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Abstract—The recent emergence of the severe acute respiratory disease caused by a novel coronavirus remains
a concern posing many challenges to public health and the global economy. The resolved crystal structure of
the main protease of SARS-CoV-2 or SCV2 (Mpro) has led to its identification as an attractive target for
designing potent antiviral drugs. Herein, we provide a comparative molecular impact of hydroxychloroquine
(HCQ), remdesivir, and β-D-N4-Hydroxycytidine (NHC) binding on SCV2 Mpro using various computa-
tional approaches like molecular docking and molecular dynamics (MD) simulation. Data analyses showed
that HCQ, remdesivir, and NHC binding to SARS-CoV-2 Mpro decrease the protease loop capacity to f luc-
tuate. These binding influences the drugs’ optimum orientation in the conformational space of SCV2 Mpro

and produce noticeable steric effects on the interactive residues. An increased hydrogen bond formation was
observed in SCV2 Mpro–NHC complex with a decreased receptor residence time during NHC binding. The
binding mode of remdesivir to SCV2 Mpro differs from other drugs having van der Waals interaction as the
force stabilizing protein–remdesivir complex. Electrostatic interaction dominates in the SCV2 Mpro−HCQ
and SCV2 Mpro–NHC. Residue Glu166 was highly involved in the stability of remdesivir and NHC binding
at the SCV2 Mpro active site, while Asp187 provides stability for HCQ binding.

Keywords: SARS-CoV-2 main protease (Mpro), remdesivir, β-D-N4-hydroxycytidine (NHC), hydroxychlo-
roquine (HCQ), molecular dynamics (MD) simulation, anti-covid-19
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INTRODUCTION

The recent emergence of an acute respiratory dis-
ease caused by a novel coronavirus [1] known as severe
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2 or SCV2) has become a global threat [2]. This
pandemic remains pervasive, posing several chal-
lenges to public health and the global economy. World
Health Organization (WHO) in February 2020
described the pandemic as coronavirus disease 2019
(covid-19) [3] and characterized with associated high
mortality and morbidity [4]. The virus spreads through
community transmission in many countries of the
world, with European countries badly affected. WHO
declared it a public health emergency on January 30th,
2020, and a global pandemic on March 12th, 2020 [4].
With the upsurge in the scientific evidence on corona-
virus, there is an increasing understanding of the dis-
ease since its emergence [5].

Morphologically, coronaviruses are enveloped sin-
gle-stranded RNA viruses with about 26–32 kilobases
of the genome [6]. They exist in four genera;
Alphacoronavirus (αCoVs), Betacoronavirus (βCoVs),
Gammacoronavirus (γCoVs), and Deltacoronavirus
(δCoVs) [6]. The first two families share similar
generic attributes and structures with SARS-CoV-2
and infect mainly mammals. The last two genera spe-
cifically target birds [7, 8]. The novel SARS-CoV-2
shares the same viral family with the popular Severe
Acute Respiratory Syndrome Coronavirus (SARS-
CoV) and the Middle East Respiratory Syndrome
Coronavirus (MERS-CoV). Also associated with lin-
eage b of Betacoronavirus [9–12], SARS-CoV-2 phy-
logenetic genome analyses showed a close relationship
to SARS-CoV than MERS-CoV [13, 14]. Structurally,
the virion is spherical (Fig. 1) with a positive strand of
RNA, four structural proteins; spike (S) protein,
nucleocapsid (N) protein, membrane (M) protein,
envelope (E) protein, and non-structural proteins
3311
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Fig. 1. The morphology of SARS-CoV-2 [25]. 
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(nsp) [15–17]. The viral replication and transcription
are driven by the RNA genome enveloped by the N
proteins [16]. Like other CoV, the migration of SARS-
CoV-2 into the host cells begins with the attachment of
S protein on the viral surface to the angiotensin-con-
verting enzyme 2 (ACE-2) of the host cells [18, 19].
Technically, S protein and ACE-2 are considered
attractive drug targets [20]. The virus uses host genetic
material for replication soon after it penetrates the
host cell. Assembling of non-structural proteins (nsp)
facilitates the process of viral replication and tran-
scription [16]. These proteins are produced through
the cleavage of viral polyprotein encoded by open
reading frame 1a (ORF1a) ORF1b [21, 22]. A crucial
viral enzyme, RNA-dependent RNA polymerase
(RdRp), also known as nsp12, has a vital role in repli-
cating and transcribing the SARS-CoV-2 virus. RdRp
catalyzes the synthesis of viral RNA. Therefore, RdRp
is also an attractive target for designing antiviral drugs
RUSSIAN JOURNAL O
against covid-19. Also, the nsp7 and nsp8 supports the
functions of nsp [23, 24].

Pathogenicity of SARS-CoV-2 revealed the impor-
tance of protease in viral structure assembly and repli-
cation [26, 27]. In CoVs, ORF1a encodes the main
protease (Mpro) also known as chymotrypsin-like cys-
teine protease (3CLPro) [23, 24]. Mpro is embedded in
the nsp5 region and has a mass of about 33.8 kDa [16],
it is encoded by the SARS-CoV-2 RNA sequence [16].
With the protein formation from RNA, Mpro is cleaved
from the entire protein sequence through an auto-
cleavage mechanism [12, 28, 29]. Mpro consists of a
homodimer divided into two protomers with three dif-
ferent domains (Fig. 2), [30] domains I (residue 8–
101), II (residue 102–184), and III (residue 201–303).
Between 201–303 residues, five α-helices arranged
within a largely antiparallel globular cluster exists,
connected to domain II by an extended loop region
[2]. These domains identified in the crystal structure
F PHYSICAL CHEMISTRY A  Vol. 96  No. 14  2022
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Fig. 2. The crystal structure of SARS-CoV-2 Mpro in complex with Michael acceptor inhibitor (N3). 
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of 6LU7 (the Mpro of SARS-CoV-2) has two catalytic
site residues (His41–Cys145) [31–34]. Its substrate-
binding site appears in a cleft between domain I and II

as the key binding pocket of the SARS-CoV-2 Mpro

(Fig. 2). Mpro plays a crucial role in coordinating viral
replication and transcription of the virus life cycle. It
cleaves the polyproteins’ main domain to release pro-
teins with a replicative function such as RdRp and

RNA processing domains [35]. Thus, Mpro becomes a
principal target for drugs to manage SARS-CoV-2 [36,
37]. Currently, S protein, ACE-2, transmembrane
protease serine 2 (TMPRSS2), 3CLpro, RdRp, and
PLpro (papain-like protease) are known targets for
antiviral drugs against SARS with SARS-CoV-2 [20,
37].

Although the exact cause of SARS-CoV-2
remained a debate, there are indications that viral evo-
lution may be the architect of its emergence [38]. One
of the recent studies revealed that ACE-2 facilitates
viral migration into the human cell [39]. This process
means that SARS-CoV-2 may affect organs with mod-
erate expression of ACE-2 besides the lungs that exist
as its prime target site [40]. There are six crucial amino
acids in the receptor-binding domain (RBD) of
SARS-CoV-like viruses [41, 42]. Thus, the ability of
this virus to bind selectively is a result of natural selec-
tion [42]. Amino acid residues such as His41, Met49,
Gly143, Ser144, Cys145, His163, Met165, Glu166,
Leu167, Asp187, Arg188, Ala191, and Glu192 in the

structure of SARS-CoV-2 Mpro are described as sub-
strate binding residues [43, 44] and therefore, are
essential for drug binding. Details from one research
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
revealed that the viral S protein (Fig. 1) is the primary
determinant of coronavirus tropism [25], this demon-
strates the importance of spike proteins in the search
for CoV therapeutics.

In a related hypothesis, coronavirus incorporates
its spike protein into the viral envelope, thereby facili-
tating its entry into target cells [45]. The surface unit of
the spike protein (S1) binds to the surface receptor.
The transmembrane domain (S2) facilitates viral
membrane fusion to the cellular membrane [46], these
two (S1 and S2) are termed polybasic cleavage sites of
SARS-CoV-2 [42]. Cleavage of both S1 and S2 (furin)
of the spike protein facilitate the viral entry into
human lung cells [46]. Therefore, blockage of these
sites can terminate the cascade events and the viral
entry process; this might form a promising drug target
in SARS-CoV-2 treatment.

Structural insights of the viral morphology by sci-
entists (Fig. 1) led to molecular target identification
and possible drugs indicated in the management of
SARS-CoV-2. Target identification has opened doors
for several computer-aided drug design (CADD)
methods, including drug repurposing. Generally, a
pandemic demands quick intervention to prevent
excessive loss of life. However, the availability of the
required medications that will prevent the widespread
of the disease and indicated in its treatment would
depend on the drug’s approval for such disease treat-
ment. Sometimes, drug repurposing is a lucrative
option because the drug discovery and approval pro-
cesses are exhaustive and time-consuming. As a result,
a global effort to identify effective treatment was initi-
l. 96  No. 14  2022
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ated and targeted at agents that demonstrated antiviral
activity against SARS-CoV, MERS-CoV, and other
related RNA viruses [47]. Though there is no approved
antiviral drug for SARS-CoV-2 treatment, preclinical
data from hydroxychloroquine (HCQ), remdesivir,
and β-D-N4-hydroxycytidine (NHC) suggested good
antiviral activity against SARS-CoV-2. Guided by
already existing data from in vitro studies [47], so
many drugs, like HCQ, remdesivir, and NHC (Fig. 3),
have been repurposed. Accordingly, the best approach
to drug discovery during a pandemic is to test whether
the existing antiviral drugs are effective in treating
related viral infections [48].

Chloroquine (CQ) and hydroxychloroquine
(HCQ) are members of a 4-aminoquinoline class used
in treating autoimmune diseases. CQ and HCQ have
immunomodulatory and antithrombotic properties
[49]. They have been frequently used as antimalarial in
the last century [49], recommended for treating sev-
eral viral infections because of their proven potency in
the viral cell culture and animal model [49]. The
mechanism of action of CQ/HCQ on viral particles
has been elusive, the proposed antiviral effect premise
on their weak basic properties [49]. Some of the pro-
posed antiviral effects involve inhibition of viral attach-
ment and entry into the host cell and inhibition of new
viral particle maturation and spread [49]. This first pro-
cess may require (1) inhibition of the sialic acid bio-
synthesis [50]; (2) inhibition of the N-glycosylation of
the cell surface viral receptor ACE-2 [50]; (3) inhibit-
ing the N-glycosylation of the viral S proteins [51]; (4)
inhibition of the synthesis of cell membrane sialic
acids [51]; and (5) endosomal alkalinization and inhi-
bition of cellular endosomal protease [46]. The second
inhibition process requires (1) endosomal alkalinisa-
tion and inhibition of endosome-lysosome membrane
fusion [52]; (2) endoplasmic reticulum-Golgi inter-
mediate compartment (ERGIC) vesicle alkalinisation
and inhibition of viral budding [53]; (3) ERGIC and
trans-Golgi network (TGN) vesicle alkalinisation and
inhibition of post-translational modification of the
RUSSIAN JOURNAL O

Fig. 3. 2D structures of hydroxychloroquine, remdesivi
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viral protein [10, 54]; (4) inhibition of p38 mitogen-
activation protein kinase (MAPK) activation [55, 56];
and (5) inhibition of phospholipase A2 and membra-
nous structures essential for replication and transcrip-
tion [57].

Recent experimental evidence [49] has demon-
strated the potential efficacy of CQ/HCQ in SARS-
CoV-2 treatment. A result from an in vitro study
reveals an effective blockage of SARS-CoV-2 infection
by CQ in Vero E6 cells at a low-micro molar concen-
tration (EC50 = 1.13 μM, EC90 = 6.90 μM, 48 h), this
was clinically achievable within the dose of
500 mg/day oral administration [48]. This same group
conducted comparative research on CQ and HCQ
effects on SARS-CoV-2 using the same cell model.
The result showed relatively similar cytotoxicity
between the two drugs [58]. Apart from their anti-
inflammatory properties, the potential antithrombotic
properties of CQ/HCQ drives its antiviral effect [58].
Several in vitro studies [58–60] conducted to assess
the antiviral effects of CQ and HCQ on SARS-CoV-2
revealed significant inhibition of SARS-CoV-2 repli-
cation [58–60].

The search for potent antiSARS-CoV-2 against the
covid-19 infection led to the scientific basis of explor-
ing the antiviral effect of known drugs. These drugs
include remdesivir, favipiravir, ribverin, penciclovir,
and galidesivir. Evidence from these studies revealed a
better antiviral effect of remdesivir on covid-19 relative
to other drug candidates. Remdesivir (GS-5734) is a
phosphoramidate prodrug of an adenosine C-nuleo-
side [61] analogue developed in response to the West
Africa 2014 Ebola outbreak [62]. However, the search
for potent antiSARS-CoV-2 in the 2019/2020 corona-
virus pandemic motivated the exploration of some
antiviral drugs. Such drugs include remdesivir, favip-
iravir, ribverin, penciclovir, and galidesivir. Evidence
from these studies revealed a superior antiviral effect
on covid-19 relative to other drugs. Remdesivir exhib-
its broad-spectrum antiviral activity against RNA
viruses [62] and inhibits RNA-dependent RNA poly-
F PHYSICAL CHEMISTRY A  Vol. 96  No. 14  2022
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Fig. 4. The crystal structure of SARS-CoV-2 Mpro in complex with remdesivir. 
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merase (RdRp). Gordon et al. [47], showed that
incorporating an active triphosphate form of remde-
sivir into viral RNA by RdRp might lead to the RNA
chain termination [47]. They obtained similar obser-
vations with SARS-CoV, MERS-CoV, and SARS-
CoV-2 RdRps. Based on these pieces of evidence, the
researchers concluded that remdesivir triphosphate
(RDV-TP) incorporates better than ATP and two
other nucleotide analogues [47].

In vitro studies suggest that remdesivir inhibits
SARS-CoV and MERS-CoV viruses by interfering
with the polymerase function of RdRp [48, 63, 64].
Recent pathogenic events, particularly in European
countries, showed that remdesivir administration on
patients with severe covid-19 improved their health
[65]. This observation made the European Medicines
Agency (EMA) approve remdesivir to treat covid-19
patients above 12 yr old [66]. Beigel et al. [67] con-
ducted a double-blind, randomized, placebo-con-
trolled trial of intravenous remdesivir in hospitalized
adults with covid-19 and emerging lower respiratory
tract infection. Evidence from this study showed that
remdesivir was superior to placebo in shortening the
time to recovery in hospitalized adults with covid-19
and had evidence of lower respiratory tract infection
[67]. Therefore, a molecular understanding of the
impact of the interaction between remdesivir and
RdRp is required. However, a recent in vitro study [16]
suggests that remdesivir binds strongly to RdRp and
Mpro—one of the principal targets in designing covid-
19 drugs [16]. Based on this research finding [16],
comparative dynamics of remdesivir–Mpro complex
(Fig. 4) and other repurposed drugs could provide rel-
evant information that may form a baseline in design-
ing potent SARS-CoV-2 inhibitors.

NHC is a broad-spectrum ribonucleoside ana-
logue and a potent antiviral drug with marked activity
against divergent CoVs [68]. Viral proofreading does
not present much effect to its antiviral activity (viral
inhibition), giving room for a novel interaction
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
between nucleoside analogue inhibitor and CoV repli-
case [68]. Also, the presence of NHC only generate
low-level resistance, possibly due to the accumulation
of multiple potentially deleterious transition mutation.
This phenomenon indicates a mutagenic inhibitory
process by NHC and enables the development of
NHC in CoVs therapy [68]. NHC demonstrates
potent inhibitory activity on MERS-CoV, SARS-CoV,
and SARS-CoV-2 in Calu-3 and human airway epi-
thelial (HAE) cells [69]. Surprisingly, NHC inhibited
SARS-CoV-2 infection in Vero E6 cells with EC50 val-
ues of 0.3 and 0.08 μM in Calu-3 cells [69].

After resolving the crystal structure of SARS-CoV-
2 Mpro, researchers identified Mpro as an attractive tar-
get for designing potent antiviral drugs [2]. The avail-
ability of Mpro 3D structure opened opportunities for
screening several compounds against it and the dis-
covery of many prospective inhibitors of SARS-CoV-2
Mpro, some of which include CQ/HCQ, remdesivir,
and NHC. Since there is no antiviral drug approved
yet for treating this infection globally (as of early 2020
when we did this research), scientists are using evidence
of antiviral effects of these drugs to propose them as
beneficial in the treatment of covid-19. Although the
efficacy and benefit of these drugs to covid-19 infected
patients is still unresolved, they are subtly promising
with considerable limitations in treating covid-19 [60].
The drugs are related to the side effect and benefit at
an appropriate stage of the disease [70]. Owing to the
limited evidence on the benefit of CQ/HCQ and other
drugs, such as remdesivir and NHC, there is a need for
detailed structure to function understanding of SARS-
CoV-2 Mpro. Such a study would provide information
on how potential drug candidates induce changes to
known targets of SCV2 Mpro.

Here, we show the interaction profile, conforma-
tional dynamics, and binding mechanism of SARS-
CoV-2 Mpro with HCQ, remdesivir, and NHC to give
a relative comparison on the molecular effect of these
l. 96  No. 14  2022
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drugs on SARS-CoV-2 Mpro. We used a molecular
dynamics (MD) approach over a long simulation
period to probe the structural dynamics of this protein
when coupled with the selected drugs. The pre-step
involves molecular docking of HCQ, remdesivir, and

NHC at the active site of SARS-CoV-2 Mpro. We used
several metrics, including principal component and cor-
relation matrix to probe the structural changes inherent
from docking HCQ, remdesivir, and NHC to the prote-
ase. The applied computational chemistry approach
could enhance drug discovery process [71], providing a
platform for novel therapeutics discovery [71].

METHODOLOGY

System Setup and Docking

Researchers have reported a lead compound

(Michael acceptor inhibitor, N3) targeting the Mpro of

SCV2 [2]. N3 is a universal inhibitor of Mpro from
coronaviruses including SARS-CoV and MERS-
CoV2 and exhibited potent antiviral properties against
infectious bronchitis virus in the animal model [2, 33].
In this same study, a crystal structure of SARS-CoV-2

Mpro in complex with N3 was determined and depos-
ited in the protein data bank (PDB) with code 6LU7
[2]. With the recent determination to proffer a solution
to covid-19 through enzyme targeting, the resolved

X-ray crystal of SARS-CoV-2 Mpro (6LU7, Fig. 4)
would facilitate the next generation of clinical thera-

peutics design against covid-19. SARS-CoV-2 Mpro is
a prime player in the novel coronavirus infection [62].

We isolated the SARS-CoV-2 Mpro enzyme from its
co-crystallized N3 and water with Chimera [72], and
used the existing chain A for docking. Also, we saved
the separated N3 inhibitor in MOL2 while the enzyme
was in PDB format with added hydrogen atoms. The
optimization of HCQ, remdesivir, and NHC involves
applying the steepest descent algorithm and the
MMFF94 on the Avogadro GPL V2 [73]. We visual-
ized the resulting molecules with UCSF
Chimera 1.13.1 and removed hydrogen atoms from
these ligands for subsequent docking.

The molecular docking protocol of the three sys-
tems involves docking pose assessment and binding
energy prediction using Autodock vina 4.2.6 [74]. We
used the Gasteiger partial charges [75] algorithm to
assign atomic charges to the ligand and protein from
AutoDock via the MGL tools 1.5.6. The grid box
dimension (in Å) is x = 22, y = 20, z = 20, and the cen-
tre is x = –19.58, y = 18.92, z = 64.24 at 8 exhaustive-
ness. The box size sufficiently enclosed the HCQ,
remdesivir, and NHC structures at the SARS-CoV-2

Mpro active site. We performed the docking five times
using the Lamarckian algorithm [75] in AutoDock
Vina 1.5.6. The docking scores are within –8.7 to

‒9.8 kcal mol–1 for the favored ligand conformations
(Table 1).
RUSSIAN JOURNAL O
MD Simulations

The three systems prepared for MD simulations are

SCV2 Mpro–HCQ, SCV2 Mpro–remdesivir, and SCV2

Mpro–NHC. Before the MD simulations, we sepa-

rated the docked protein-ligand complexes and

deleted hydrogen atoms from the protein. We assigned

protonation to the enzyme via the H++ server [76],

added hydrogen atoms to the ligands using Chimera

software and optimized them in Gaussian 09 [77] at

HF/6-31G* level of theory. We used the restrained

electrostatic potential (RESP) charge derived on

R.E.D server [78] to fit the ligand charges.

We performed the simulations with the Particle

Mesh Ewald Molecular Dynamics [79] option in the

Amber14 graphics processing machine and the SPFP

precision model at two fs timescale. For the ligands,

their atomic partial charges was generated using the

antechamber formalism via the RESP and GAFF

[80]. We set the protein parameters from Amber force

field ff14SB [81], and added hydrogen atoms to the

protein using the LEaP module implemented in

Amber14. The further procedure involves adding

counterions and system solvation. The former facili-

tates neutralization, and the latter improves the pro-

tein dynamics. We used an orthorhombic TIP3P water

box maintained at a 10 Å distance from the protein

surface to the box boundary to maintain continuous

and uniform system solvation during the simulation.

The long-range electrostatic potential was assigned

with the petric-mesh Ewald [79] algorithm at 12 Å

nonbonding cut-off. We minimized the energy of the

protein-ligand complex in two stages by applying a

restrained force at 500 kcal mol–1 Å–2 on the protein-

ligand within 103 steps and another unrestraint conju-

gated gradient minimization at 103 steps.

The system was gradually heated in the canonical

ensemble (NVT) at 50 ps from 0 to 300 K using the

Langevin thermostat [82]. We applied a restraint

potential of 5 kcal mol–1 Å–2 on the protein-ligand at

1 ps collision frequency. An unrestricted equilibration

was achieved at 300 K using 2 fs time steps at a con-

stant pressure and temperature for 500 ps using the

Berendsen barostat [83] to keep the pressure at 1 atm.

The SHAKE [84] algorithm was used to restrict the

hydrogen bonds. The production MD runs for 200 ns

like the equilibration but at 2 ps pressure-coupling

constant. In the MD simulation, we specify coordi-

nates and trajectories saving at every 1 ps of simula-

tion. The analyzed parameters after the MD simula-

tions include root-mean-square deviation (RMSD),

root-mean-square f luctuations (RMSF), and radius

of gyration (RoG) using the CPPTRAJ [85] program

in Amber14. We visualized the trajectories in Chimera

software and generated plots using Origin package

[86].
F PHYSICAL CHEMISTRY A  Vol. 96  No. 14  2022
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Table 1. Docking energy values and molecular weights of
the docked ligands HCQ, remdesivir, and NHC at SARS-
CoV-2 Mpro active site

Parameter HCQ Remdesivir NHC

Binding energy, kcal mol–1 –8.7 –9.4 –9.8

Molecular weight, g/mol 335.9 602.6 259.2
Thermodynamics Calculations

Binding free energy is a metric that enables predict-
ing the interaction strength between two or more dis-
tinct structures [87–91]. We used the Molecular
Mechanics/Generalized-Born Surface Area method
(MM/GBSA) [87] to estimate the binding free energy
of the selected ligands to the protease. From the

MM/GBSA approach, we obtain SCV2 Mpro–HCQ,

SCV2 Mpro–remdesivir, and SCV2 Mpro–NHC bind-
ing free energy. From the 200 ns trajectory, we took
1000 snapshots for the binding free energy calculation.
Following equations show how the MM/GBSA was
parameterized to account for the binding free energy:

(1)

(2)

(3)

(4)

In Eq. (2), T and S denote temperature and entropy
contribution, respectively. We estimate the S value
using the NMODE module of Amber14 [92]. In
Eq. (3), Egas denote energy at vacuum, Eint represents

internal energy, EvdW is van der Waals energy, and Eele

denotes Coulomb. In Eq. (4), Gsol equals the solvation

free energy, which has both polar and non-polar com-
ponents. We also predicted the individual active site
residue energy contribution to the overall free energy.

Principal Component Analysis 
and Cross-Correlation Matrix

Essential dynamics analysis, popularly known as
principal component analysis (PCA), is a metric for
measuring protein dynamics [93]. We stripped the sol-
vent molecules and ions from the 200 ns MD trajecto-

ries using the CPPTRAJ85 module in Amber14. The

PCA analysis involves Cα atoms of 103 frames at 0.1 ns

intervals. We calculated the principal components
(PC1 and PC2) and the 2 by 2 covariance matrices
from the Cartesian coordinates of the protein’s Cα
atoms. PC1 and PC2 are to the foremost two eigen-
states of covariance matrices.

The dynamics cross-correlation matrix (DCCM)
allows us to probe time-correlated statistics of the pro-

tein residues [94]. To evaluate SCV2 Mpro–HCQ,

SCV2 Mpro–remdesivir, and SCV2 Mpro–NHC struc-
tural dynamics, DCCMs were generated for the alpha
carbon backbone atoms using following equation:

(5)

Note, i and j indicate ith and jth residues, ∆ri and ∆rj
is the shift of ith and jth atoms from the average,
respectively.

Δ =bind protein-ligand protein ligand– – ,G G G G

Δ = + Δbind gas sol – ,G E G T S

= + +gas int vdW ele,E E E E

= +sol GB SA.G G G

( )= Δ ∗ Δ Δ Δ
1/22 2

/   .ij i j i jC r r r r
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RESULTS AND DISCUSSION

Docking Analysis and Validation
Compound coupling to a protein structure is a

popular molecular modelling approach to determine
the most favorable ligand pose within the protein [95].
However, docking may sometimes be unreliable
because molecular docking calculation uses static
X-ray crystal structures, which lack the essential ele-
ments that define a biological environment [90, 91].
So, we performed MD simulations to ensure that the
docked complexes remained intact within a specific

timescale. Figure 5a shows the SCV2 Mpro–HCQ,

SCV2 Mpro–remdesivir and SCV2 Mpro–NHC com-
plexes superimposed on each other. Also, we re-dock
N3 and overlay it with the original X-ray structure
(Fig. 5b) to validate the quality of the applied docking
protocol. The calculated RMSD value between the re-

docked and raw PDB structures of N3–Mpro is
0.833 Å, denoting less deviation and appreciable accu-
racy of the docking algorithm.

The docking result showed that NHC has the high-

est binding affinity of –9.8 kcal mol–1 than remdesivir

and HCQ with –9.4 and –8.7 kcal mol–1, respectively.
The favorable (more negative) interaction energy val-
ues of these drug candidates toward SARS-CoV-2

Mpro indicate potential inhibition of the protease. This
observation corresponds with the experimental result
of HCQ, remdesivir, and NHC on covid-19 infected
patients [60, 67, 69]. Table 1 shows the docking scores
and the molecular weight of each moiety.

System Stability during the MD Simulations
Molecular dynamics simulations of well-relaxed

and equilibrated systems conducted at 200 ns for the
three systems allowed us to explore the protein com-
plex dynamics. It is imperative to assess ligand-recep-
tor association throughout the MD simulation to
achieve the reflected conformational dynamics when
sampling trajectories. This evaluation allows measur-
ing the stability of the sampled systems. We measured
the system stability and convergence by calculating the
alpha carbon atoms RMSD of the proteins over the
simulation (Fig. 6).

The RMSD of SCV2 Mpro–HCQ, SCV2 Mpro–

remdesivir, and SARS-CoV-2 Mpro–NHC protein
structure graphically elucidates the behavior of the

systems SCV2 Mpro–HCQ system has initial low
l. 96  No. 14  2022
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Fig. 5. (a) 3D depiction of the docked SCV2 Mpro–remdesivir (light brown), SCV2 Mpro–HCQ (cyan), and SCV2 Mpro–NHC
(pink) superimposed to validate drug binding to the protein active site; (b) re-docked complex of N3–Mpro, cyan with ligand
(pink) superimposed on the original 6LU7 PDB structure, orange with ligand (green). Image generated with RMSD prediction
in the Discovery Studio 2017 R2 [96]. 

(a) (b)

Fig. 6. RMSD of the three systems: SCV2 Mpro–HCQ (black), SCV2 Mpro–remdesivir (red), and SCV2 Mpro–NHC (green). 
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RMSD fluctuations of 2.3 Å within 0 and 12500 ps,

and later notice an increase in RMSD with the peak

RMSD of 3.7 Å at 135000 ps. After approximately

185000 ps, the RMSD projections rested below 3.50 Å
RUSSIAN JOURNAL O
till the end of the simulation. In SARS-CoV-2 Mpro–

remdesivir system, the observed highest displacement

is 3.3 Å at 100000 ps, which later rested below 2.8 Å

towards the end. Similarly, in SARS-CoV-2 Mpro–
F PHYSICAL CHEMISTRY A  Vol. 96  No. 14  2022
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Fig. 7. RMSF plot of atoms within each residue of SCV2 Mpro–HCQ (black), SCV2 Mpro–remdesivir (red), and SCV2 Mpro–
NHC (green) systems. 
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NHC, the peak RMSD of 2.8 Å was reached around
120000 ps. We recorded the average RMSD of 2.17
and 2.10 Å in SCV2 Mpro–HCQ and SCV2 Mpro–rem-
desivir, respectively, while in SCV2 Mpro–NHC, the
average RMSD is 1.80 Å. These account for the system
stability since the standard parameter for a stable sys-
tem is RMSD of 2 Å and below [88, 97]. RMSD pro-
file in this study is closely related to the RMSD
reported recently by Peele et al. [98] and Shivanika
et al. [99] for the N3 complex with Mpro.

Root Mean Square Fluctuation (RMSF)

The mobility of individual amino acids in proteins
defines the overall conformational dynamics of pro-
teins [100, 101]. Consequently, an interaction between
the ligand and active site residues may induce confor-
mational changes in the protein structure and alter its
function [102]. To explore the dynamic behavior of
amino acids of the simulated systems, we calculated
the RMSF of the protein residues during the MD sim-
ulation. Figure 7 shows the calculated RMSF/Å of
each residue atoms when HCQ, remdesivir, and NHC
were introduced to SARS-CoV-2 Mpro and simulated
over the 200 ns. The RMSF profile in this study shows
a similar projection to the works from [98, 99].
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The protein core (Phe140, Leu141, Asn142,
Gly143, Cys145, His163, Met165, Glu166, Leu167,
Pro168, Phe185, Asn187, Gln189, Thr190, Ala191,
and Gln192), which are catalytic residues [103], looks
more compact than the solvent-exposed regions with
significant f lexibilities. We notice peak f luctuations in
loop region A involving residue number 25–75 with
RMSF values from 16.5 to 18.2 Å in both SCV2 Mpro–
HCQ and SCV2 Mpro–remdesivir. These are catalytic
loop residues that perhaps contribute to the ligand
binding. However, the RMS fluctuation in SARS-
CoV-2 Mpro–NHC is minimal relative to the two other
systems. In loop region B, there is a marginal differ-
ence in the loop fluctuations in all the three systems
involving residues 200–242, such as Ile200, Leu220,
Thr225, Tyr237, and Pro241 with RMSF values from
16.0 to 18.0 Å. The loop region C also showcases f luc-
tuations involving residues 250–280 with RMSF val-
ues 14.0 to 16.0 Å in SCV2 Mpro–HCQ and SCV2
Mpro–remdesivir, while SCV2 Mpro–NHC show lower
fluctuations at this domain.

Note that other loops also exhibit f luctuations but
are less prominent than the three regions labelled in
Fig. 7. The loop regions (A, B, and C) confer fusion
activation and viral cell entry properties [104]. It is evi-
dent from the RMSF graph that SCV2 Mpro–HCQ
exhibits a higher level of f luctuation than the two other
l. 96  No. 14  2022
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Fig. 8. Projections of all protein atoms radius of gyration when SARS-CoV-2 Mpro interact with HCQ (black), remdesivir (red),
and NHC (green). 
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systems. An increase in the fluctuation level reflects the
low impact of ligand binding on the protein structure
[102]. Therefore, the binding of HCQ on SCV2 Mpro

has a lower impact on the protein dynamics and may
indicate minimal efficacy profile of HCQ in targeting
this protease and perhaps in managing covid-19.

NHC binding rigidified the residues and decreased
the loop tendency to f luctuate (Fig. 7). This observa-
tion conforms with the experimental evidence on the
antiviral activity of NHC on other species of coronavi-
rus such as murine hepatitis virus (MHV) and MERS-
CoV [68]. The maximum rigidity resulting from the
binding process implicates the drug interaction in the
active site. This interaction profile follows a decreas-
ing order; SCV2 Mpro–NHC, SCV2 Mpro–remdesivir,
and SCV2 Mpro–HCQ. This order is perhaps due to
the orientation of these drugs within the protein active
site. The maximum rigidity ref lects the potency of
remdesivir and is likely responsible for faster recovery
and fewer interventions that result from using remde-
sivir in treating covid-19 [62, 67].

The Radius of Gyration (RoG)

RoG is a metric that describes the instantaneous
atom inertia from its centre of mass [105]. Radius of
gyration is applicable to measure the stability of a bio-
molecule when perturbed with small compounds over
a simulation period. We present the RoG plots of
SCV2 Mpro–HCQ, SCV2 Mpro–remdesivir, and SCV2
Mpro–NHC in Fig. 8. There is an associated level of
RUSSIAN JOURNAL O
compactness between SCV2 Mpro–remdesivir and
SCV2 Mpro–NHC systems, with the former exhibiting
better compactness relative to the latter. However,
SCV2 Mpro–HCQ shows a lower compactness result-
ing in a higher mean RoG of 22.57 Å than remdesivir
and NHC complexes. The SARS-CoV-2 Mpro–rem-
desivir system has an average RoG of 21.26 Å, while
the SCV2 Mpro–NHC system has a lower RoG of
21.74 Å. The relatively low compactness exhibited by
the SARS-CoV-2 Mpro–remdesivir system could indi-
cate remdesivir potential in managing covid-19 as in
the Ebola virus [62]. This drug occupies the binding
pocket of the protease optimally due to its size
(Table 1). Remdesivir exacts favorable firmness to the
protein compared to the other two molecules. This
observation may be responsible for the clinical efficacy
of remdesivir in the treatment of covid-19 and provide
a good understanding of the experimental study by
Maciorowski et al. [106].

Principal Component Analysis (PCA)

The principal component analysis is also a crucial
parameter in molecular modelling, it measures indi-
vidual atom displacement [107]. We show the PCA
plot of the three systems studied herein in Fig. 9. We
used the PC clustering approach to measure protein
backbone atom displacement. This method can
describe different sampled conformations during a
simulation by grouping molecular structures into a
subset based on their conformational similarities
F PHYSICAL CHEMISTRY A  Vol. 96  No. 14  2022
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Fig. 9. PCA projection of the alpha carbon displacement created by mapping the first two principal components (PC1 and PC2)
in SCV2 Mpro–HCQ (black), SCV2 Mpro–remdesivir (red), and SCV2 Mpro–NHC (green) conformational landscape. 
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[108]. The eigenvalues used can provide adequate
information on the percentage variability or the total
mean square displacement of the atom’s positional
fluctuation captured in each dimension [107]. For
proper assessment of protein dynamics and the
motions that induce unique molecular attributes, we
projected the enzyme towards the first two principal
components (PC1 vs. PC2) directions [95]. Figure 9
shows the plots for SCV2 Mpro–HCQ and SCV2
Mpro–NHC, while SCV2 Mpro–remdesivir showed a
reasonable association.

Most apparent is the variations in the three com-
plexes observed from their structural features plotted
along PC1 and PC2 directions. There is a marked sep-
aration of motion in SCV2 Mpro–HCQ and SCV2
Mpro–NHC, while SCV2 Mpro–remdesivir shows
more motion correlation with the two principal com-
ponents PC1 and PC2 (Fig. 9). The SCV2 Mpro–HCQ
system appears to be more f lexible than SCV2 Mpro–
NHC and SCV2 Mpro–remdesivir, suggesting that the
binding of remdesivir to the protein (SCV2 Mpro)
induces a conformational dynamic that reflects in PCs
as a wave of motions. In contrast, HCQ and NHC
binding to SCV2 Mpro impact a few dynamics on the
enzyme structure. SCV2–remdesivir system shows a
decreased f lexibility impacted through remdesivir
binding to the protein. This observation corresponds
to the experiment of Uzunova et al. [109], whereby
remdesivir sufficiently inhibits viral infections in the
human cell line. The impact of NHC on the protein
structure may be a good description of the mutagenic
effect of NHC on the virus main protease [68].
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
Dynamics Cross-Correlation Matrices (DCCM)

We analyse the DCCM to assess SARS-CoV-2
Mpro conformational variations upon ligand binding.
DCCM plot analyzed for Cα to examine dynamics and
correlated motions is available in Fig. 10. The highly
positive correlated and highly negative anti-correlated
movement of residues appear in yellow-red and blue-
black colors, respectively [95]. The studied systems
show more correlated residue motions than anti-cor-
related. Analysis of the DCCM displays that HCQ
binding to SCV2 Mpro induces changes to the protein
structure.

In SCV2 Mpro–HCQ conformation, Arg40 cor-
relates with Leu50, Ala70 correlates with Gly79, while
Lys101 slightly correlates with Gln110. Besides, mar-
ginally correlated motion exists between Phe150 and
Asp155, while a strong correlation is evident between
Gln189 and Gly195. Anti-correlated waves of residues
in SCV2 Mpro–HCQ occur between residues 200 to
306. SCV2 Mpro–remdesivir and SCV2 Mpro–NHC
complexes show correlated and anti-correlated
motions, respectively. The SCV2 Mpro–remdesivir
system exhibit two notable correlated regions; residues
40–130 (strongly correlated regions) and 150–192
(slightly correlated regions). These regions house the
catalytic active residues, representing the most intrin-
sically dynamic portions within the protein. The anti-
correlated motions of SARS-CoV-2 Mpro–remdesivir
appears between residues 210–306. In a related devel-
opment, the SARS-CoV-2 Mpro–NHC system relative
to the two other systems exhibits improved correlated
motions between residues 20–130 in one region and
150–192 in another domain. Their anti-correlated
l. 96  No. 14  2022
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Fig. 10. Cross-correlation matrices of the Cα atoms fluctuations in (a) SCV2 Mpro–HCQ, (b) SCV2 Mpro–remdesivir, and
(c) SCV2 Mpro–NHC. 
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waves appear around residues 210–306. The DCCM
analysis (Fig. 10) indicates that drug binding to the
enzyme significantly impacts the conformational
dynamics.

Hydrogen Bonding (H-Bond)
H-Bond formation is crucial to biochemical activ-

ities and biological systems, particularly in protein
structural integrity maintenance [110]. We assess
hydrogen bonds formation over the simulation time,
depicted with Fig. 11.

The SCV2 Mpro–HCQ shows a lower mean H-
bond (140.68) compared to SCV2 Mpro–remdesivir
and SCV2 Mpro–NHC systems with relatively higher
mean hydrogen bond of 148.6 and 145.46, respec-
tively. The relative lower H-bond in SCV2 Mpro–HCQ
could be a response to loop flexibility that invariably
affects its binding strength. H-bond reduction might
lead to destabilization and dynamics that often impact
ligand binding affinity [110]. This explains the possible
RUSSIAN JOURNAL O
reason for better therapeutic outcomes reported from
clinical studies [67, 106] on the use of remdesivir com-
pared to HCQ and NHC. To further assess the SCV2
Mpro–HCQ, SCV2 Mpro–remdesivir, and SCV2
Mpro–NHC relative stability, we report their H-bond
percent occupancy, average distance, and angle in
Table 2.

In the SCV2 Mpro–NHC system, the H-bond
occupancy for Glu166 is 27% and mean H-bond dis-
tance is 2.59 Å. Residue 166 also shows a favored H-
bond occupancy of 46% with a mean distance of
2.67 Å in SCV2 Mpro–remdesivir complex. Glu166 is a
prime active site residue in SCV2 Mpro. Val186 exhibits
the highest H-bond occupancy (64%) in the SCV2
Mpro–NHC system with SCV2 Mpro–remdesivir and
SCV2 Mpro–HCQ systems having Met49 and Leu141
H-bond occupancy contributions of 57 and 89%,
respectively. These residues contribute effectively to
the ligand-binding having high H-bond occupancy
among other active site residues (Table 2).
F PHYSICAL CHEMISTRY A  Vol. 96  No. 14  2022
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Fig. 11. Hydrogen bonds formed during the simulation run between SCV2 Mpro–HCQ (black), SCV2 Mpro–remdesivir (red),
and SCV2 Mpro–NHC (green).
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In SCV2 Mpro–NHC complex, we recorded a max-
imum H-bond occupancy of 0.6% between the oxygen
atom of the ligand and a nitrogen atom of His41. SCV2
Mpro–HCQ and SCV2 Mpro–remdesivir display a low
H-bond occupancy of 0.01 and 0.05%, respectively, at
an average distance of ~2.90 Å linking atoms within
the same residue. For the NHC system, the ligand’s
geometry lies in the conformational space of the Mpro

at 143°. Remdesivir and HCQ are oriented at angles
145° and 161°, respectively. The angular difference
recorded for these ligands in their various conforma-
tional space might be responsible for their steric effect.
The poses of these ligands in the conformational space
of the protein determines its interactive residues,
which might determine the mechanism of its viral
inhibition [111].

End-Point Free Energy and Its Decomposition

We adopt the MM/GBSA method to calculate the
free energy change of SCV2 Mpro–HCQ, SCV2 Mpro–
remdesivir, and SCV2 Mpro–NHC complexes
(Table 3). Decomposing this energy shows SCV2
Mpro–remdesivir with a favored binding energy
(‒37.2 ± 5.2 kcal mol–1) over SCV2 Mpro–HCQ and
SCV2 Mpro–NHC with calculated values of –36.6 ±
3.3 and –23.5 ± 5.3 kcal mol–1, respectively. The mar-
ginal difference between SCV2 Mpro–remdesivir and
SCV2 Mpro–HCQ is –0.60 ± 1.9 kcal mol–1. The
energy change in SCV2 Mpro–remdesivir and SCV2
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo
Mpro–NHC is –13.7 kcal mol–1; this value is quite sig-
nificant. The most favored interaction energy
observed in remdesivir could be the resultant effect of
its even occupancy of the protease active region inher-
ent from its size, with a molecular weight of
602.6 g/mol. Note that NHC has a molecular weight
of 259.2 g/mol and HCQ with 335.9 g/mol (Table 1).

The force of interaction, such as electrostatic
(‒46.1 ± 8.8 kcal mol–1) and vdW (–47.7 ± 3.9 kcal mol–1),
drive to the overall binding free energy of remdesivir to
SCV2 Mpro compared to the binding of NHC to the
protein. However, SARS-CoV-2 Mpro–HCQ exhibits
the highest electrostatic (–117.4 ± 10.8 kcal mol–1)
and van der Waals forces (–49.6 ± 3.4 kcal mol–1) this
may probably contribute to the antiviral properties of
HCQ on SCV2 Mpro. Hydrophobic packing also con-
tributes to the binding free energy in SCV2 Mpro–rem-
desivir and SCV2 Mpro–HCQ systems due to an
increased aromatic and hydrophobic rings. Also, there
exists some hydrophobic residues in HCQ and remde-
sivir around the binding pocket, which is relatively low
in the SCV2 Mpro–NHC system. Interestingly, NHC
showed a remarkable binding through the RMSF
analysis. Perhaps the low binding energy from MD
simulation reflects its molecular weight and indirectly
determines NHC receptor resident time [112, 113]. As
envisaged, MD provides a more detailed molecular
understanding of the complex dynamics relative to
molecular docking.
l. 96  No. 14  2022
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Table 2. Hydrogen bond occupancy at the catalytic region of SARS-CoV-2 bound to HCQ, remdesivir and NHC

H-bond acceptor H-bond donor Frame number Occupancy, % Average distance, Å Average angle, deg

SARS-CoV-2–HCQ
GLN_188@OE1 LIG_307@N3 34719 17 2.82 161
ASP_187@O LIG_307@O23 21038 10 2.71 161
LIG_307@N17 SER_144@OG 134 0.7 2.86 146
ASP_187@OD1 HIS_41@NE2 164155 82 2.81 159
MET_49@O TYR_54@OH 87607 43 2.77 162
GLY_143@O ASN_28@ND2 47846 23 2.86 151
LEU_141@O SER_144@OG 179624 89 2.74 161

SARS-CoV-2–remdesivir
GLU_166@O LIG_307@O6 98088 46 2.67 162
LIG_307@O2 GLN_189@NE2 29952 14 2.84 160
LIG_307@N5 THR_190@N 18230 0.8 2.94 161
SER_144@OG LIG_307@O5 1642 0.7 2.78 162
LIG_307@N5 GLN_192@NE2 80755 38 2.91 160
ASP_187@O LIG_307@N6 41143 19 2.84 150
LIG_307@O2 GLN_189@NE2 29952 14 2.84 160
MET_49@O GLN_189@N 121912 57 2.87 161
LIG_307@O CYS_44@N 52647 24 2.91 157
GLY_143@O4 HIS_41@NE2 102 0.05 2.90 145

SARS-CoV-2–NHC
LIG_307@O HIS_41@NE2 1281 0.6 2.90 143
LIG_307@O1 SER_144@N 1559 0.8 2.88 146
GLU_166@OE2 LIG_307@O6 52992 27 2.6 163
GLN_189@OE1 LIG_307@O2 1598 0.8 2.68 161
LIG_307@O1 SER_144@N 1559 0.8 2.88 146
ASP_187@O HIS_41@HE2 30376 15 2.85 154
MET_49@O GLN_189@N 59141 29 2.86 163
GLY_143@O ASN_28@ND2 17509 8.8 2.87 147
ASP_187@OD2 ARG_40@NH2 127514 63 2.78 160
VAL_186@O GLN_192@NE2 128980 64 2.86 161

Table 3. MM/GBSA energy (in kcal mol–1) profile of SARS-CoV-2 Mpro interaction with HCQ, remdesivir, and NHC

∆Eele is electrostatic energy, ∆EvdW is van der Waals energy, ∆Gbind is calculated total binding free energy, ∆Gsol is solvation free energy.

–∆Gbind –∆Eele –∆EvdW –∆Ggas ∆Gsol

SARS-CoV-2 Mpro–HCQ
36.6 ± 3.3 117.4 ± 10.9 49.6 ± 3.4 159.0 ± 11.8 122.4 ± 10.6

SARS-CoV-2 Mpro–remdesivir
37.2 ± 5.2 46.1 ± 8.8 47.7 ± 3.9 93.8 ± 10.4 56.6 ± 6.3

SARS-CoV-2 Mpro–NHC
23.5 ± 5.3 36.3 ± 11.4 27.9 ± 3.4 64.2 ± 11.5 40.6 ± 5.3
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Table 4. Decomposition of the relative binding free energies (in kcal mol–1) on a per-residue basis for SCV2 Mpro binding
to drugs HCQ, remdesivir, and NHC

All energies are in kcal mol–1, ∆Eele is electrostatic energy, ∆EvdW is van der Waals energy, ∆Gpolar is polar solvation energy, ∆Gnonpolar
is nonpolar solvation energy, ∆Gbinding is total binding free energy.

Residues –∆EvdW ∆Eele ∆Gpolar –∆Gnon-polar ∆Gbinding

SARS-CoV-2–HCQ

His41 1.7 ± 0.4 –2.6 ± 1.6 2.9 ± 1.6 0.1 ± 0.02 –1.4 ± 0.5

Met49 1.2 ± 0.4 –2.1 ± 1.0 1.9 ± 0.9 0.2 ± 0.04 –1.5 ± 0.4

Gly143 0.3 ± 0.1 0.6 ± 0.2 –0.6 ± 0.2 0.03 ± 0.01 –0.3 ± 0.1

Ser144 0.7 ± 0.3 0.1 ± 0.6 0.2 ± 0.4 0.04 ±0.02 –0.4 ± 0.4

Met165 1.9 ± 0.3 0.9 ± 0.7 –0.8 ± 0.6 0.19 ± 0.04 –1.9 ± 0.5

Glu166 2.9 ± 0.4 –16.9 ± 1.7 19.2 ± 1.9 0.41 ± 0.04 –1.1 ± 0.8

Asp187 0.2 ± 0.7 –25.8 ± 2.3 24.4 ± 1.5 0.08 ± 0.02 –1.2 ± 0.8

Arg188 0.5 ± 0.1 14.4 ± 0.9 –14.1 ± 0.8 0.01 ± 0.01 –0.3 ± 0.3

Ala191 0.01 ± 0.01 0.2 ± 0.1 –0.2 ± 0.1 0.00 ± 0.00 0.01 ± 0.0

Gln192 0.06 ± 0.02 0.97 ± 0.27 –0.91 ± 0.25 0.001 ± 0.004 0.003 ± 0.003

SARS-CoV-2–remdesivir

His41 2.2 ± 0.5 –0.4 ± 1.1 1.3 ± 0.8 0.3 ± 0.03 –1.6 ± 0.8

Met49 1.1 ± 0.3 –0.4 ± 0.3 0.6 ± 0.3 0.1 ± 0.04 –1.0 ± 0.3

Gly143 0.6 ± 0.4 –0.8 ± 0.5 1.2 ± 0.7 0.1 ± 0.04 –0.2 ± 0.2

Ser144 0.4 ± 0.6 –2.7 ± 1.6 0.9 ± 0.7 0.1 ± 0.03 –2.3 ± 1.3

Met165 2.1 ± 0.4 –0.6 ± 0.4 0.8 ± 0.3 0.3 ± 0.05 –2.1 ± 0.5

Glu166 1.9 ± 0.7 –10.9 ± 2.1 13.4 ± 1.7 0.5 ± 0.05 0.01 ± 0.8

Asp187 1.1 ± 0.3 –1.6 ± 0.3 2.1 ± 0.4 0.1 ± 0.02 –0.7 ± 0.4

Arg188 0.9 ± 0.2 0.6 ± 0.3 0.1 ± 0.4 0.1 ± 0.02 –0.2 ± 0.3

Ala191 0.04 ± 0.02 –0.05 ± 0.04 0.1 ± 0.05 0.0 ± 0.00 –0.01 ± 0.01

Gln192 0.2 ± 0.1 0.1 ± 0.2 0.2 ± 0.2 0.01 ± 0.01 0.1 ± 0.1

SARS-CoV-2–NHC

His41 0.3 ± 0.2 –0.2 ± 0.4 0.4 ± 0.3 0.1 ± 0.03 –0.4 ± 0.4

Met49 0.2 ± 0.4 0.2 ± 0.2 –0.1 ± 0.2 0.1 ± 0.1 –0.2 ± 0.2

Gly143 0.8 ± 0.7 –1.7 ± 0.8 1.4 ± 0.5 0.1 ± 0.03 –1.2 ± 0.5

Ser144 0.9 ± 0.3 –0.9 ± 0.9 0.6 ± 0.5 0.02 ± 0.01 –1.3 ± 0.7

Met165 0.7 ± 0.4 –0.2 ± 0.4 –0.1 ± 0.3 0.04 ± 0.03 –0.6 ± 0.4

Glu166 0.5 ± 0.8 –9.3 ± 3.9 9.4 ± 2.6 0.25 ± 0.03 –0.7 ± 1.5

Asp187 0.1 ± 0.0 –0.9 ± 0.9 0.9 ± 0.9 0.0 ± 0.01 0.01 ± 0.03

Arg188 0.0 ± 0.01 0.8 ± 0.4 –0.7 ± 0.4 0.0 ± 0.0 0.04 ± 0.03

Ala191 0.0 ± 0.0 0.03 ± 0.01 –0.03 ± 0.02 0.0 ± 0.0 0.0 ± 0.0

Gln192 0.01 ± 0.01 0.08 ± 0.07 –0.03 ± 0.1 0.0 ± 0.0 0.03 ± 0.01
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Fig. 12. The per-residue energy decomposition during (a) HCQ, (b) remdesivir, and (c) NHC binding to SCV2 Mpro. 
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The calculated energy decomposition on a per-res-
idue basis is available in Table 4. We show the graphi-
cal representation of per-residue energy decomposi-
tion analysis of SCV2 Mpro–remdesivir, SCV2 Mpro–
HCQ, and SCV2 Mpro–NHC in Fig. 12. In SARS-
CoV-2 Mpro–remdesivir system, Ser144 contributes to
the higher total free energy (–2.1 ± 0.5 kcal mol–1).
We observe the same energy contribution pattern in
SCV2 Mpro–NHC. In this case, Ser144 contributes
the highest energy to the ligand-binding site (–1.3 ±
0.7 kcal mol–1), and Asp187 maintained its lowest
energy (0.01 ± 0.03 kcal mol–1) contribution to the
ligand-binding site. In contrast, Arg188 in the SCV2
Mpro–NHC shows the least contribution (0.03 ±
0.02 kcal mol–1) to the total energy compared to other
binding residues among the three studied systems.

We observe a generic feature with Glu166 within
the systems showing a dominant high electrostatic
energy contribution in two of the three systems:
SARS-CoV-2 Mpro–remdesivir electrostatic contribu-
tion –10.9 ± 2.1 kcal mol–1 and SARS-CoV-2 Mpro–
NHC with –9.3 ± 3.9 kcal mol–1 (Fig. 12). The emer-
gence of Glu166 in these two systems is a notable
development in this study; Glu166 might be a stabilis-
ing moiety in remdesivir and NHC binding to SARS-
CoV-2 Mpro. Asp187 dominates other residues in its
RUSSIAN JOURNAL O
electrostatic contributions (–25.8 ± 2.3 kcal mol–1),
representing a stabilising element in HCQ binding to
SCV2 Mpro. The difference between the stabilising res-
idues might be responsible for the variation in the bio-
activity mechanism existing between HCQ and rem-
desivir/NHC. Although remdesivir and NHC are
drugs from different classes, they share the same resi-
due as a bond stabilising factor. This phenomenal sta-
bilising residue indicates a possible novel interaction
mechanism with CoV main protease in remdesivir and
NHC [114].

Another contributing force to the binding of the
ligand to protein is van der Waals. From our result, res-
idues contributing to van der Waal force differ in each
system. SARS-CoV-2 Mpro–HCQ system gave the
highest van der Waal energy (EvdW) contribution from
Glu166 (–2.9 ± 0.4 kcal mol–1) and His41 with EvdW of
–2.2 ± 0.5 kcal mol–1 contribution in SCV2 Mpro–
remdesivir. SCV2 Mpro–NHC system contributes the
lowest EvdW of –0.9 ± 0.3 kcal mol–1 during the ligand
binding (Table 4). It is important to note that EvdW,
described as a weak interacting force between the
atoms or molecules [115], has a crucial role in ligand-
protein binding. For example, the van der Waal contri-
bution of His41 to the binding of remdesivir is fasci-
nating, this residue is one of the catalytic dyads.
F PHYSICAL CHEMISTRY A  Vol. 96  No. 14  2022
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In summary, we have employed different computa-
tional experiments to unravel the interaction of HCQ,
remdesivir, and NHC to SCV2 Mpro. The protocols
allow a comparative study of the binding mechanism
of these drugs to SCV2 Mpro. Post-MD analyses, such
as PCA, DCCM, hydrogen bonding, thermodynam-
ics calculations, and drug-receptor connectivity net-
work enabled us to study the impact of HCQ, remde-
sivir, and NHC binding to SCV2 Mpro. From the dock-
ing analysis, NHC has the favored binding score of
‒9.8 kcal/mol over remdesivir and HCQ with interacting
affinities of –9.4 and –8.7 kcal mol–1, respectively.

The MD study allowed us to estimate the binding
conformation of the investigated drugs on SARS-
COV-2 Mpro. We observed a decrease in the protein
loop capacity to f luctuate during the drug binding. We
noticed a steric effect of these drugs on the interactive
residues. Also, SARS-COV-2 Mpro–NHC complex
shows appreciable hydrogen bond formation but with
the lowest binding free energy reflecting reduced
receptor residence time of the drug (NHC). HCQ
demonstrated a reasonable level of propensity for
SCV2 Mpro, plus an increasing number of aromatic
and hydrophobic rings in HCQ and remdesivir within
the conformational space of the Mpro that enhance
hydrophobic interaction. We noticed a plausible novel
interaction mechanism of remdesivir and NHC with
the CoV main protease.

Binding free energy study showed an increase in
remdesivir with a value –37.2 ± 5.2 kcal mol–1 com-
pared to HCQ and NHC. Remdesivir binds to SCV2
Mpro with the most favored total binding free energy,
H-bond formation, interaction with the catalytic resi-
dues, PCA, DCCM, and RoG. Although NHC
showed favorable binding from the docking score and
high stability through the RMSD and RMSF plots, it
has low electrostatic, van der Waals energy, and bind-
ing free energy contributions. This low level of energy
contribution with the active site residues in the SCV2
Mpro–NHC system might indicate the short receptor
resident time of NHC. Hence, this drug candidate
may likely be more effective with another antiviral
agent, or another covid-19 target.

CONCLUSIONS

Currently, there are other available opinions on the
viability of the selected drugs interaction with SCV2
proteins. Despite carrying out this investigation in
early 2020, many of the newer experimental claims do
not totally negate our observations. For instance,
NHC has been noted to be more selective for RNA-
dependent RNA polymerase (RdRP) than Mpro. Iden-
tifying some crucial residue to SCV2 Mpro binding in
this work aligns with other latest studies. Together
with the other identified crucial residues, Glu166 can
be engineered towards drug design.
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