS-CoV-2.

In this study, 42 FDA-approved nonprotein antiviral
drugs were selected to screen against MP™ of SARS-CoV-2 for the
possibility of repurposing. Out of 42, 19 drugs are in use for the
treatment of HIV-1, 4 drugs are in use for herpes simplex virus,
3 drugs are in use against hepatitis B virus, 10 drugs are in use
against hepatitis C virus (HCV), 4 drugs are used against influenza,
and 2 drugs for cytomegalovirus infection. Most of these drugs
mainly act as inhibitors to the viral protease, polymerase, and
integrase enzymes involved in the virus multiplication processes
(Chaudhuri et al., 2018).

The main objective of this study was to screen the
selected 42 FDA-approved drugs against the main protease of
SARS-CoV-2 in silico. The active site amino acids of the main
protease involved in bonding are to be revealed. Molecular
dynamics simulation (MDS) analysis using GROMACS has
also been performed to understand the stability of the MP-drug
complex, and the results are analyzed thoroughly. The best drug
that makes strong interactions with the main protease of SARS-
CoV-2 would be revealed.

MATERIALS AND METHODS

Retrieval and preparation of protein receptors

The three-dimensional structure of SARS-CoV-2 main
protease [Protein Data Bank (PDB) ID: 7BUY], complexed with
carmofur, with a resolution of 1.60 A obtained by XRD, is retrieved
from PDB (Fig. 1). The water molecules and ligand (inhibitor)
were removed from the structure, and the essential polar hydrogen
was added to the structure using Discovery Studio Visualizer
(version 20.1.0.19295) developed by Dassault Systemes BIOVIA
Corporation. The prepared protein structure was further finalized
using an online server of the Centre for Molecular and Biomolecular
Informatics, Radboud University, Netherland https://swift.cmbi.
umcn.nl/servers/html/index.html (Accessed on 24 March 2021),
and then saved for docking in the form of PDB format.

Retrieval of ligands

The selected 42 US-FDA-approved antiviral drugs (Table
1) such as abacavir, acyclovir, adefovir, amprenavir, boceprevir,

cidofovir, darunavir, delavirdine, didanosine, docosanol,
efavirenz, elvitegravir, emtricitabine, entecavir, famciclovir,
glecaprevir, lamivudine, ledipasvir, letermovir, lopinavir,

nevirapine, ombitasvir, oseltamivir, paritaprevir, penciclovir,
peramivir, ribavirin, rilpivirine, rimantadine, ritonavir, saquinavir,
sofosbuvir, stavudine, telaprevir, telbivudine, tenofovir, tipranavir,
velpatasvir, voxilaprevir, zalcitabine, zanamivir, and zidovudine
were downloaded from PubChem in 2D sdf format and converted
into 3D mol2 using PyMOL. These drugs were chosen based on
their proven antiviral effects (Chaudhuri et al., 2018).
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Figure 1. 3D structure of main protease of SARS-CoV-2 (PDB ID: 7BUY).

Table 1. Details of selected US-FDA-approved antiviral drugs.
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Name PubChem ID Molecular formula Molecular weight (g/ 2D structure Antiviral
mol) property
Abacavir 441300 C,H,N.0,S 384.41 : Y;/> HIV-1
v
/ﬁ)/
Acyclovir 135398513 C.H, N0, 225.2 . :*’ng . HSV
PP
*\)\/"B
Adefovir 60172 C.H,N.O,P 273.19 ”W HBV
<.,
P
Amprenavir 65016 C,H,N,OS 505.6 YTK/Q HIV-1
Y
Ut
Boceprevir 10324367 C,.H, N0, 519.7 c & HCV
S

Continued
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Name PubChem ID Molecular formula Moleculz:‘o‘;;eight @ 2D structure 1;;‘(:;:::?;
Cidofovir 60613 CH N.OP 279.19 ) CMV
Darunavir 213039 C,,H,N.O.S 547.7 HIV-1

Delavirdine 5625 C,,H,,NO.S 456.6 HIV-1
Didanosine 135398739 C,H,N,0O, 236.23 HIV-1
I
Docosanol 12620 C,H,0 326.6 = HSV
Efavirenz 64139 C,H,CIF.NO, 315.67 HIV-1
Elvitegravir 5277135 C,,H,,CIFNO, 447.9 HIV-1
Emtricitabine 60877 C,H, FN.O,S 247.25 HIV-1
Entecavir 135398508 C,H N0, 277.28 HBV
Famciclovir 3324 C ,H/N.O, 321.33 HSV
Glecaprevir 66828839 C,H,FNOS 838.9 HCV

Continued
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Name PubChem ID Molecular formula Molecular weight (g/ 2D structure Antiviral
mol) property
L
Lamivudine 60825 CH, N,O,S 229.26 /,L HIV-1
N
Ledipasvir 67505836 C,H, FNO, 889 HCV
Letermovir 45138674 C,,H,,F,N,O, 572.5 CMV
Lopinavir 92727 C,,H,N,O, 628.8 HIV-1
Nevirapine 4463 C,H,NO 266.3 HIV-1
Ombitasvir 54767916 C,,H,N.O, 894.1 HCV
Oseltamivir 65028 C,H,\N,0, 3124 T Influenza
Paritaprevir 45110509 C,,H,N.O.S 765.9 HCV
Penciclovir 135398748 C HN.O, 253.26 HSV
Peramivir 154234 C H,N,O, 328.41 Influenza
Ribavirin 37542 CH,,N,O 244.2 HCV

Continued
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Name PubChem ID Molecular formula Molecular weight (g/ 2D structure Antiviral
mol) property
Rilpivirine 6451164 C,,H N, 366.4 - HIV-1
Rimantadine 5071 C,H,N 179.3 "7'[*} Influenza
Ritonavir 392622 C,HN.OS, 720.9 HIV-1
Saquinavir 441243 C,,H,NO, 670.8 HIV-1
Sofosbuvir 45375808 C,,H,,FN.O P 529.5 HCV
Stavudine 18283 C,H,NO, 224.21 ) HIV-1
-
Telaprevir 3010818 C,,H, N.O, 679.8 HCV
N /'ﬁ\ H
L
Telbivudine 159269 C,,H,, N0, 242.23 i HBV
H,a‘(_\, °
(P
Tenofovir 464205 C,H N.OP 287.21 ! L,\/ HIV-1
Tipranavir 54682461 C,H,,FN,O.S 602.7 HIV-1
Velpatasvir 67683363 C,H,N.O, 883 HCV

Continued
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Name PubChem ID Molecular formula Molecular weight (g/ 2D structure Antiviral
mol) property
Voxilaprevir 89921642 C,H,F,NOS 868.9 HCV
T
L
Zalcitabine 24066 C,H,,)N,O, 211.22 HIV-1
_i“,*
Zanamivir 60855 C,H,N,O, 332.31 Influenza
Zidovudine 35370 C H.NO 267.24 HIV-1

1007137 574

Analysis of molecular docking

Molecular docking of protein with selected ligands was
performed using the PyRx-Vina (version 0.8). The clumped final
output file was obtained in pdbqt format. All the eight individual
poses for each ligand are separated by Vina split, and the best pose
was selected based on binding affinity (Kroemer, 2007). The 3D
dock view and 2D pose views were prepared using Discovery
Studio Visualizer 2020. The details of amino acids involved
in hydrogen bonding and other interactions were analyzed and
tabulated.

MDS using GROMACS

MDS was carried out with the main protease (7buy) and
drug candidate complex in the solvent system using GROMACS
5.1.2 and GROMOSY96 54a7 force field (Schmid et al, 2011).
The PDBQT files of the main protease and drug molecules of
docked complexes were saved as PDB files using Discovery
Studio (BIOVIA, 2020), and the PDB files were then refined by
using Swiss PDB Viewer (Guex and Peitsch, 1997). The topology
file for the main protease was created using GROMACS, while
the topology file for drug candidates was generated using the
PRODRG?2 (Schuttelkopf and van Aalten, 2004). Protein—ligand
complex and topology files were built. Dodecahedron box was
created with 1 nm in X, Y, and Z dimensions, the simulation box
was filled with water as a solvent, and 4 Na ions were added to
maintain the electrostatic charge balance of the system. Energy
minimization was done at 1,000 steps using the steepest descent
algorithm. Then position restraints were applied to the drug
candidates and main protease, but the solvent could diffuse
freely. The constant number of particles, volume and temperature
(NVT) and number of particles, pressure and temperature (NPT)
equilibration were achieved with the following conditions. The

output analog coordinates were set to 500 steps. The Particle Mesh
Ewald was used as the calculation method (Schmid ez al., 2011),
and the cut-off value of electrostatic action was set to 1.2 nm. After
NVT and NPT simulations, by keeping the temperature at 300K
and the pressure at 1 bar, production MD runs were then performed
with the step size of 2 fs. A 20 ns simulation was performed.

Energy calculations based on the molecular mechanics
Poisson—Boltzmann surface area (MM-PBSA) method

MM-PBSA method was used to calculate the binding
free energy by g mmpbsa and Adaptive Poisson-Boltzmann
Solver (APBS) packages (Baker et al., 2001; Eisenhaber et al.,
1995; Kumari et al., 2014; Pronk et al., 2013) over a 20 ns time
stamp in steps of 50 ps for the MD simulation.

RESULTS AND DISCUSSIONS

Docking analysis with main protease

The three-dimensional structure of the main protease was
docked with the 42 ligands (US-FDA-approved drugs) individually.
Each drug has effectively interacted with the main protease with
varied binding affinity. The binding affinity of all the drugs was
compared (Fig. 2). The amino acids of the main protease involved
in bonding with ligands were analyzed (Table 2).

The results indicate that, out of 42 ligands, ledipasvir
displayed the maximum binding affinity of —10.4 kcal/mol,
followed by paritaprevir with —9.1 kcal/mol and velpatasvir
with —8.8 kcal/mol. The least binding affinity was observed in
darunavir with —2.6 kcal/mol. Another drug, voxilaprevir, has also
shown a binding affinity similar to that of velpatasvir. However,
due to the similarity in the amino acids involved in interactions,
velpatasvir was considered the top third drug for further analysis.
All the 42 drug-Mr™ complexes were analyzed individually using
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Figure 2. The binding affinity of selected drugs with main protease.
Table 2. Amino acids of main protease involved in bonding with ligands.
Name of the  No. of Details of hydrogen bond No. of Details of other interactions Nature of bond
ligand bonds Amino acid residues involved bonds Amino acid residues involved
Abacavir 4 CYS145, HIS163, LEU141, ASN142 1 HIS163 Pi-Sulfur
Acyclovi 8§  GLY143, SER144, CYS145, GLU166, LEU141, GLU166, PHE140 HIS163 Electrostatic
cyclovir , s 5 , ) ) .
Y CYS145 Hydrophobic
Adefovir 9 THRI111, PHE294, PRO108, THR292, PRO293, ASN203 1 PHE294 Hydrophobic
Amprenavi 9 GLN110, HIS246, THR292, ILE152, ASP153, PRO293 ! HIS246 Electrostatic
renavir > 5 5 g s :
prenav 3 ILE249, PHE294, PRO293 Hydrophobic
) PHE294, VAL202, ILE249, .
Bocepravir 8 ASP295, GLN110, THR292, PHE294, THR111, ASN151 5 PRO293, HIS246 Hydrophobic
Cidofovir 8 THRI11, ASNI51, ASP295, ILE152 1 ASP295 Electrostatic
ASP153
Darunavir 6 GLY143, CYS145, CYS145, LEU141, SER144, ASN142 1 HIS163 Hydrophobic
Delavirdine 5 CYS145, HIS163, LEU141 1 HIS163 Pi-Sulfur
Didanosine 3 HIS163, LEU167, GLU166 - - -
Docosanol 1 HIS246 8 PRO293, ILE249, PHE8, PHE294  Hydrophobic
. 1 ASN151 Halogen
Efavirenz 2 GLN110 .
1 PHE294 Hydrophobic
. . 1 ASP153 Electrostatic
Elvitegravir 3 THR111 .
4 PHE294, TYR154 Hydrophobic
Emtricitabine 5 ARG131, THR199, TYR237, LEU287, ASP289 1 LEU287 Halogen
Entecavir 3 TRP218, PHE219 - - -

Continued
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Name of the No. of Details of hydrogen bond No. of Details of other interactions Nature of bond
ligand bonds Amino acid residues involved bonds Amino acid residues involved
Famciclovir 3 GLN192, PHE140, GLN189 1 HIS41 Electrostatic
Glecaprevir 2 THR199, TYR237 3 TYR237, LEU286, LEU287 Hydrophobic
Lamivudine 7 ASNI151, SER158, THR111, SER158, ASP295 1 VAL104 Hydrophobic
2 HIS246 Electrostatic
Ledipasvir 4 GLU240, HIS246, GLN110 7 HIS246, PRO241, ILE249, Hydrophobi
PRO293, PHE294, VAL202 yerophobic
3 ILE152, ASP153 Halogen
Letermovir 5 GLN110, ASN151, SER158, THR111 5 PHE294, PRO293, VAL297, Hvdrophobi
VAL104 ycroplobie
Lopinavir 3 GLN110, PHE294, ASP153 4 PHE294, VAL104, ILE249, Hydrophobic
PRO252
Nevirapine 3 LEU220, PHE219 1 TRP218 Hydrophobic
Ombitasvir 3 GLN110, THR243, HIS246 5 PHE294, HIS246, ILE249, Hydrophobic
PRO293
. 1 HIS41 Electrostatic
Oseltamivir 1 HIS163 .
5 MET49, LEU27, CYS145, HIS41 Hydrophobic
. . 2 ARG131, ASP289 Electrostatic
Paritaprevir 4 ARGI131, THR199, ASP197 .
1 LYS137 Hydrophobic
R . 1 HIS163 Electrostatic
Penciclovir 8 GLY 143, SER144, CYS145, LEU141, GLU166, PHE140, ASN142 .
1 CYS145 Hydrophobic
. 1 ASP295 Electrostatic
Peramivir 7 GLN110, PHE294, ASP295, ASN151, THR111 .
1 PHE294 Hydrophobic
Ribavirin 8 GLY71, GLY 120, ASN119, GLN69, GLU14, MET17 - - -
Rilpivirine 5 TYRI154, ASP153, GLN110, PHE294 2 PHE294 Hydrophobic
Rimantadine 1 ILE152 2 PHE294 Hydrophobic
Ritonavir 5 GLN110, THR292, PHE294, ASP153 4 PHE294, gﬁ%;g}’ PRO252, Hydrophobic
Saquinavir 3 CYS145, HIS163 1 HIS163 Pi-Sulfur
1 ARG131 Halogen
Sofosbuvir 5 LYS137, THR199, ASN238, ASP289 1 LYS137 Electrostatic
1 LEU272 Hydrophobic
. 1 ASP153 Electrostatic
Stavudine 2 SER158, THR111 .
1 PHE294 Hydrophobic
1 ASP197 Electrostatic
Telaprevir 4 ARG131, THR199, ASP197 ASP197,LYS137, LEU272, .
4 LEU287 Hydrophobic
Telbivudine 2 THR199, LEU287 2 TYR239, LEU287 Hydrophobic
Tenofovir 4 GLY143, HIS163, GLU166, SER144 - - -
5 THRI111, ASN151, ASP295 Halogen
Tipranavir 4 THRI111, ASP153, SER158 1 ASP153 Electrostatic
3 PHE294, PRO293 Hydrophobic
1 GLU240 Electrostatic
Velpatasvir 4 THR292, GLU240, PRO241, ASP245 7 ILE249, PRO108, PRO132, Hvdronhobi
VAL202, PRO293 yArophooic
2 ASP197 Halogen
Voxilaprevir 2 ASP289, GLU288 1 LEU286 Hydrophobic
4 ARGI131, ASP289 Electrostatic
Zalcitabine 3 ARG279, GLY275, ASN277 1 LEU271 Hydrophobic
Zanamivir 11 ASN151, ILE152, ASP295, THR111, ASP153, PHE294 1 ASP295 Electrostatic
Zidovudine 3 ASP153, THR111 1 ASP295 Electrostatic
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Discovery Studio Visualizer 2020, and the amino acids involved
in those interactions are shown in Table 2. The number of bonds,
the nature of the bond, and the respective amino acid involved
are mentioned in Table 2. The three-dimensional dock view of
the drug-MP™ complex and their two-dimensional pose view were
made using the Discovery Studio Visualizer.

The further analysis revealed that ledipasvir (Fig. 3)
had made four hydrogen bonds with MP* at GLU240, HIS246,
and GLN110, two electrostatic bonds with HIS246, and seven
hydrophobic interactions at HIS246, PRO241, ILE249, PRO293,
PHE294, and VAL202. In all the 42 US-FDA-approved drugs
screened, ledipasvir has shown a huge binding affinity. According
to a study (Cheng et al., 2016), ledipasvir has been reported as
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Figure 4. 3D dock view and 2D pose view of MP™-paritaprevir complex.
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a potent inhibitor of NS3 protease and NS5B polymerase along
with sofosbuvir in HCV infection. It has been evident that
ledipasvir showed the picomolar antiviral effect on genotype
la and 1b replicons of HCV with the EC50 value of 0.031 and
0.004 nM, respectively. A recent study reported another anti-
HCV drug, sofosbuvir, as a choice of drug repurposed to treat
SARS-CoV-2 (Sayad et al., 2020). So, it is essential to screen
the competitor, anti-HCV, ledipasvir against the protein targets
of SARS-CoV-2. Chen et al. (2020b) have positively stated that
ledipasvir has shown a huge possibility of repurposing against
SARS-CoV-2 by inhibiting the 3CL protease of SARS-CoV-2.
Another repurposing study Joshi et al. (2020) also reported that
ledipasvir has inhibitory potential against the same enzyme.
The results of in silico analysis of our results are on par with
these study and hence ledipasvir can be a mighty drug choice
for repurposing. Further, it should also be noted that ledipasvir
showed inhibition against the main protease enzyme. Still, there
is not much information available about the interaction details
of the ledipasvir with the major protein targets of the SARS-
CoV-2. Hence, our results will be a keystone among researchers,
and further dynamic simulation analysis confirmed the stability
of the ledipasvir-MP™ complex without any major conformational
changes. The results of the simulation analysis of ledipasvir
justify it as a drug with maximum binding affinity.

The drug with the second-highest affinity score,
paritaprevir (Fig. 4), has formed four hydrogen bonds at
ARG131, THR199, and ASP197, two electrostatic interactions
at ARG131 and ASP289, and one hydrophobic bond at LYS137.
A lot of research and screening are going for the repurposing
of this drug. According to a recent study (Shaha ez al., 2020),
methisazone and paritaprevir have been noted to be promising
inhibitory drugs against SARS-CoV-2. Another study (Guan

Figure 5. 3D dock view and 2D pose view of MP®-velpatasvir complex.

et al, 2020) has confirmed the inhibitory potential of the
paritaprevir against 3CL protease of SARS-CoV-2, and this
result was on par with the previous study (Rameez et al., 2020).
We have obtained similar results in virtual screening, and
the dynamic simulation analysis further showed the stability
information of the drug-protein complex. Like ledipasvir, there
is not much research available about the anti-SARS-CoV-2
potential of paritaprevir, and hence our results will be in the
limelight in this context repurposing.

Next to ledipasvir and paritaprevir, velpatasvir showed
the maximum affinity in the virtual screening. Velpatasvir (Fig. 5)
has made four hydrogen bonds at THR292, GLU240, PRO241,
and ASP245, seven hydrophobic bonds at ILE249, PRO108
PRO132, VAL202, and PRO293, and one electrostatic interaction
at GLU240. According to a recent report (Sayad et al, 2020),
it has been revealed that velpatasvir, along with sofosbuvir, can
be tried in clinical trials due to its huge binding affinity with the
major protein targets in SARS-CoV-2. Recently, a study (Jockusch
et al., 2020) has reported that, along with sofosbuvir, velpatasvir
could inhibit the lifecycle of SARS-CoV-2 by inhibiting the RNA-
dependent DNA polymerase. Two more in silico investigations
(Chen et al., 2020b; Elfiky, 2020) have also reported the inhibitory
potential of velpatasvir.

It is also evident that both ledipasvir and velpatasvir have
made successful interactions with MP™, specifically at GLU240,
PRO241, ILE249, PR0O293, and VAL202. These five amino acids
might present in the binding pocket of M where ledipasvir and
velpatasvir have successfully interacted.

Molecular dynamics simulation

The docked complex of the main protease with drugs
was subjected to MDS analysis for 20 ns to study the steadiness
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of the protein-drug complex. The root means square deviation plot
for the main protease complex with three antiviral drugs, namely,
ledipasvir (red), paritaprevir (orange), and velpatasvir (blue), and
the free form of main protease (green) was depicted in Figure 6.

The main protease with ledipasvir (red) showed
unchanging between 0.13 nm and 0.33 nm. The main protease
with paritaprevir (orange) showed steady RMSD between 0.11 nm
and 0.29 nm.

The free main protease (green) showed constant RMSD
between 0.12 nm and 0.36 nm. The main protease with velpatasvir
(blue) showed stable RMSD between 0.13 nm and 0.29 nm. The
antiviral compound ledipasvir (red) showed deviation from the
free main protease form (green) from 5 ns to 10 ns range, and it
may be due to the binding interaction of the ledipasvir to the main
protease. The main protease with paritaprevir (orange) showed
fluctuations from the free main protease form (green) from 3 ns
to 20 ns range, and it may be due to the binding interaction of
the paritaprevir to the main protease. The antiviral compound
velpatasvir (blue) showed deviation from the free main protease
form (green) from 5 ns to 20 ns range, and it may be due to the
binding interaction of the velpatasvir to the main protease. The
result proved that paritaprevir and velpatasvir induce more
conformational change in the main protease than ledipasvir.

The root mean square fluctuation (RMSF) plot (Fig. 7)
also confirms these results by local changes in docked complexes’
residues. The main protease with ledipasvir (red) does not affect
the structure of the main protease during simulation, whereas the
main protease with paritaprevir (orange) and velpatasvir (blue)
affects the structure during the simulation.

The radius of gyration (Rg) of the simulated systems
was represented in Figure 8. It was clear that all the simulated
systems have achieved results on par with the Rg values of a recent
study (Khan et al., 2021b). The main protease with ledipasvir
(red) showed similar Rg values that of free protease, whereas
paritaprevir (orange) and velpatasvir (blue) showed deviated
values from free protease. Some recent studies (Khan et al,
2021b) have reported the Rg values of antiviral compounds like
remdesivir, saquinavir, and darunavir against protease of SARS-
CoV-2 that are comparable to our results.

The binding strength between protein and ligand might
be assessed with the help of intermolecular hydrogen bonds. The
ledipasvir (red) and velpatasvir (blue) showed hydrogen bonds
from 5 ns to 20 ns range of 2—4 bonds, whereas paritaprevir
(orange) showed the lesser number of hydrogen bonds, mainly
in the early stages of the simulation. The appearance of more
hydrogen bonds from 5 to 20 ns by ledipasvir (red) and velpatasvir
(blue) suggested the conformational change due to the interaction
of ligands to the main protease in their binding site. At the outset,
all three protein-ligand complexes showed (Fig. 9) that they are
stable during simulations, while ledipasvir (red) and velpatasvir
(blue) were found to be more stable than paritaprevir (orange).

Binding energy

According to earlier reports (Khan et a/., 2021b; Sharma
et al., 2021), 400 snapshots were used to calculate binding free
energies through the g mmpbsa tool. The binding energy values
between the main protease and drugs through the MM-PBSA
method are listed in Table 3. The ledipasvir (red) and velpatasvir
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Figure 6. RMSD analyses of MDS results of the free main protease and the main protease-drug complex.
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Figure 7. RMSF analyses of MDS results of the free main protease and the main protease-drug complex.
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Figure 10. MM-PBSA plot of main protease and drugs.

reported higher binding energy values of —195.370 + 1.119 and
—180.778 £ 0.868, respectively, whereas paritaprevir showed less
—75.679 £ 0.922 when compared to the other two drugs. The main
contributors of binding energy for ledipasvir (red) and velpatasvir
were Van der Waals energy, electrostatic energy, and solvent
accessible surface area (SASA) energy. The deviation of binding
energy between ledipasvir (red) and velpatasvir is attained through
the variation of polar solvation energy.

The protein flexibility in MDS can be used to study
binding interaction on the main protease and drug complex (Kwofie
et al., 2019). MM-PBSA decomposition of the binding energy was
calculated, and the results were depicted in Figure 10 and Table 3.

The ledipasvir (red) showed a maximum negative energy
—9.8719 in the position of 249 (ILE), whereas velpatasvir (blue)
contribution of showed a negative energy maximum of —9.1183 at

108 (PRO) residue. The maximum positive energy contributed by
paritaprevir (orange) is 12.5964 at position 137 (LYS), whereas
velpatasvir (blue) showed the next maximum value of 9.7103 at
240 (GLU) position. The ledipasvir (red) contributes mostly in the
region of 240-250 range with maximum values like —6.1187 (241
PRO); —8.1143 (245 ASP); —8.2631 (246 HIS); and —9.8719 (249
ILE). Thus, it proves the binding site of the drug ledipasvir (red)
to the main enzyme protease. Most of the contribution occurs at
the terminal domain residues in the overall assessment because of
the drug interactions.

Overall, these top three drugs, ledipasvir, paritaprevir,
and velpatasvir, have shown significant stability when combined
with the structure of the MP® of SARS-CoV-2. Additionally, it
was again confirmed by the binding energy calculation by the
MM-PBSA method, which reveals that ledipasvir and velpatasvir
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Table 3. Binding energy between main protease and drugs through MM-PBSA method.

Compound Van de(rk?]’\;i:ﬁ)energy Electr((;{s;j\rt;(c) l(;nergy Polar sz;:(\::;::::::)Energy SASA ::z]l;gy (kJ/ Binding energy (kJ/mol)
Ledipasvir-MP —248.277 +1.357 —8.679 £0.495 86.495 £ 1.210 —24.927 £ 0.137 —195.370 £ 1.119
Paritaprevir-MP —140.436 + 0.897 —1.772 £ 0.249 82.186 +1.214 —15.591 £ 0.093 =75.679 +0.922
Velpatasvir-MP —260.810 + 1.531 —9.713 £ 0.631 114.619 + 1.662 —24.914+0.132 —180.778 £ 0.868

showed extraordinary binding energy scores, whereas paritaprevir
has a slight decline in it. Hence, when considering the huge
binding affinity, stability in a complex form with MP™®, enormous
binding energy, considerable contribution energy, Rg, RMSD,
and RMSF values, ledipasvir is the top ligand in all aspects,
followed by paritaprevir (except binding energy) and velpatasvir.
Further studies on mechanisms, in vivo and in vitro screenings,
and research trials may give a clear picture of the repurposing
possibility.

CONCLUSION

In this study, molecular docking analysis demonstrates
that ledipasvir has more binding affinity to the MP© of SARS-
CoV-2 when compared to other drugs. Paritaprevir and velpatasvir
occupy successive positions. MDS analysis exposed that all the
three drug-protein complexes exhibited steadiness at 20 ns. MM-
PBSA revealed the robust binding among ledipasvir and main
protease with an average binding energy of —195.370 + 1.119 kJ/
mol. Simulation studies of the drugs (ledipasvir, paritaprevir, and
velpatasvir) with and without a main bound protease disclosed
the protein’s conformation changes. The amino acids involved in
the interaction with ledipasvir were also projected, which include
241PRO, 245ASP, 246HIS, and 249ILE. Further studies and trials
are warranted to understand the ability of these drugs against
SARS-CoV-2 via in vivo and in vitro approaches.
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