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Abstract 
Coronavirus diseases 2019 (COVID-19) are seriously affecting human health all over the world. Nucleotide inhibitors have 
promising results in terms of its efficacy against different viral polymerases. In this study, detailed molecular docking and 
dynamics simulations are used to evaluate the binding affinity of a clinically approved drug, sofosbuvir, with the solved 
structure of the viral protein RNA-dependent RNA polymerase (RdRp) and compare it to the clinically approved drug, Rem-
desivir. These drugs are docked onto the three-dimensional structure of the nsp12 protein of SARS-CoV-2, which controls 
the polymerization process. Hence, it is considered one of the primary therapeutic targets for coronaviruses. Sofosbuvir is a 
drug that is currently used for HCV treatment; therefore, HCV RdRp is used as a positive control protein target. The protein 
dynamics are simulated for 100 ns, while the binding is tested during different dynamics states of the SARS-CoV-2 RdRp. 
Additionally, the drug-protein complexes are further simulated for 20 ns to explore the binding mechanism. The interaction 
of SARS-CoV-2 RdRp as a target with the active form of sofosbuvir as a ligand demonstrates binding effectiveness. One of 
the FDA-approved antiviral drugs, such as sofosbuvir, can help us in this mission, aiming to limit the danger of COVID-19. 
Sofosbuvir was found to bind nsp12 with comparable binding energies to that of Remdesivir, which has been reported for 
its potential against COVID-19 RdRp and is currently approved by the FDA.
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Introduction

An outbreak of coronavirus disease (December 2019) 
caused by a novel severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) was reported for the first time 
in Wuhan City in China [1]. The novel coronavirus dis-
ease (COVID-19) was announced as a global pandemic on 
the  11th of March 2020 by the World Health Organization 
(WHO), blankly within seven months of the emergence 
of its first case. It has kept shifting its epicenter through 
various continents and has now been exported to 218 
countries and territories. It has nearly infected 60 M peo-
ple worldwide, claimed more than 1.4 M deaths, gravely 
affected the countries socio-economically, and even the 
most advanced healthcare systems have crumbled under 
its weight [2]. It is highly contagious pneumonia caused 
by severe acute respiratory syndrome coronavirus 2 (SARS 
CoV-2), and the symptoms involve complications in the 
gastrointestinal tract, respiratory problems, like fever, dry 
cough, cold, sore throat, shortness of breath, and may 
even lead to fatality in 2.4% of the cases. Seven different 
human coronaviruses (HCoVs) strains have been detected 
(229E and NL63 (Alphacoronaviruses), and OC43, HKU1, 
SARS-CoV, MERS-CoV, and SARS-CoV-2 (Betacorona-
viruses)) until now [3, 4].

SARS-CoV and MERS-CoV are firmly bounded strains 
of such pandemics, each spanning more than 20 countries 
and killing approximately 1600 people in their wake, with 
a fatality rate of 10% and 35%, respectively. COVID-19 
has a global fatality rate of 2.4%, and as the outbreak 
reaches anywhere near the previous scales of pandemics, 
this rate is translating to millions of deaths. These firmly 
bounded strains are members of the beta coronavirus 
family and belong to the class of positive-stranded RNA 
viruses with a huge 30 kb polycistronic genome [5]. The 
viral replicase polyproteins, namely pp1a and pp1ab, are 
translated by the proximal two-thirds of the 5′ end of the 
CoV genome (ORFs 1a and 1b). These two polyproteins 
are cleaved into 16 nonstructural proteins (nsps), which 
are a major for viral replication and transcription, thus 
being regarded as a potential virulence factor and drug tar-
gets for the CoV family [6]. ORFs near the 3′ end encode 
the structural proteins, namely S, M, E, and N, the spike, 
membrane, envelope, and nucleocapsid proteins. Out of 
the 16 nsps encoded by the 5′ end, nsp12 includes the 
RdRp (RNA-dependent RNA polymerase) activity. The 
central catalytic subunit of the RNA-synthesizing machin-
ery for viral replication and transcription is the RdRp, 
which has seven catalytic motifs (A-G). Each motif has a 
particular function from selection and correct positioning 
to the addition of the newly incorporated NTPs (Nucleo-
side triphosphates) to the growing chain, which is executed 

with the help of a set of conserved aspartates amino acid 
residues. RdRp is a main viral enzyme in the life cycle of 
RNA viruses and has been targeted in various viral infec-
tions, like the hepatitis C virus (HCV), the Zika virus 
(ZIKV), and human coronaviruses (CoVs) [7–10]. It has 
continuously served as a principal drug target in different 
viruses with minimal cytotoxic effects on the host cells 
as there is no human target that is affected by the drugs. 
Thus, nsp12 represents an attractive target to develop a 
possible therapeutic agent against SARS-CoV-2. The pre-
vious studies utilized a homology model of the protein 
for small molecule screening, and with the experimental 
(cryo-electron microscopy) three-dimensional structure of 
the protein has been reported in April 2020, the exercise of 
small molecule screening was necessary to be re-visited.

In the absence of new drugs and vaccines against SARS-
CoV-2, the choices for effective COVID-19 treatments are 
limited. Considering the exigency of the situation, our focus 
is on identifying the available approved drug as a potential 
inhibitor against the promising coronavirus drug target, the 
RdRp, using computer-aided methods. Anti-RdRp drugs 
against SARS-CoV-2 within the pool of the FDA/WHO-
EML approved drugs are expected to be helpful as a possible 
therapeutic option for the COVID-19; to battle the menace 
that has threatened the existence of humanity.

In this study, sofosbuvir and remdesivir are docked 
into the solved structure of SARS-CoV-2 RdRp (PDB ID: 
7BTF) and tested using different dynamic states of the pro-
tein. Hence, we have used molecular docking and dynamics 
simulations for 100 ns to identify the mode of interaction 
capable of inhibiting nsp12 of SARS-CoV-2. The ten dif-
ferent conformations of the SARS-CoV-2 RdRp are used 
as a target for the small molecules. The results revealed that 
sofosbuvir might potentially treat COVID-19 patients just 
like Remdesivir that was recently approved by the FDA 
against COVID-19.

Materials and methods

Structural retrieval

Protein data bank database is used to retrieve the experimen-
tally solved 3D structures of SARS-CoV-2 RdRp (PDB ID: 
7BTF). The selection of the structure is based on the reso-
lution (2.95 Å), the existence of the nsp7 and nsp8 cofac-
tors, and the existence of a divalent cation  (Zn+2), which 
was reported to take part in the interaction with Nucleo-
tide triphosphate (NTP) at the active site of the polymerase 
[11]. Additionally, the 3D structure of the Hepatitis C Virus 
(HCV) RdRp (PDB ID: 2XI3) is downloaded for use as a 
positive control drug target (sofosbuvir approved by the FDA 
against HCV) [12].
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PubChem database is used to retrieve the 3D structure of 
sofosbuvir triphosphate and remdesivir triphosphate. Auto-
DockTools-1.5.6 [13] and PyMOL [14] software are used to 
prepare the drugs to be ready for the docking experiments.

RdRp dynamics

The basic idea of molecular dynamics depends on the solu-
tion of Newton’s equations of motion for individual particles 
(atoms, ions, and molecules) [15]. MDS predicts the proper-
ties of assemblies of molecules in terms of their structure 
and the microscopic interactions between them [15, 16]. 
The downloaded solved structures for SARS-CoV-2 and 
HCV RdRps (PDB ID: 7BTF and 2XI3, respectively) are 
prepared using PyMOL software. Water molecules and ions 
are removed (except the  Zn+2 and  Mg+2), while any redun-
dant chains are excluded. Additionally, any missed Hydro-
gen atoms are added using PyMOL. The High-performance 
computing unit (Bib Alex) of the Bibliotheca Alexandrina, 
Alexandria, Egypt, is used to perform the MDS study under 
the project entitled ’Structural demystifying of some Hepati-
tis C Virus proteins; An in silico study.’ Nanoscale Molecu-
lar Dynamics (NAMD 2.13) software is used in the MDS. Its 
viewer software VMD is used to prepare the input files and 
analyze the trajectories [15, 17]. CHARMM 36 force field is 
used in NAMD, and the TIP3P water model is employed [15, 
18]. The periodic boundary conditions are used in simulat-
ing the system while the temperature is raised from 0 K up 
to 310 K gradually in the equilibration phase. One hundred 
nanoseconds MDS production runs are performed for both 
SARS-CoV-2 and HCV RdRps at the NVT ensemble. After 
docking, 20 ns MDS runs are performed for the protein-
sofosbuvir complexes. Cluster analysis is performed utiliz-
ing Chimera software’s default parameters (UCSF) [19].

Molecular docking

Molecular docking predicts one molecule’s best orienta-
tion to a second when bound to each other to form a stable 
complex that depends on the key and lock theory [20]. The 
preferred orientation knowledge predicts the strength of the 
association or binding affinity between two molecules using 
scoring functions [21, 22]. Sofosbuvir, a potent anti-HCV 
RdRp inhibitor (approved by FDA in 2013 against HCV), is 
tested against SARS-CoV-2 RdRp [23–27]. AutoDock Vina 
2.4 [21], installed on HP Pavilion g series—precision with 
Core i3 processor, was employed in this study to assess the 
binding affinity and mode of interaction between sofosbu-
vir and remdesivir against SARS-CoV-2 RdRp. A flexible 
ligand / flexible active site docking scheme is applied with 
a grid of dimensions of 30 × 30 × 30 Å3. The grid center is 
maintained at the active site residues, D760 and D761 for 
SARS-CoV-2 RdRp and D318 and D319 for HCV RdRp, 

using AutoDock Tools [13]. The centers are at (8.0, 14.7, 
− 6.4) Å for SARS-CoV-2 RdRp (7BTF) and ( − 17.1, 1.5, 
20.6) Å for HCV RdRp (2XI3) with minimal differences 
in the centers between the different RdRp conformations 
at spacing 0.375. Moreover, the binding score or affinity 
of the resulting complexes is detected by the Vina scoring 
function [21]. Different dynamical states during the Molecu-
lar Dynamics Simulation (MDS) run corresponding to the 
protein’s different conformations are used in docking experi-
ments. Additionally, after docking, another MDS run for 
20 ns is performed to study the sofosbuvir’s binding mode 
to SARS-CoV-2 and HCV RdRp. Analysis of the docking 
complexes is done utilizing PyMOL and the Protein–Ligand 
Interaction Profiler (PLIP) web server (Technical University 
of Dresden) [28].

Results and discussion

Previously, the effectiveness of some in-market drugs against 
the COVID-19-causing coronavirus strain, SARS-CoV-2 
RdRp homology model, is tested in silico [8, 27, 29, 30]. 
On the other hand, in this work, we study the binding affin-
ity of sofosbuvir to different dynamic states of the solved 
structure of SARS-CoV-2 RdRp.

RdRp dynamics study

Figure 1 shows the dynamics of the SARS-CoV-2 and HCV 
RdRp during 100 ns MDS runs. Figure 1a represents the 
Surface Accessible Surface Area (SASA) in Å2 (gray line), 
Radius of Gyration (RoG) in Å (blue line), and the Root 
Mean Square Deviation (RMSD) in Å (orange line) versus 
time in nanoseconds. As noted from the RMSD graph, the 
SARS-CoV-2 RdRp and HCV RdRp systems are both equili-
brated during the first 20 ns of the simulation. The RMSD 
values raised from zero up to ~ 1.75 Å for HCV RdRp and ~ 
2.5 Å for SARS-CoV-2 RdRp. The SASA and RoG values 
also indicate that the two systems are equilibrated with the 
values in the range of ~ 26,000 Å2 and ~ 24.5 Å for HCV 
RdRp, while the values are ~ 43,000 Å2 and ~ 32 Å for 
SARS-CoV-2 RdRp. Based on our results, the HCV RdRp 
system is well stable compared to SARS-CoV-2. This is 
maybe due to the size of the protein. SARS-CoV-2 RdRp 
is 924-residue, while HCV RdRp is only 562-residue long.

Figure  1b shows the per-residue Root Mean Square 
Fluctuations (RMSF) in Å for SARS-CoV-2 RdRp (left) 
and HCV RdRp (write). Each protein is represented in the 
upper part with the colored ribbons. Each protein’s active 
site is presented in colored sticks and labeled with their 
one-letter code (D318 and D319 for HCV, while D760 and 
D761 for SARS-CoV-2). These consecutive aspartates are 
protruding from the β-turn structure of the polymerase. The 
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Fig. 1  Molecular Dynam-
ics Simulation studies for 
SARS-CoV-2 and HCV RdRp. 
a RMSD (orange), RoG 
(blue), and SASA (gray) for 
both systems versus time in 
nanoseconds during the 100 ns 
simulation. b per residue RMSF 
during the simulation. RdRp 
structures are shown in the 
colored cartoon. c RMSD Map 
of the dynamics of the SARS-
CoV-2 RdRp (left) and HCV 
RdRp during the 100 ns by 
using UCSF Chimera software. 
d N and C terminals of HCV 
RdRp and its interactions with 
the protein residues inside the 
protein
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most fluctuating regions in each protein are labeled and 
colored in the ribbon representations. As reflected from the 
RMSF of HCV RdRp, the most fluctuating regions are the 
P149-G153 (blue ribbon) and G376-A377 (magenta coil). 
For SARS-CoV-2 RdRp, the most fluctuating regions are 
E253-P264 (blue region), S425-F442 (yellow region), and 
K545-A550 (lemon coil). Noticeably, the N and C termi-
nals of HCV RdRp have very low fluctuations (~1 Å), while 
for SARS-CoV-2 RdRp, the N and C terminals have high 
fluctuations (7 Å and 8 Å, respectively). This is maybe due 
to the embedment of HCV RdRp terminals inside the pro-
tein fold (Fig. 1d). The N-terminal residue of HCV RdRp 
S1 is forming four polar contacts with D55 and R56, while 
the C-terminal residue H562 form three polar contacts with 
Y176, C451, and Y452.

Figure 1c shows the RMSD Map of the dynamics of the 
SARS-CoV-2 RdRp and HCV RdRp during the 100 ns. 
RMSD Map analysis is a way to analyze the ensemble and 
calculate root-mean-square deviations between pairs of 
frames (calculate all pairwise RMSDs between frames and 
show the result as a map grayscale) [31]. RMSD map shows 
more similar structures in SARS-CoV-2 RdRp (lighter 
regions reflecting the frame pairs with lower RMSDs), 
while less similar frames are detected in HCV RdRp (darker 
regions reflecting the frame pairs with higher RMSDs).

Cluster analysis of RdRp conformations during the MDS 
runs was performed using the UCSF Chimera software with 
default parameters. One representative conformation from 
each cluster of the first ten most populous clusters is selected 

for the binding affinity calculations. The SARS-CoV-2 RdRp 
conformations at 55.7, 93.3, 34.9, 13.3, 28.1, 40.1, 81.3, 
67.7, 19.7, and 4.9 ns are the representative conformations 
from the first 10 clusters, while 64.9, 94.1, 23.3, 14.5, 47.3, 
32.9, 28.9, 84.1, 50.9, and 42.5 ns are the representative 
conformations from the first 10 clusters of HCV RdRp.

RdRp docking study

Figure 2 shows the binding energies (in kcal/mol) calcu-
lated for the binding of Sofosbuvir against SARS-CoV-2 
RdRp (blue) and HCV RdRp (orange) using AutoDock Vina 
software. The calculated binding affinities are made for ten 
different conformations for each protein after cluster analy-
sis of the MDS trajectories. The average binding affinity of 
Sofosbuvir against SARS-CoV-2 RdRp is − 7.46 ± 0.5 kcal/
mol, while for the sofosbuvir against HCV RdRp, it is 
− 7.28 ± 0.35 kcal/mol. The average binding affinities are 
almost the same for the two RdRp. Hence, sofosbuvir is sug-
gested to effectively bind SARS-CoV-2 RdRp and a possible 
potential drug against COVID-19.

The following tables show the details of the binding 
modes between sofosbuvir and each conformation of the 
SARS-CoV-2 RdRp (Table 1) and HCV RdRp (Table 2). 
From the PLIP webserver output, the most stable interac-
tions established between the drug and the proteins are the 
H-bonding. In contrast, few salt bridges and hydrophobic 
interactions are reported for some conformations, while only 

Fig. 2  The binding affinity (in kcal/mol) of sofosbuvir against SARS-CoV-2 RdRp (blue) and HCV RdRp (orange) from 10 different conforma-
tions for each protein after the cluster analysis of the 100 ns MDS runs. The calculations are done using AutoDock Vina software
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two halogen contacts are reported (red) for SARS-CoV-2 
RdRp (Table 1).

As shown in tables, the active site residues (D760 and 
D761 for SARS-CoV-2 RdRp and D318 and D319 for HCV 
RdRp), shown in bold, are interacting with sofosbuvir in 
most docking trials (9/10 for SARS-CoV-2 and 8/10 for 
HCV RdRp). An average of 11 interactions are established 
for each protein when coming in contact with sofosbuvir, 
most of which are H-bonding. More hydrophobic contacts 
and salt bridges are found in the case of SARS-CoV-2 RdRp, 
while only two halogen contacts are formed in SARS-CoV-2 
RdRp. The details of the interactions established for SARS-
CoV-2 and HCV RdRps are shown in the supplementary 
figures S1 and S2.

Sofosbuvir, in its active triphosphate form, can enter the 
nucleotide channel of RdRp and interact with its surface 
exposed consecutive aspartates (D760 and D761 in SARS-
CoV-2 RdRp). To further study the binding mode, a 20 ns 
MDS is performed for the best complexes of sofosbuvir 
docked into SARS-CoV-2 RdRp and HCV RdRp using the 
same conditions. Figure 3 shows the superposition of the 
per residue RMSF for SARS-CoV-2 RdRp alone (blue line) 

during 100 ns MDS and the complex of sofosbuvir docked 
into SARS-CoV-2 RdRp (red line) during 20 ns MDS run. 
The complex structure is represented (top view) in the 
green cartoon, where sofosbuvir is depicted in magenta 
sticks. In addition to the terminals (N and C terminals), the 
protein–ligand complexes (red line) show some movable 
regions (RMSF ≤ 3 Å). The movable regions are shown in 
orange (K98-I106), blue (L251-L261), yellow (D421-V435), 
and red (D801-L809) cartoons. Figure 3 shows that the 
movable regions are all apart from the active site aspartates 
(black sticks) and the drug sofosbuvir (magenta sticks). This 
may result in the stabilization of the drug in the active site 
pocket. Hence the binding affinity of sofosbuvir against 
SARS-CoV-2 is suggested to be stable and not affected by 
the protein dynamics, just like the case in a previous study 
on ZIKV [9].

To further check the effect of protein dynamics on the 
drug binding, cluster analysis is performed for the pro-
tein–ligand complex trajectories using UCSF Chimera soft-
ware. The best five clusters are redocked with Sofosbuvir 
and Remdesivir using the same protocol used in the previ-
ous docking study. Figure 4 shows the two drugs’ binding 

Table 1  Protein–ligand interaction profiler (PLIP) analysis for docking results of the ten clusters of SARS-CoV-2 RdRp

Italics residues are residues interacting through halogen bonds with sofosbuvir

SARS-CoV-2 
RdRp conforma-
tion at

AutoDock Vina 
score (Kcal/
mol)

H-bonding Salt bridges Hydrophobic interactions

Number Residues involved in 
the interaction

Number Residues involved in 
the interaction

Number Residues involved in the 
interaction

55.7 ns  − 7.6 7 R555(2), Y619, 
D623(2), N691, and 
D760

3 R624(3) 1 D623

93.3 ns  − 8.1 10 Y619, K621, R624(2), 
D760, D761, W800, 
E811(2), and S814

2/1 K551(2) and D760 2 Y619

34.9 ns  − 7.5 7 W617, D618, K621, 
D623, W800, E811, 
and S814

5 K551(2), R555, K621, 
and R624

1 D618

13.3 ns  − 6.9 5 D760, D761(2), E811, 
and S814

2 R836(2)

28.1 ns  − 8.2 6 S549, R555(2), 
R624(2), and N691

2 R555 and R624 4 Y455, K551, R553, and 
K621

40.1 ns  − 7.5 12 K551, W617, D618, 
Y619, K621, C622, 
D623(2), D761(2), 
W800, and E811

1 Y619

81.3 ns  − 8.0 8 R555, Y619, D623(2), 
D760, D761(2), and 
W800

3 K551, Y619, and D760

67.7 ns  − 6.7 5 K621, D760, D761, 
E811, and S814

3 R555(2), and R624 1 Y619

19.7 ns  − 7.1 7 D761(2), A797, E811, 
and S814(3)

1 E811 3 K798, and E811

4.9 ns  − 7.0 7 D618, D760, D761, 
W800, and S814(3)

1 R836
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affinities against SARS-CoV-2 RdRp different conforma-
tions, while Tables 3 and 4 list the formed interactions in 
each docking experiment.

As reported earlier, the active site residues D760 and 
D761 are involved in the interactions with both Sofos-
buvir and Remdesivir. H-bonding is the primary type of 
interaction that stabilizes the drugs in the protein active 
site pockets. Additionally, few salt bridges are established 

upon binding the two drugs into the protein active site, 
while very few hydrophobic contacts are found in some 
clusters. The binding affinity of Sofosbuvir is very close 
to that for Remdesivir against SARS-CoV-2, as shown in 
Fig. 4. The average binding affinity for sofosbuvir against 
SARS-CoV-2 RdRp is − 7.4 ± 0.30 kcal/mol, while it is 
− 7.3 ± 0.11 kcal/mol for Remdesivir. Sofosbuvir proved 
its safety and anti-HCV activity during the last seven 

Table 2  Shows protein–ligand interaction profiler (PLIP) analysis for docking results of ten clusters of HCV(2XI3)

HCV RdRp 
conforma-
tion at

AutoDock Vina 
score (Kcal/mol)

H-bonding Salt bridges Hydrophobic interactions

Number Residues involved in the interaction Number Residues involved 
in the interaction

Number Residues 
involved in the 
interaction

64.9 ns  − 7.4 11 R158, F224, D225(2), T287, S288, 
N291, D318(2), and S556(2)

94.1 ns  − 6.5 13 R158, S218, D225(3), D319, L320(2), 
S365, C366, and S367(3)

23.3 ns  − 7.1 8 R200(2), D220, D318(2), D319(2), and 
S367

1 F193

14.5 ns  − 7.2 10 R158, F224, S288, N291, T292, C316, 
D318(2), and S556(2)

1 T287

47.3 ns  − 7.4 8 R158, L159, D225(2), S282(3), and 
N291

1 R158 1 T287

32.9 ns  − 7 7 R158, D220, F224, D225, N291, and 
D318(2)

28.9 ns  − 7.8 13 L159, F224, D225, S288, N291, 
D318(3), D319(3), and S556(2)

84.1 ns  − 7.5 9 R200, C366, R386, G410, N411, 
Y448(2), G449, and S556

2 R200 and R386 1 Y448

50.9 ns  − 7.2 9 K141, R158, L159(2), T221, F224, 
D318, D319, and C366

42.5 ns  − 7.7 12 R158, R222, F224, D225, S282(2), 
S288(2), N291, C316, and D318(2)

1 VAL52

Fig. 3  The per-residue RMSF 
for SARS-CoV-2 RdRp (blue 
line) and sofosbuvir- SARS-
CoV-2 RdRp complex (red 
line). The structure of the 
complex is represented in the 
colored cartoon (green). The 
most fluctuating regions are 
colored in orange, blue, yellow, 
and red
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Fig. 4  The binding affinities of Sofosbuvir (right) and Remdesivir (left) against the different conformations of SARS-CoV-2 RdRp after 20 ns 
MDS

Table 3  Protein–ligand interaction profiler (PLIP) analysis for docking results of sofosbuvir against the different clusters of SARS-CoV-2 RdRp

Cluster 
number

RdRp 
conforma-
tion at

H-bonding Salt bridges Hydrophobic 
interactions

Number Amino acids involved Number Amino acids involved Number Amino 
acids 
involved

1 5.9 ns 8 R555(2), K621, R624(2), T680, T687, and D760 3 R555(3)
2 13.7 ns 8 S549, R555(2), Y619, K621, C622, D623, and 

N691
1 R555

3 18.6 ns 9 S549(2), R555(2), K621, D623, D760, and 
R836(2)

2 R555(2)

4 9.2 ns 12 Y619(2), K621, C622, D623(2), N691, D760(4), 
and D761

1 Y619

5 12.7 ns 12 K551, N552, R553(2), R555(2), D618, Y619, 
K621, D623, R624, and D761

5 K551(2), R555, and K621(2) 1 D760

Table 4  Protein–ligand interaction profiler (PLIP) analysis for docking results of Remdesivir against the different clusters of SARS-CoV-2 RdRp

Cluster 
number

RdRp 
conforma-
tion at

H-bonding Salt bridges Hydrophobic 
interactions

Number Amino acids involved Number Amino acids involved Number Amino 
acids 
involved

1 5.9 ns 9 K621, D760, D761(4), W800, and S814(2)
2 13.7 ns 5 R555, D618, K621, D760, and D761 6 K551(2), R555, and K621(3)
3 18.6 ns 5 R555(2), K621(2), and D760 4 R555(3), and R624 1 R553
4 9.2 ns 10 D618, Y619, K621, D760(4), D761(2), and 

S814
4 K551, R555(2), and K621 1 K551

5 12.7 ns 7 K545, Y619, K621, D623, R624, and D760(2) 3 R555(2), and K621
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years and maybe a potential SARS-CoV-2 inhibitor. 
Clinical trials are needed to test its possible COVID-19 
activity.

A superposition of the docking complexes for Sofosbu-
vir against RdRp model for SARS-CoV-2 (reported from 
a previous study [10]) and the same ligand docked against 
four different conformations of the solved structure of the 
same viral protein after MDS and trajectories clustering 
did in the current study is shown in Fig. 5. Figure illus-
trates the differences in the binding behavior and ener-
gies (− 7.6 kcal/mol for the previous docking study (RdRp 
model), while − 7.5, − 7.4, − 7.5, and − 7.9 kcal/mol for 
the four different conformations after clustering analysis 
(RdRp solved structure)). The root mean square devia-
tions (RMSD) between each pair of the docking com-
plexes lies between 2.5 and 2.9 Å, as shown in Fig. 5. In 
the two docking experiments, the binding is maintained 
with the same active site pocket, including the two active 
site aspartates, while little difference is reported in the 
binding site to Sofosbuvir [10, 29, 32]. This solidifies the 
effectiveness of this drug as a possible inhibitor against 
SARS-CoV-2 RdRp.

Conclusions

Coronavirus diseases 2019 (COVID-19) pandemic seriously 
threatens human health around the world. The present study 
attempts to explore the binding affinity of sofosbuvir against 
the SARS-CoV-2 RdRp during dynamics simulation. Like 
Remdesivir, Sofosbuvir shows an excellent binding affinity 
to the RdRp active site and tightly interacts with the bind-
ing site; hence, it is supposed to be the right candidate as 
COVID-19 treatment. It may be used to effectively target 
SARS-CoV-2 RdRp after confirming the binding assays, 
in vitro and in vivo.
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Fig. 5  The superposition of the docking of sofosbuvir (blue and red 
sticks) into the RdRp model (yellow cartoon) and four different con-
formations of the RdRp solved structure (PDB ID: 7BTF) subjected 

to 100 ns MDS (green cartoon). The RMSD values (in Å) for each 
pair is shown at the center of the figure
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