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Abstract

As per the World Health Organization report, around 226 844 344 confirmed

positive cases and 4 666 334 deaths are reported till September 17, 2021 due to

the recent viral outbreak. A novel coronavirus (severe acute respiratory syn-

drome coronavirus 2 [SARS‐CoV‐2]) is responsible for the associated cor-

onavirus disease (COVID‐19), which causes serious or even fatal respiratory

tract infection and yet no approved therapeutics or effective treatment is

currently available to combat the outbreak. Due to the emergency, the drug

repurposing approach is being explored for COVID‐19. In this study, we

attempt to understand the potential mechanism and also the effect of the

approved antiviral drugs against the SARS‐CoV‐2 main protease (Mpro). To

understand the mechanism of inhibition of the malaria drug hydroxy-

chloroquine (HCQ) against SARS‐CoV‐2, we performed molecular interaction

studies. The studies revealed that HCQ docked at the active site of the Human

ACE2 receptor as a possible way of inhibition. Our in silico analysis revealed

that the three drugs Lopinavir, Ritonavir, and Remdesivir showed interaction

with the active site residues of Mpro. During molecular dynamics simulation,

based on the binding free energy contributions, Lopinavir showed better re-

sults than Ritonavir and Remdesivir.
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1 | INTRODUCTION

In late December 2019, a novel coronavirus that has
been formally named severe acute respiratory syn-
drome coronavirus 2 (SARS‐CoV‐2) was identified to
be the cause of atypical pneumonia outbreak in
Wuhan, China, named coronavirus disease 2019
(COVID‐19).1 Since the middle of February 2020, it has
spread rapidly throughout the globe with a high mor-
tality rate, and on March 11, 2020, the WHO declared it
as a pandemic.

The drug repurposing approach has indeed gained
wide attention for the ability to reuse already available
drugs for various diseases which were originally devel-
oped for specific diseases. Drug repurposing can serve as
a short‐term and nonspecific solution to treat COVID‐19
patients,2 as reports have shown drugs with multiple
protein targets and also many diseases sharing over-
lapping molecular pathways.3 Drugs such as Lopinavir
(LPN), Nelfinavir, Oseltamivir, Atazanavir, and Ritonavir
(RTN) are used to cure Middle East Respiratory syn-
drome and SARS.4,5 Reports have shown that Favipiravir,
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an approved influenza virus drug, and Sofosbuvir, a he-
patitis C virus drug have potential against Ebola and Zika
viruses.6 Several combinations of drugs are also being
tested to combat the disease. Recently, a combination of
three different drugs, LPN and RTN developed for HIV
and Oseltamivir developed for influenza virus has shown
potent inhibition against SARS‐CoV‐2 Mpro in compu-
tational studies.7 Molecular docking and molecular dy-
namics (MD) simulations studies have been carried out
with Camellia sinensis L bioactive molecules and FDA
drug molecules (Atazanavir, Darunavir, and LPN)
against the Mpro of SARS‐CoV‐2.8 Similarly, drug re-
purposing approach studies were employed with FDA‐
approved drug molecules of anti‐HIV (Atazanavir,
Indinavir, and Saquinavir) and anti‐HCV (Ciluprevir and
Glecaprevir) with main protease Mpro of SARS‐CoV‐2.9

Recently, inhibition of several drug targets proteins of
SARS‐CoV‐2 (RNA‐dependent RNA polymerase, non-
structural protein 16, nonstructural protein‐15, Spike
protein ACE2, and nonstructural protein 1) have been
carried out with computational approaches to under-
stand the binding mechanism of the identified lead
compounds.10–14

Research efforts to develop antiviral agents against
the Coronaviridae family have shown that the
angiotensin‐converting enzyme II (ACE2) entry receptor,
the RNA‐dependent RNA polymerase (RdRp) and the
main protease (Mpro) proteins represent drug targets.15

Due to significant side effects, initially promising in-
hibitors of ACE2 did not advance clinically.16 However,
what has drawn maximum attention are the recent re-
ports on using hydroxychloroquine (HCQ) as prophylaxis
to prevent COVID‐19 infections. A study on the inhibitor
effect of Remdesivir (RMD) (an antiviral drug) and
Chloroquine (an old antimalarial drug) on the growth of
SARS‐CoV‐2 in vitro is recently reported.2 Savarin et al.17

reported that chloroquine showed inhibition of SARS‐
CoV entry by changing the glycosylation of ACE2 re-
ceptor and spike protein.17 Studies have also shown that
HCQ treatment significantly decreased the viral load in
COVID‐19 patients.18,19 There are no conclusive scien-
tific reports on the mechanism of inhibition by HCQ in
COVID‐19 infections and therefore, we attempt to study
the possible binding mode of HCQ to ACE2 receptor
preventing binding of spike protein and thus, SARS‐CoV‐
2 entry into the host. The nonstructural proteins (nsps)
generated by SARS‐CoV‐2 Mpro play a major role in viral
replication.20 Mpro is a homodimer that comprises three
structural domains, Domain I, II, and III.21 The
substrate‐binding site is located at the Cys‐His catalytic
dyad in a cleft between Domain I and II.22

Due to the significant role of Mpro in self maturation
and subsequent maturation of polyproteins, it has

emerged as a significant antiviral target in COVID‐19. In
this study, we attempt to understand the binding me-
chanism for potential inhibition of SARS‐CoV‐2 Mpro
and investigate the mode of ACE2 inhibition by
Hydroxychloroquine.

2 | MATERIALS AND METHODS

2.1 | Data set preparation

Drugs with antiviral properties such as RTN, Zanamivir,
Peramivir, RMD, Ribavirin, Oseltamivir, LPN Baloxavir,
Dasabuvir, Favipiravir, Ombitasvir, and Paritaprevir
were screened against the target protein SARS‐CoV‐2
Mpro. Furthermore, hydroxychloroquine was screened
against the target protein Human ACE2 receptor. All the
listed approved drugs considered in the study were re-
trieved from the PubChem database. All the compounds
were built using a builder panel in Maestro. The com-
pounds were processed for ligand preparation step using
Ligprep 2.3 module (Schrödinger) which performs addi-
tion of hydrogen,23 two‐dimensional (2D) to three‐
dimensional (3D) conversion, realistic bond lengths and
bond angles, low energy structure with correct chiralities,
ionization states, tautomers, stereo chemistries, and ring
conformations. Ionization of all the compounds was op-
timized using an inbuilt Epik module in Schrödinger.24

The target protein SARS‐CoV‐2 main protease, Hu-
man ACE2 receptor were obtained from Protein Data
Bank at (http://www.rcsb.org) (PDBID: 5R82, 1R4L).
Missing hydrogen atoms were added and correct bond
orders were assigned,25 and then formal charges and
orientation of various groups were fixed. Following this,
optimization of the amino acid orientation of hydroxyl
groups, amide groups was carried out.26 All amino acid
flips were assigned and H‐bonds were optimized. No
hydrogen atoms were minimized until the average root
mean square deviation reached the default value of
0.3 Å.27

2.2 | Screening of approved drugs
against COVID‐19 drug targets

Molecular docking studies were carried out using
Schrodinger Glide XP (Extra precision)28 with default
parameters. To facilitate the best possible conformation,
a wide range of searches were carried out. The docking
grid box size was set to 12 × 12 × 12 Å dimension cen-
tered at X, Y, and Z coordinate. Minimization cycle for
Conjugate Gradient (CG) and steepest descent mini-
mizations were used with the default value of 0.05 Å for
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initial step size and 1.0 Å for the maximum step size. In
convergence criteria for the minimization, the energy
change criteria and gradient criteria were set at a default
value of 10−7 and 0.001 kcal/mol, respectively.29 Fol-
lowing this, all conformations were considered for
docking studies. Glide score and Glide energy were used
to select the best conformation for each ligand.

2.3 | Free energy calculation (Prime
MM/GBSA)

The best drug candidate (RTN, LPN, and RMD) docked
complexes were carried forward for binding free energy
calculation using a prime module.30 Ecomplex, Eprotein, and
Eligand are the minimized energies of the protein–inhibitor
complex, protein, and inhibitor, respectively. ΔG solv is
generalized born electrostatic solvation energy of the com-
plex. ΔGSA is a nonpolar contribution to the solvation
energy due to the surface area. Prime uses a surface gen-
eralized born model employing a Gaussian surface instead
of a vdW (van der Waal's) surface for better representation
of the solvent‐accessible surface area30

DE E E EΔ = + +complex protein ligand

2.4 | Molecular dynamics simulation

All MD simulations were conducted for a time scale of
100 ns each at 310 K (37°C) on a DELL PowerEdge R740
Rack server machine comprising 40 physical processor
cores within two second Generation Intel® Xeon®Gold
Scalable processors accelerated by an NVIDIA®-
Tesla®V100 Tensor Core graphic processor unit (GPU)
using Amber99SB‐ILDN force field embedded in GRO-
MACS 2019.5 package.31–37 Topology files of the drugs
LPN, RTN, and RMD were generated by ACPYPE.38 All
systems were prepared in the same way as described
here. A water box of 5 Å from the surface of the
protein–ligand complex was created for all three systems.
All defined protein–ligand systems were solvated with
the TIP3P explicit solvent water model. Before energy
minimization, four Na+ ions were added to neutralize
the systems. The systems were neutralized with counter‐
ions and energy minimization was performed using the
steepest descent method for 50 000 steps. For all three
systems, the protein backbone was kept restrained and
solvent molecules with counter‐ions were subjected to
two 500 ps position restrained equilibration MD runs
under NVT followed by NPT ensemble with periodic
boundary conditions. V‐rescale and Berendsen's coupling
algorithms were used to keep the temperature (310 K)
and pressure (1 bar) constant, respectively. Finally,

100 ns of production MD runs were performed allowing
all molecules to move in all directions according to a
classical Newtonian leap‐frog MD integrator. For all the
systems, the pressure was maintained at 1 bar by iso-
tropic pressure coupling in x, y, and z components to a
Parrinello–Rahman barostat with a time constant
τ= 2.0 ps and compressibility of 4.5 × 10−5 bar−1 in all
three dimensions. The electrostatic interactions were
calculated by the PME algorithm, with a Coulomb cutoff
of 12 Å and interpolation order of 4 within a grid spacing
of 1.6 Å. The time steps for the simulations were 2 fs and
the coordinates were stored every 5 ps. The van der
Waals (vdw) forces were treated using a cutoff of 12 Å
with force‐switch vdw‐modifier and rvdw‐switch value of
1. LINCS algorithm was used to constrain hydrogen bond
lengths as implemented in the used force field. The
analyses were performed using GROMACS 2019.5
package and the plots were viewed using GRACE (1991‐
1995 Paul J Turner, Portland, 1996‐2007 Grace Devel-
opment Team).

2.5 | Binding free energy calculation
(MM‐PBSA)

Binding free energies (ΔGBind) of the protein–ligand
complexes were calculated from molecular mechanics
Poisson–Boltzmann surface area (MM‐PBSA) performed
by adaptive Poisson–Boltzmann solver 3.0 (APBS 3.0)
using g_mmpbsa package.39,40 The MM‐PBSA approach
is of the most widely used methods to compute interac-
tion energies among the biomolecular complexes.
Together with MD simulation, MM‐PBSA can decode
significant conformational fluctuations and entropic
contributions to the binding energy.41 In general, the
binding free energy between a protein and a ligand in
solvent can be expressed as:

DG G G GΔ = – ( + ),Bind Complex Protein ligand

where, GComplex is the total free energy of the protein−li-
gand complex and GProtein and GLigand are total free energies
of the separated protein and ligand in solvent, respectively.

3 | RESULTS AND DISCUSSION

3.1 | Molecular docking studies with
SARS‐CoV‐2 main protease

There are extensive reports that have investigated the re-
purposing of antiviral drugs against SARS‐CoV‐2 Mpro.42–44

In this study, FDA‐approved antiviral compounds were
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employed in glide XP docking studies with the SARS‐CoV‐2
Mpro. Table S1 shows the docking score and glide energy of
FDA‐approved antiviral drugs on docking with SARS‐CoV‐
2 Mpro (PDBID: 5R82). Among them, three drugs RTN,
RMD, and LPN exhibited good docking scores and glide
energy and key active site interactions compared to known
co‐crystal RZS (Table 1).

The RTN drug has four hydrogen bond interactions
with active sites residues such as Gly143, Asn142,
Glu166, and Gln189 at a distance of 2.90 Ǻ, 2.87 Ǻ, 2.83
Ǻ, and 2.85 Ǻ, respectively. The drug showed hydro-
phobic interactions at the important sites viz CYS145,
LEU27, LEU50, MET49, CYS44, TYR54, MET165,
LEU167, PRO168, and ALA191 (Figure 1).

RMD forms three hydrogen bond interactions with
Gln189, Thr26, Gly143, and Glu166 active sites of the
main protease at a distance of 3.1 Ǻ, 2.5 Ǻ, 3.2 Ǻ, and 2.9
Ǻ, respectively, and also have several hydrophobic in-
teractions such as PRO168, MET49, LEU141, PHE140,
LEU27, MET165, and LEU167 (Figure 2). The drug LPN

showed three hydrogen bond interactions at the active
site residues THR26 and THR24. And also pi‐pi interac-
tions were observed with HIS41. The drug showed hy-
drophobic interactions with residues LEU50, MET49,
LEU141, PHE140, MET165, and CYS145, respectively
(Figure 2S). In addition, the two reference compounds
showed lesser binding affinity (glide score and glide en-
ergy) compared to the best‐selected drug compounds.
Furthermore, the best drug compounds were subjected to
prime MMGBSA binding free energy calculations.
Table 2 depicts that among the three drugs, RTN has a
higher total binding energy ΔGbind −57.434 kcal/mol
compared with the other two drugs, RMD and LPN have
ΔG binding energy −56.507 and −51.078 kcal/mol.

All three docked complexes were superimposed, and
it could be observed that these three drugs bind in a
similar orientation of binding pattern with all the sub
catalytic sites of the main protease target protein and
shows the lesser root mean square deviation (RMSD)
among each docked complex (Figure 3). The RMSD

TABLE 1 Docking results of best
FDA‐approved antiviral drugs with
SARS‐CoV‐2 main protease

Compounds
Glide gscore
(kcal/mol)

Glide energy
(kcal/mol)

Hydrogen bond
interactions

Ritonavir (RTN) −10.40 −77.30 Gly143, Asn142, Glu166,
Gln189.

Remdesivir (RMD) −6.97 −55.35 Gln189, Thr26, Gly143,
Glu166.

Lopinavir (LPN) −6.12 −51.77 Thr26, Thr24.

Cocrystal (RZS) −3.83 −21.33 Arg188.

Abbreviation: SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2.

FIGURE 1 Key binding interaction profile of Ritonavir (RTN) docked with SARS‐Cov‐2 Mpro (A) 3D chimera view (B) 2D maestro
view. SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2
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values of RMD with LPN and RTN is 2.7 Å and 2.3 Å,
respectively, and between RTN and LPN is 2.2 Å. From
the docking studies, we observed that out of the 12 an-
tiviral drugs considered in this study to inhibit SARS‐
CoV‐2 Mpro, based on the docking score, glide energy,
interactions with active site pocket residues and ΔGbind,
drugs RTN, RMD, and LPN showed high potential as
inhibitors.7 also reported that LPN and RTN showed
potent inhibition against SARS‐CoV‐2 Mpro in compu-
tational studies.

3.2 | Binding studies of HCQ against
human ACE2 receptor

The first step of the viral replication cycle, that is, at-
tachment to the surface of respiratory cells, is mediated
by the spike (S) viral protein. The S protein uses the
ACE‐2 receptor for entry into the host and uses sialic
acids to link to host cell surface gangliosides. As the
prophylaxis mechanism of HCQ is still not clear, we
carried out biomolecular interaction studies to gather

insight into the possible binding mechanisms with the
Human ACE2 receptor.

From Figure 3S, it is observed that HCQ binds with
the human ACE2 receptor active sites with a docking
score and glide energy of −6.34 and −49.34 kcal/mol,
respectively. HCQ forms two hydrogen bond interactions
with active site amino acids of ASP367 and ASN277 at
distances of 2.65 Ǻ and 2.85 Ǻ, respectively (Figure 4A).
In addition, pi–pi interactions are also observed from the
active site of HIS345, and ionic interactions were found
to be LYS363. Several hydrophobic interactions were
also observed from the docked complex of HCQ against
human ACE2 receptor, namely CYS344, TYR127,
PRO346, MET360, LEU144, CYS361, ALA153, PHE274,
TRP271, MET270, and LEU503 (Figure 4B). Although we
have conducted the molecular docking studies of HCQ
against the active site of the Human ACE2 receptor,
however, to understand the exact mechanism, further
screening needs to be done against other binding sites of
human ACE2 and against the spike glycoprotein.

3.3 | MD simulation studies of LPN,
RMD, and RTN against SARS‐CoV‐2 main
protease

To understand the dynamic behavior and conformational
flexibility of docked complexes, MD simulation of the
three best drug complexes was performed for a time
period of 100 ns. From the MD simulations, various
thermodynamic properties were analyzed such as RMSD,
the radius of gyration, root mean square fluctuation

FIGURE 2 Key binding interaction profile of Remdesivir (RMD) docked with SARS‐Cov‐2 Mpro (A) 3D chimera view (B) 2D maestro
view. SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2

TABLE 2 Free energy calculation for best‐approved drugs
Ritonavir (RTN), Remdesivir (RMD), and Lopinavir (LPN)

Compounds ΔG bind Coulomb H‐bond vdW

RTN −57.434 −21.765 −1.598 −63.968

RMD −56.507 −28.861 −2.42 −49.35

LPN −51.078 −17.047 −2.075 −53.17
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FIGURE 3 Superposition of best‐docked complexes of drugs with SARS‐Cov‐2 Mpro. (A) Cartoon representation of overall docked
complexes (B) Mode of drug binding at the active sites. SARS‐CoV‐2, severe acute respiratory syndrome coronavirus 2

FIGURE 4 Key binding interaction profile of hydroxychloroquine (HCQ) docked with human ACE2 receptor (A) 3D chimera view
(B) 2D maestro view. ACE2, angiotensin‐converting enzyme II

FIGURE 5 Root mean square deviations (RMSD) of best drugs Ritonavir (RTN), Remdesivir (RMD), and Lopinavir (LPN) during
molecular dynamics (MD) simulation trajectory. (A) overall protein (B) backbone
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(RMSF), ligand rmsf, and hydrogen bond contact analy-
sis throughout the overall MD simulation.

From Figure 5A,B the same inferences can be de-
rived. The first one was generated by fitting all atoms of
the protein to all atoms of their own and the latter was
generated by fitting the backbone atoms of the protein to
the backbone atoms of their own for RMSD calculation.
RMSD for the protease with RMD (green) is quite un-
stabilized when compared with the RMSD of the protease
with LPN (black) and RTN (red).

Calculation of RMSD for the ligands was performed
by excluding the hydrogen atoms of the ligands with
respect to the protease backbones. By doing so, the
overall rotation and translation of the protein are re-
moved via fitting and the RMSD reported is how much
the ligand position has varied relative to the protein,
which is a good indicator of how well the binding pose
was preserved during the simulation. Thus, it is observed
that LPN (black) position from the binding pocket is
comparatively varying when compared with the RTN
(red) and RMD (green) (Figure 4S).

The radius of gyration of a protein is a measure of its
compactness. If a protein is stably folded, it is likely to
maintain a relatively steady value of Rg. If a protein un-
folds, its Rg will change over time. In Figure 6, it is ob-
served that the protease is not stably folded upon ligand
binding. For instance, the protease with LPN (black) folds
around 60 ns onwards as Rg decreases from 2.5 to 2.2 nm,
whereas the proteases with RTN (red) and RMD (green)
seems to be unfolded around 70 ns onwards as Rg suddenly
increases from 2.175 to 2.25 nm (Figure 6).

The docked complexes' overall residual movements
were calculated during the MD simulation, RMS Fluc-
tuations for the amino acid residues of the protease from

all three systems are in the same pattern. It is not very
reflective due to ligand binding (Figure 7A). This trend in
the RMSF plot for the protease indicates that the binding
of three drugs to the protein was stable and had no major
effect on the flexibility of the protein throughout the si-
mulations. For RMS Fluctuations for the atoms of the
ligands from all three systems, the atomic fluctuations of
LPN (black) are comparatively less than that of the
atomic fluctuations of RTN (red) and RMD (green).
However, from the plot, it is observed that RTN is
showing higher flexibility when compared with LPN and
RMD (Figure 7B).

The minimum average distances between the ligand
and protease are calculated. Close observation on the plot
reflects that minimum distances between LPN (black)
and protease as well as RTN (red) and protease are
consistently maintained around 0.35 nm. However, the
minimum distance between RMD and protease slightly
increases from 0.3 to 0.35 nm (Figure 5S).

All three drugs show the same pattern of linear short‐
range Coulombic interactions. Average Coulombic short‐
range Protein–LPN (black) energy is –20.916 kJ/mol (red),
Protein–RTN (green) energy is –32.1943 kJ/mol, and
Protein–RMD energy is –31.2213 kJ/mol (Figure 8A).
Lennard–Jones (LJ) interactions of LPN (black) and RTN
(red) with the protease seemed to be promising as it is ob-
served to be maintained at –225 kJ/mol and lowered below
–250 kJ/mol from 60 to 87 ns. However, for RMD, LJ inter-
actions are maintained at –200 kJ/mol and seemed to be
lowered up to –225 kJ/mol at 60 ns only. Average
Lennard–Jones short‐range Protein–LPN (black) energy
is –232.055 kJ/mol (red), Protein–RTN (green) energy is
–227.69 kJ/mol, and Protein–RMD energy is –196.111 kJ/mol
(Figure 8B).

Hydrogen bond contact analysis has been performed for
three‐drug docked complexes from the overall MD simu-
lation trajectories. Results show that the RMD drug has
more hydrogen bond contacts compared with the other two
drugs throughout the MD simulation. All three‐drug com-
plexes are having a minimum of three hydrogen bond
contacts from the simulated MD trajectories (Figure 6S).

3.4 | Conformational interaction of
RTN, RMD, and LPN main protease
binding sites from MD trajectories

To establish the stability of all three docked complexes
and their binding sites interactions, a molecular visuali-
zation of the interaction snapshots (initial, 50, and
100 ns) over the simulation period was done. Recognition
of key interactions that could have favored the binding
affinity of docked compounds was observed.

FIGURE 6 Radius of gyration for three best drugs Ritonavir
(RTN), Remdesivir (RMD), and Lopinavir (LPN) during the
molecular dynamics (MD) simulation
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FIGURE 7 Root mean square (RMS) Fluctuation analysis from molecular dynamics (MD) trajectories. (A) Residual fluctuations of
docked complexes of drugs (B) ligand RMS fluctuation of drugs

FIGURE 8 All three‐drug complexes MD productions system energy. (A) Coulombic interactions from MD trajectories (B)
Lennard–Jones interactions

FIGURE 9 Molecular dynamics (MD)
trajectories frame analysis of Ritonavir (RTN).
(A) Superposition of three snapshot
conformations. (B) Interaction profile of active
sites
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As shown in Figure 9A, all the three snapshot con-
formations of RTN drugs were superimposed, it depicts
that all conformations are showing similar binding poses
at the active sites of the targeted protein. Initial con-
formation, Gln189, and Gly143 found two hydrogen bond
interactions with distances of 2.34 Å and 2.62 Å at the
binding sites. At 50 ns, in addition, three strong hydrogen
bond interactions were observed namely Gln192 (3.13 Å),
Asn142 (2.94 Å), and Thr25 (3.12 Å). Towards the end of
the MD simulation at 100 ns, which is important Cys44
(3.09 Å) and His164 (2.94 Å) showed hydrogen bond in-
teraction with the RTN. Also, certain residues interacted
consistently, across the overall MD simulation (Figure 9B).

Similarly, the RMD drug also shows a number of hy-
drogen bonds interactions at the active sites from the dif-
ferent snapshots during the MD simulation. Interactions
with residues Gln189 (2.08 Å), Glu166 (3.05 Å), Asn142

(3.17 Å), His 164 (2.95 Å), Thr26 (3.14 Å), Thr25 (3.08 Å),
and Cys44 (2.96 Å), reveals that RMD drug was more stable
throughout the simulation and also all snapshot poses were
superimposed and showed similar binding orientations at
the active sites of protein Figure 10A,B.

In the case of LPN notably, Asn142 (2.02 Å) and
Gln189 (1.96 Å) were found as hydrogen bond interac-
tion with the respective drugs over the course of the
simulation, as shown in the representative snapshots of
0, 50, and 100 ns. Figure 11A reveals that overall docked
superposition protein backbone conformation slightly
deviated. But initially, the drug does not show any con-
formational changes, at 50 and 100 ns MD simulation
LPN drug entirely shifts the orientation of binding at the
active sites (Figure 11B). One of the probable reasons for
the change in orientation can be the structural flexibility
of LPN as it is used as a combination drug with RTN.

FIGURE 10 Molecular dynamics (MD)
trajectories frame analysis of Remdesivir
(RMD). (A) Superposition of three snapshot
conformations. (B) Interaction profile of active
sites

FIGURE 11 Molecular dynamics (MD)
trajectories frame analysis of Lopinavir (LPN).
(A) Superposition of three snapshot
conformations. (B) Interaction profile of active
sites
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Interestingly, these three drugs exhibit common hy-
drogen bond interactions with important catalytic sites of
Gln189 and Asn142 during the overall MD simulations.

3.5 | Binding free energy calculation
(MM‐PBSA)

During the MD simulation, the best drug compounds of
RTN, LPN, and RMD docked complexes of Mpro were
considered for the binding free energy calculation using
the MM‐PBSA approach. From the free energy calcula-
tion, it shows that van der Waals and electrostatic en-
ergetic terms mainly aids in the total binding energy (ΔG
Total). In Table 3, the best drugs docked complexes of
main protease thermodynamic properties were tabulated
such as van der Waals, electrostatic, polar, and nonpolar
energy, solvent accessible surface area, and total energy.
The LPN, RTN, and RMD compounds calculated
Total binding energy (ΔGTotal) is –171.65, –167.31, and
–140.20 kJ/mol, respectively. The above findings suggests
that LPN showed better van der Waals and total binding
energies ([–254.63 ± 14.99], [–171.65 ± 14.78]) compared
with the other two drugs (RTN and RMD). The overall
MD simulation, the thermodynamic contribution of three
drugs such as polar, nonpolar solvation, electrostatics,
and total binding energy were plotted in Figure 7S.

4 | CONCLUSIONS

Our in silico study revealed that the three drugs LPN,
RTN, and RMD showed interaction with the active site
residues of SARS‐CoV‐2 Mpro. RMSD of the protein‐
ligand complexes has maintained stability and complexes
have remained stable during the simulations. The drug
LPN changed orientation compared to RTN and RMD
during MD simulation which is possible as RTN and LPN
are used as a combination drug and not individually.
Overall, among the FDA‐approved drugs, in terms of
total binding energy (ΔGTotal), LPN has a better binding
affinity with the main protease compared to the other
two drugs. We also observed from the docking studies

that the prophylaxis mechanism of Hydroxychloroquine
is possible by binding with the Human ACE2 receptor to
prevent binding of the spike protein. Furthermore, stu-
dies are required to provide validation to the proposed
mechanisms of action.
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