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Herein we have made a comprehensive analysis of inhibitory efficacy of 16 RNA virus drugs against RdRp,
Mpro and PLpro proteins of SARS-CoV-2. Analysis of docked conformation revealed that Baloxavir mar-
boxil (BMX) corresponds to the highest binding energy. Analysis of residue confirmed that BMX strongly
interact with these three proteins involving H-bonding, ionic as well as hydrophobic interactions. Molec-
ular dynamics simulation and analysis of parameters like RMSD, RMSF, binding energy confirmed no-
ticeable conformational alternation with these proteins with makeable effect on RdRp. The potentially
inhibitory action of BMX against these three proteins suggests the inhibition of overall transcription pro-
cess of SARS-CoV-2. These observation along with the recently observed inhibitory action of BMX on
influenza with clinically proven no side effects emphasizes to uncover the role of BMX by in-vitro and

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The recent pandemic COVID-19 causes a Public Health Emer-
gency of International Concern (PHEIC) and seriously damaged the
global economy. On January 13th, 2020 complete genome analy-
sis was performed and revealed a novel corona virus (Gen Bank
No. MN908947), official name is SARS-CoV-2 previously known
as SARS-CoV [1]. SARS-CoV-2 can spread with human-to-human
transmission via respiratory droplets (e.g. through coughing or
sneezing) or even by contact with contaminated surfaces [2].

It is a single-stranded positive-sense RNA (ssRNA) virus consist-
ing of 29,903 nucleotides and two untranslated sequences of 254
and 229 nucleotides at the 5’- and 3’- ends, respectively and is in-
cluded in B-corona virus genus, closely related to the genomic or-
ganization of SARS-CoV identified in 2003 [3]. The most important
structural proteins of CoV are spike (S) protein (trimeric), mem-
brane (M) protein, envelop (E) protein, and the nucleocapsid (N)
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protein. Some of the viruses such as beta-CoVs also have hem
agglutinin esterase (HE) glycoprotein [4]. The interaction of an-
giotensin converting enzyme 2 (ACE2) of Human cell with spike
protein of SARS-CoV-2 helps the virus to enter into the human
cell immediately viral replication and transcription are started with
the functional proteins like main protease (Mpro), papain-like pro-
tease (PLpro), RNA-dependent RNA polymerase (RdRp) [5,6]. Dif-
ferent studies revealed that the viral proteins showed varying mu-
tation rates [7]. NSP12 (RdRp) accompanied with D614G (S) mu-
tation showed mutation rate (MR) 0.994 while other residues of
RdRp showed slower mutation rate (MR) 0.04 with A185 and 0.04
with V776 [8].

But till now any potentially active drug is not available in the
market to combat with SARS-CoV-2. According to World Health or-
ganisation there are 24 vaccines that are in advance stages and
another 142 vaccines are also in various early stages of develop-
ment of the SARS-Cov2 pathogen [9]. Drug repurposing is an ex-
cellent way to choose a drug, developed for the treatment of other
diseases to treat a new type of disease. But a number of antiviral
drugs such as arbidol [10], chloroquine [11], darunavir [12], favipi-
ravir [13], hydroxychloroquine [14], interferons [15], lopinavir [16],
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Table 1
Docking scores of RNA virus drugs against RdRp, Mpro and PLpro.
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Name of the Docking Score (Kcal/mol)
Drugs Structure of the drugs Pubchem CID MW (g/mol) MF
RdRp Mpro PL- pro
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(continued on next page)
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Table 1 (continued)
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Name of the Structure of the drugs Pubchem CID MW (g/mol) MF Docking Score (Kcal/mol)
Drugs
RdRp Mpro PL- pro
_N
Y,
0
HN~°
Merimepodib HN % 153,241 452.5 Cy3H24N4 06 -7.3 -7.6 -7.0
N
o O
Lo
)
N
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=
V
O-N
Remdesivir 121,304,016 602.6 Cy7H35NgOgP -8.0 -7.8 —6.3
Ribavirin 37,542 244.2 CgH12N40s5 -6.7 -6.1 -5.7

(continued on next page)
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Table 1 (continued)
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Name of the Structure of the drugs Pubchem CID MW (g/mol) MF Docking Score (Kcal/mol)
Drugs
RdRp Mpro PL- pro
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oseltamivir [17], remdesivir [ 18], cefpiramide [19], ribavirin [20], ri-
tonavir [16], and tocilizumab [21] are used as treatments for in-
fluenza, SARS, MERS, HIV, and malaria and also shown inhibitory
effects against the SARS-CoV-2. The antiviral drugs viz. favipiravir
strongly inhibits RNA-dependent RNA polymerase (RdRp) viruses,
remdesivir inhibits viral RNA polymerases, oseltamivir, lopinavir-
ritonavir, ivermectin and interferon alfa-2B inhibit viral replication
whearas ribavirin and sofosbuvir inhibiting RNA synthesis [22]. Us-
ing the traditional knowledge of viral pathogenesis, pharmacody-
namics of drugs [23], different synthetic compounds [24] and us-
ing of computational tools many drugs are currently in pipeline to
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Fig. 1. Docked conformations of (a) RARp-BMX, (b) Mpro-BMX and (c) PLpro-BMX with respective neighbours (all H-bond distances are in A unit).

be repurposed for combating the SARS-CoV-2 [22]. Again follow-
ing the same techniques different plant extracts are used for the
treatment of COVID-19 [25,26].

In this study we have selected 16 anti-RNA drugs for virtual
screening against RdRp, Mpro and PLpro proteins of SARS-CoV-2.
Molecular docking study has been done with the drugs against
these three proteins. Highest binding energy and conformational
changes were observed. Molecular dynamics simulation was also
performed to check the stability of Mpro, PLpro and RdRp protein
with the drug by evaluating different parameters like SASA, RMSF,
RMSD, radius of gyration analysis.
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Fig. 2. RMSD plots for docked and undocked (a) RdRp, (b) Mpro and (c) PLpro.

2. Methodology
2.1. Molecular docking studies

The crystal structures of SARS-CoV-2 RdRp (PDB ID: 6M71),
Mpro (PDB ID: 6LU7) and PLpro (PDB ID: 6W9C) were obtained
from protein data bank (http://www.rcsb.org). Autodock tools was
used to clean the structure by removing heteroatoms and by
adding necessary hydrogen atoms. The structures of the 16 drug
molecules were obtained from PubChem. The pdb files of the drugs
were created using UCSF Chimera [27] for docking and the docking
between the drugs and selected proteins at their best binding sites
were performed by using Autodock Vina [28] package.

2.2. Molecular dynamics (MD) simulation studies

10 ns MD-simulation was performed with the minimum en-
ergy conformer of the proteins and Baloxavir marboxil (BMX)
complex using Gromacs (5.1) [28] with CHARMM36-march2019
force field [29]. The TIP3P water model [30] was used for sol-

vation. Drug (BMX) parameter and topology files were generated
by using CGenFF server. A cubical box with a buffer dimension
10 x 10 x 10 A3 was created and adequate number of ions were
added to maintain electro neutrality. A 100 ps NVT and NPT equi-
libration were performed with the complex by keeping 2 fs time
step after performing energy minimization of the complexes to
10 kjmol~'nm~". Particle mesh Ewald (PME) method were applied
for the calculation of long range interactions. Finally 10 ns MD
simulations with the equilibrated ensembles were performed using
same cut-off. A modified Berendsen thermostat and a Parinello-
Rahman barostat were used with reference temperature and pres-
sure at 300 K and 1 bar respectively. Snapshots of the trajectory
were saved every 1 ns for each case.

2.3. Binding free energy calculation

Binding free energies were calculated by molecular mechan-
ics Poison-Boltzmann surface area (MM-PBSA) method [31], imple-
mented on Gromacs tool (g_mmpbsa) [32]. The following formulae
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Fig. 3. Radius of gyration (left panel) and SASA (right panel) plot for RdRp, Mpro and PLpro in docked and undocked form.

were used to calculate the binding energies.

AGI)ind = Gw—complex - Gw—protein - Gw—drug

Gw—complex = (EMM) + (Gsol) - TS

l':MM = I':bonded + Enon—bonded = Ebonded + (Evdw + Eelec)

Gsol = Gpolar + Gnon—polar = Gpolar + ()’SASA + b) (4)

Where, Gy._complex 1S the total free energy of the protein and drug
complex, Gy, proteins Gw-drug ar€ the free energies of the protein and
drug respectively. Eyyy is the average MM potential energy includ-
ing bonding, non-bonding energies, Gy, is the free energy of sol-
vation including polar and non-polar energies. SASA is the solvent
accessible surface area, y is the coefficient of surface tension of
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Fig. 4. RMSF plots for docked and undocked RdRp, Mpro and PLpro.

Table 2
Different types of interaction energies between proteins and BMX.

van der Waal energy Electrostattic energy

Polar solvation energy Binding energy

Protein-BMX complex (kJ/mol) (kJ/mol) (kJ/mol) SASA energy (kJ/mol) (kJ/mol)
RdRp-BMX -97.912 —31.048 104.260 —12.551 —37.251
Mpro-BMX —136.862 —63.268 149.819 -16.019 —66.330
PLpro-BMX —115.008 -17.814 86.919 —13.162 —59.066

solvent and b is the fitting parameter. TS is not considered by
g_mmpbsa.

2.4. Results and discussion

To study the binding interaction of the selected 16 compounds
with the RdRp, Mpro and PLpro molecular docking were per-
formed and the initial coordinates are used for further MD cal-
culations. The binding affinities are tabulated in Table 1. We
find that among all the compounds, Baloxavir marboxil (BMX)
showed highest binding affinities with RdRp (—9.3 Kcal/mol), Mpro
(—7.8 Kcal/mol) and PLpro (—7.1 Kcal/mol). It is interesting to note
that BMX achieved higher docking affinities with respect to stan-
dard reference remdesivir. Previous experimental studies revealed
that BMX is unique which inhibit viral replication by forming com-

plex with viral polymerase thereby reduces the activity of RdRp
[33,34] which supports our theoretical observations.

The binding mode of BMX with RdRp, Mpro and PLpro pro-
teases are illustrated in Fig. 1. As shown in Fig. 1 BMX formed 5
H-bonds with ARG624, THR556, ARG553 residues of RdRp, 2 H-
bonds with GLY 143, GLU166 residues of Mpro and 6 H-bonds
with SER170, ARG166 residues of PLpro respectively. The nearest
residues are shown in 3D and 2D contour plot in Fig. S1 along with
respective H-bonds.

2.5. ADMET analysis

ADMET (i.e. Absorption, Distribution, Metabolism, Excretion,
and Toxicity) profiling of the compounds were performed with
the help of pkCSM online server [35]. All the studied compounds
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Table 3
Different types of BMX-protein interactions.
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System H-Bond interactions

n-Stacking Hydrophobic Interactions
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Mpro_BMX
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Fig. 5. Conformational changes in (a) RdRP, (b) Mpro and (c) PLpro after MD-simulation before and after docking.

have a skin permeability ranging from —3.280 to —2.524. Most of
the drugs do not inhibit P-glycoprotein I and II. Blood-brain bar-
rier (BBB) permeability and CNS permeability values are laying be-
tween —2.056 to +0.867 and —5.158 to —1.849 respectively. Most
of them also do not inhibit CYP1A2, CYP2C19, CYP2C9, CYP2D6,
CYP3A4 inhibitors and they do not interact with renal OCT2 sub-
strate. These data are tabulated in Table S1. Along with that most

of the drugs neither show AMES toxicity nor inhibit hERGI in-
hibitor.

To uncover the conformational dynamics of these three
systems of RdARp_BMX, Mpro_BMX and PLplo_BMX the root
mean square deviations (RMSD) were calculated from the en-
ergy minimized structures derived from molecular docking
studies.
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Fig. 6. Mechanism of action of BMX on SARS-CoV-2 proteins.

The RMSD plots of individual protein and the docked one are
shown in Fig. 2. One most common interesting thing with all
RMSD plots is that the three docked complexes were achieved
equilibrium within a very short time of 1 ns and fluctuated with a
RMSD value around 3.7 A for RARp_BMX, 3 A for Mpro_BMX and
2.5 A PLpro_BMX suggesting that BMX is able to bind the corre-
sponding proteins very quickly. Lesser fluctuation RMSD in case of
PLpro_BMX complex indicates the strong binding between PLpro
and BMX compared to other proteases.

The compactness of a system is measured by radius of gyration.
Fig. 3 showed the radius of gyration plot for RdRp, Mpro and PL-
pro in docked and undocked form. All the three plots for radius
of gyration clearly indicates that there are loss in compactness in
presence BMX in three proteins and with the progression of MD
this loss in compactness is increased which is in good agreement
with the RMSD and radius of gyration plots.

To understand the interaction between proteins and BMX moi-
ety we have performed binding energy calculations which is
shown in Table 2. From Table 2 it is clear that binding energies fol-
low the order of Mpro> PLpro> RdRp. There were strong van der
Waal, electrostatic interactions between Mpro and BMX compared
to RdRp and PLpro.

Furthermore to check the conformational changes after bind-
ing with the drug moiety and to analyze the mobility of protein
residue average RMSF of each system was calculated. RMSF plots
of BMX-protein composites are shown in Fig. 4 which revealed
that the residual fluctuation of the docked proteins are quite low
with respect to undocked one, confirming strong interaction with
the selective residue LYS621, ASP623, ARG624, ARG553, PHE506,

ASN507, TRP509, GLY510, TYR122 of RdRp, LEU27, CYS145, ASN142,
MET165, GLU166, SER113, VAL114, LEU115, ALA116, TYR118, PRO122
of Mpro and LEU185, LEU199, SER170, ARG166, ILE123, GLU124,
LEU125, TYR137, CYS224, THR225 of PLpro with BMX drug. The av-
erage RMS fluctuation for Mpro is quite less (1.7 A) with respect
to RARp (3.6 A) and PLpro (2 A) supports stronger binding affinity

with Mpro followed by PLpro and RdRp.

Fig. 5 represents the sequence analysis of undocked and docked
RdRp, Mpro and PLpro. Here we note that there is a substantial
conformational alternation on amino acids residues in three pro-
teins before and after docking. Residue numbers from 21 to 30,
411 to 430 and 931 to 971 of RdRp, 306 to 311 of Mpro and 365
to 367 of PLpro were mostly affected which indicates that BMX
has a robust effect on the conformation of RdRp. Table 3 lists dif-
ferent kinds of interactions occurring between BMX and protein

moieties.

These results are further confirmed by large fluctuation of the
RMSF values of RdARp_BMX complex and is consistent with the re-
cently reported BMX treatment associated with the influenza virus
(RNA polymerase inhibitor) with clinically proven no side effects

[36].

The mechanism of action of BMX against these three proteins
is illustrated schematically in Fig. 6 showing the inhibitory action
of overall transcription process on SARS-CoV-2. During the MD-
simulation snapshots of conformational changes are captured and
are represented in Fig. 7. Profound conformational changes are no-
ticed after 3 ns for three docked composites and with Mpro these
changes are significant which is also confirmed from their RMSD

and RMSF plots.



M. Mandal, S.K. Chowdhury, A.A. Khan et al.

Journal of Molecular Structure 1234 (2021) 130152

8-9 ns

Fig. 7. Conformational changes of RdRp, Mpro and PLpro during MD-simulation.

3. Conclusions

The present study computationally probed 16 RNA virus drugs
for prediction of their potential inhibitory activities against RdRp,
Mpro and PLpro proteins of coronavirus. Analysis of favourable
docked conformations of studied compounds revealed that BMX

10

has the highest binding affinity with these three proteins. Residue
analysis revealed that BMX strongly interact with these three pro-
teins involving H-bonding, ionic as well as hydrophobic interac-
tions. MD-simulation and evaluation of parameters like RMSD,
RMSF and residue analysis of protein before and after docking re-
vealed that BMX has a profound effect on the conformational alter-
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nation with these three proteins with noticeable emphasizing ef-
fect specially on RdRp. Our present observation is consistent with
the recently reported BMX treatment associated with the influenza
virus (RNA polymerase inhibitor) with clinically proven no side ef-
fects. Analysis of all the parameters supports that BMX has poten-
tial inhibitory activity against RdRp, Mpro and PLpro of SARS-CoV-
2 making it available for intimate in-vivo and in-vitro testing.
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