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Abstract

The treatment of COVID-19 disease has been one of the most critical essential concerns of researchers in recent years. One
of the most exciting and potential therapeutic targets for SARS-CoV-2 therapy progression is RNA-dependent RNA
polymerase (RdRP), a viral enzyme for viral RNA replication throughout host cells. According to some research,
Remdesivir suppresses RdRp. The nucleoside medication remdesivir has been authorized under an Emergency Use
Authorization to treat COVID-19. Given the role of this enzyme in virus replication, our scientific question is whether
Remdesivir is the most appropriate antiviral drug to inhibit this enzyme or not. Accordingly, this study aimed to repurpose
antiviral drugs to inhibition of RdRp using virtual screening and Molecular Dynamics simulation methods. Five FDA-
approved antiviral medications, including Elbasvir, Glecaprevir, Ledipasvir, Paritaprevir, and Simeprevir, had good
interaction potential with RdRp. Also, the results show that the number of H-bonds and contacts and AG interactions
between the protein and ligand in the Remdesivir complex is less than those of other complexes. According to the given
data which shows the tendency of binding with RdRp for Paritaprevir, Simeprevir, Glecaprevir, and Ledipasvir and
Elbasvir is more than Remdesivir and due to the fact that these five drugs have a high tendency to bind to other targets in
the SARS-CoV-2, the use of Remdesivir as an antiviral drug in the treatment of COVID-19 should be considered more
sensitively.
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1 Introduction

COVID-19, as a respiratory illness induced by the severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2),
has quickly become a worldwide health concern. At the
moment, the Remdesivir has been authorized to manage
COVID-19 under an Emergency Use Authorization
(Sharma et al. 2020). An attractive and potential thera-
peutic target for SARS-CoV-2 improvement is the RNA-
dependent polymerase (RdRP), a viral enzyme that aids in
viral RNA replication in host cells. Since RdRP is an
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enzyme with no host cell homologs, the inhibitors of this
enzyme are safer and more effective therapeutics for the
treatment and control of COVID-19 disease (V’kovski
et al. 2021). RNA viruses are grouped with ssSRNA (single-
stranded RNA) and dsRNA (double-stranded RNA).
ssSRNA viruses can be either positive sense or negative
sense. Coronaviruses are positive-sense RNA viruses con-
taining an sSRNA genome that needs RARP function during
viral genome replication (Zhu et al. 2020). The viral gen-
ome encodes 29 proteins, includingl6 nonstructural pro-
teins (nsps), 4 structural proteins, and 9 accessory proteins.
The main structural proteins include envelope (E), spike
(S), membrane (M), and nucleocapsid (N), occupying
~33% of the virus genome (Zhu et al. 2020; Gorkhali et al.
2021). RdRp nsp12 is the main enzyme of virus replication.
With the help of additional cofactors, such as nsp7 and
nsp8, the nspl2 polymerase function is significantly
increased, whereas the activity of nsp12 alone is restricted
or non-existent.
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To summarize, nspl12-nsp7-nsp8 are the essential com-
ponents for viral RNA replication (Peng et al. 2020). The
C-terminal catalytic domain of nspl2 (residues L366 to
F920) connects to the nidovirus-specific extension domain
(NiRAN, residues S115 to A250) through an interface
subdomain (residues L251 to R365). The nsp7-nsp8 het-
erodimer binds above the subdomain. Nsp7 contributes to
the binding of the heterodimer to nsp12. At the same time,
nsp8 only contacts a few residues from nsp12 (Jiang et al.
2021). Given the role of this enzyme in virus replication,
our scientific question is whether Remdesivir is the most
appropriate antiviral drug to inhibit this enzyme. Accord-
ingly, this study aimed to repurpose antiviral drugs to
inhibition of RdRp using in silico methods.

2 Material and Methods

RdRp (PDB code: 7bv2) coordinates were obtained by
using the Protein Data Bank (https://www.rcsb.org) (Yin
et al. 2020). Water molecules were removed from proteins,
and hydrogen atoms were introduced to better-functioning
hydrogen bonds as a starting stage. The GROMACS 5.1.4
package (Spoel et al. 2005) was employed to reduce energy
consumption during protein optimization. The Drug Bank
database’s small-molecule portions (https://www.drug
bank.ca/) were utilized to acquire all antiviral medicines
(91 compounds) (Wishart et al. 2018). The CB-Dock server
was used to design the docking cell (Liu et al. 2020).
Regarding ligand preparation, the Pyrx tool was used for
energy minimization, and ligands converted into PDBQT
format. Also, the Pyrx tool (AutoDock Vina) was used for
virtual screening (Dallakyan and Olson 2015; Trott and
Olson 2010).

2.1 Molecular Dynamics Simulation

Once all the FDA-approved drugs were docked with RdRp,
medications with the desirable delta
G (AG < — 9 kcal/mol) with RdRp were chosen for
additional analysis. At this point, we wanted to find drugs
that could better attach to the protein. The free energy of
binding, the number of hydrogen bonds, and the number of
contacts between drugs and RdRp were calculated using
molecular dynamics (MD) simulations.

2.1.1 MD Systems Setup

The software GROMACS 5.1.4 was used for MD simula-
tion throughout this study (Berendsen and Spoel 1995). We
also used the gromos 54a7 force field (Schmid et al. 2011).
All modeling packages were handled with the necessary
quantities of chloride ions and sodium to neutralize the
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platform. The Periodic Boundary Condition (PBC) was
used along each box’s axial direction in each modeling
framework, and the SP3 water simulation was used for
systemic solubilization (Hess 2008). All covalent bonds
were restricted using the LINCS algorithms. The model-
ings were brought on by a short-range electrostatic contact
and a van der Waals distance cutoff of 1.2 nm (Darden
et al. 1993). The long-range electrostatic connection was
computed using the Particle Mesh Ewald (PME) method.
Energy reduction for all systems was achieved using the
sharpest descending method, followed by equilibration
across all systems using the NVT ensemble. Following
that, the NPT ensemble gradually guided each system’s
balance, preserving the Nose—Hoover algorithm tempera-
ture (Hoover 1985; Nose 1984) and maintaining the tem-
perature at 310 K. The Parrinello-Rahman barostat
(Parrinello and Rahman 1981) kept the pressures constant
at 1 bar throughout the NPT equilibration. The MD simu-
lation of the complexes was finished after 100 ns.

2.1.2 Calculation

Gromacs utilities analyzed and assessed each trajectory’s
outcomes after running MD calculations. Binding free
energy was evaluated with a calculation of nonpolar and
polar interactions between RdRp and drugs. The
g_mmpbsa instrument computed the binding free energy
by using the MM-PBSA technique (Kumari et al. 2014).

The addition of the nonpolar association free-energy
(AG nonpolar) and the polar association free-energy (AG
polar) resulted in the overall quantity of bonding free-en-
ergy (AG), as seen below:

AGlotal = AC;nonpolar (AanswLAGvdw) + AGpolalr (AGPS+AG5150)

where AGeiee, AGps, AGyaw, AGpy are the electrostatic
energy, polar solubilization energy, van der Waals energy,
and nonpolar solubilization energy.

3 Results

In the current research, we used the drug repurposing
approach based on virtual screening and MD simulation to
inhibit RdRp.

3.1 Results of Virtual Screening

Five FDA-approved antiviral medications, including
Elbasvir, Glecaprevir, Ledipasvir, Paritaprevir, and
Simeprevir, had good interaction potential with RdRp
(AG < — 9 kcal/mol) as a consequence of virtual screen-
ing, according to the findings. As a result, these five
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medications were chosen for additional study and com-
parison with remdesivir utilizing MD simulation. The
BIOVIA Discovery Studio Visualizer was used to display
2D and 3D images of protein/ligand interactions (Figs. 1,
2, 3,4, 5 and 6).

3.2 MD Simulation

3.2.1 Root-Mean-Square Deviation (RMSD) and Root Mean
Square Fluctuation (RMSF) Evaluation

The complexes’ adaptability and durability were assessed
using RMSD and RMSF. Six complexes were examined to
see how stable they were in terms of conformation using
C-alpha RMSD analyses. Figure 7 depicts the complexes’
RMSD. It was possible to see how flexible the protein
arrangement was by looking at the C-alpha RMSF of each
residue throughout the complex. The high RMSF value
indicates more flexibility, whereas the low RMSF value
indicates limited motion. The RMSF graphs of protein for
six complexes are shown in Fig. 8. The RMSF analysis
revealed that the protein in the Elbasvir complex is more
flexible than other complexes during the trajectory.

3.2.2 The Number of H-Bonds, the Number of Contacts,
and AG Interactions

The number of H-bonds, contacts and free energy of
interaction between RdRp and ligands have essential roles
in stabilizing the complexes. The total number of H-bonds

RDRP/Elbasvir Complex

Fig. 1 3D picture of interactions between Elbasvir and RdRp and the image represents the results for the analysis of interactions between RdRp

and connections in six ligands and RdRp versus time at
310 K are shown in Figs. 9 and 10. The number of
H-bonds and contacts between RdRp and ligand in the
Elbasvir complex is higher than the other complexes.
Calculation of AG for the polar and nonpolar interactions
between RdRp and six ligands was shown in Table 1. The
binding free energy of Paritaprevir and Elbasvir complexes
are more favorable than the other complexes.

4 Discussion

The viral RdRp is required for the replication of SARS-
CoV-2. Remdesivir is the FDA-approved drug for the
treatment of COVID-19 patients. Some studies have shown
that Remdesivir inhibits RdRp of coronaviruses, including
SARS-CoV-2 (Kokic et al. 2021). Seven conserved cat-
alytic motifs A-G make up the active site of the SARS-
CoV-2 RdRp. The palm subdomain contains five of these
motifs (A-E), whereas the finger subdomain has the
remaining two (F and G) (Jiang et al. 2021). There is a
conserved aspartic acid (D618) in the catalytic motif A
(residues T611 to M626) of the majority of viral poly-
merases, such as the hepatitis C virus and poliovirus (Jiang
et al. 2021). Glecaprevir (Fig. 2), Ledipasvir (Fig. 3),
Paritaprevir (Fig. 4), Simeprevir (Fig. 6) and Remdesivir
(Fig. 5) interact with LYS621 in Motif A. Also, Remde-
sivir interacts with TYR 619 in Motif A (Fig. 5).

A hinge for the conformational organization associated
with template RNA and substrate attachment is found in
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Fig. 2: 3D picture of interactions between Glecaprevir and RdRp, and the image represents the results for the analysis of interactions between
RdRp and Glecaprevir. The Colored circles are related to the RdRp residues interacting with Glecaprevir
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Fig. 3: 3D picture of interactions between Ledipasvir and RdRp and the image represents the results for the analysis of interactions between

RdRp and Ledipasvir. The Colored circles are related to the RdRp residues interacting with Ledipasvir

Motif B’s flexible loop (G678-T711 residues). Ledipasvir
interacts with N 691 and T680 in Motif B. Also,
Simeprevir interacts with N 691 in Motif B (Fig. 6). For
the metal ion to be bound, motif C (residues F753 to N767)
has the catalytic motif in residues S759 to D761. In the
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Ledipasvir /RdRp complex, the ligand establishes hydro-
gen bonds with S 759 in Motif C (Fig. 3). The recent
structures of RdRp also confirm that the D760 and D761
coordinate two magnesium ions at the catalytic center.
Glecaprevir and Simeprevir interact with D760 of RdRp
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Fig. 4: 3D picture of interactions between Paritaprevir and RdRp and the image represents the results for the analysis of interactions between
RdRp and Paritaprevir. The Colored circles are related to the RdRp residues interacting with Paritaprevir
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(Figs. 2 and 6). The phosphate group of NTP interacts with The RNA template may be directed to the active cat-
Motif F (residues L544 to V557). In the Elbasvir/RdRp  alytic site by motif G (residues D499 to L514), which
complex, the ligand establishes hydrogen bonds with K545  interacts with the template strand. Glecaprevir (Fig. 2),
and S549 in the F motif (Fig. 1). Simeprevir (Fig. 6), and Ledipasvir (Fig. 3) establish a
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Fig. 7 RMSD graphs for protein in complexes with RdRp/ligand during 100 ns of the MD simulation period

hydrogen bond with the enzyme at position R555. Also.
Ledipasvir and Paritaprevir interact with the enzyme at
position K551 (Figs. 3 and 4).

The results of our study show that among the five drugs
Paritaprevir, Simeprevir, Glecaprevir, Ledipasvir and
Elbasvir, Elbasvir with the highest number of contacts, the
highest hydrogen bond and optimal binding energy can
establish a more stable complex with RDRP. Also, the
results show that the number of H-bonds and the number of
contacts between the protein and ligand in the Remdesivir
complex are less than in other complexes. Therefore, it
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seems that the Remdesivir binding tendency to the RdRp is
less than the other complexes.

Some of the antiviral drugs studied in this manuscript
bind to other targets in addition to RdRp. For example,
based on target-based computational drug screening, it was
shown that elbasvir to have a very high affinity for essential
SARS-CoV-2 proteins, including RNA-dependent RNA
polymerase, helicase, papain-like proteinase, and the viral
S protein (Balasubramaniam and Reis 2020). Another
study showed that elbasvir had promising activity in the
low micromolar range against RdRp (Milani et al. 2021).
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Remdesivir/ Simeprevir/

Paritaprevir /RdRp binding (kcal/mol)

Ledipasvir /

Glecaprevir/

Elbasvir /

Table 1 Calculation of binding free energy between RdRp with Elbasvir, Glecaprevir, Ledipasvir, Paritaprevir, Remdesivir, and Simeprevir

Energetic analysis

“ @ Springer

RdRp binding (kcal/mol)

RdRp binding (kcal/mol)

RdRp binding (kcal/mol) RdRp binding (kcal/mol)

RdRp binding (kcal/mol)

— 247.4 + 90.04

— 127.09 £ 67.1

— 257.1 £ 233 — 2744 £ 249 — 235.1 £+ 24.05

— 3329 +256

Van der waals energy

— 216.5 £+ 87.8

— 743 £ 553

— 178.2 £ 52.7 — 2103 £+ 504 — 1734 £ 476 — 324.1 £ 66.9

Electrostatic energy

263.8 £ 98.1

81.2 + 543

242.3 £ 36.5 244.2 £ 40.02 290.01 + 55.8

255.1 4+ 342

Polar solvation energy

— 25.6 £9.1

— 142 +7.07

— 254+ 2.1

— 29.07 + 2.38

—27.1£19

—337+22

SASA energy

0.0 £ 0.0

0.0 £ 0.0

0.0 + 0.0 0.0 £ 0.0 0.0 £ 0.0

0.0 + 0.0

SAV energy

0.0 £ 0.0

0.0 £ 0.0

0.0 + 0.0 0.0 + 0.0 0.0 £ 0.0

0.0 + 0.0

WCA energy

— 225.8 +£93.3

— 134.3 + 87.1

— 289.8 + 62.4 — 252.1 + 509 — 232.6 + 42.7 — 294.6 £+ 56.1

Binding energy

Also, using computational methods, it was demonstrated
that Glecaprevir is the best inhibitor of SARS-CoV-2 main
protease. Glecaprevir binds to the substrate-binding pocket
of SARS-CoV-2 main protease and forms a significant
number of interactions (Shamsi et al. 2020). We have
shown in previous studies that ledipasvir has a high affinity
for the ACE2 (ACE2 acts as a cellular doorway—a
receptor—for the virus that causes COVID-19.) (Mahdian
et al. 2021). The 2020 study found that Paritaprevir,
simeprevir, Glecaprevir, and Ledipasvir had good binding
energy with 3-chymotrypsin-like protease (3CLpro),
Papain-Like protease (PLpro), cleavage site, HR1, and
RBD in Spike protein. Also, Paritaprevir, simeprevir,
Glecaprevir, and Ledipasvir had good binding energy with
ACE2 and TMPRSS2. ACE2 and TMPRSS2 activate the
viral S protein, which facilitates virus-cell membrane
fusion (Mahdian et al. 2020). A new study aimed at finding
hub genes in the development of coronavirus disease
shows that colony-stimulating factor (CSF3) is a potential
drug Target for the treatment of COVID-19. They using
computational methods showed that Elbasvir, Ritonavir
have the ability to bind favorably with CSF3 and these two
antiviral drugs significantly inhibited CSF3 protein
expression (Fang et al. 2021). Another study was con-
ducted with the aim of repurposing the FDA drugs and
targeting the SARS-CoV-2 nonstructural protein 15
(Nspl5). In this study, Paritaprevir and Elbasvir, both
currently approved for the treatment of hepatitis C, were
shown to have favorable binding energies with NSP15
(Sixto-Lopez and Martinez-Archundia 2021).

5 Conclusion

According to the above data in this study, which shows the
tendency of binding with RdRp for Paritaprevir,
Simeprevir, Glecaprevir, and Ledipasvir and Elbasvir is
more than Remdesivir and due to the fact that these five
drugs have a high tendency to bind to other targets in the
SARS-CoV-2, the use of Remdesivir as an antiviral drug in
the treatment of COVID-19 should be considered more
sensitively.
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