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Abstract
Coronavirus disease 2019 (COVID-19) has become a major challenge affecting almost every corner of the world, with more 
than five million deaths worldwide. Despite several efforts, no drug or vaccine has shown the potential to check the ever-
mutating SARS-COV-2. The emergence of novel variants is a major concern increasing the need for the discovery of novel 
therapeutics for the management of this pandemic. Out of several potential drug targets such as S protein, human ACE2, 
TMPRSS2 (transmembrane protease serine 2), 3CLpro, RdRp, and PLpro (papain-like protease), RNA-dependent RNA 
polymerase (RdRP) is a vital enzyme for viral RNA replication in the mammalian host cell and is one of the legitimate targets 
for the development of therapeutics against this disease. In this study, we have performed structure-based virtual screen-
ing to identify potential hit compounds against RdRp using molecular docking of a commercially available small molecule 
library of structurally diverse and drug-like molecules. Since non-optimal ADME properties create hurdles in the clinical 
development of drugs, we performed detailed in silico ADMET prediction to facilitate the selection of compounds for further 
studies. The results from the ADMET study indicated that most of the hit compounds had optimal properties. Moreover, to 
explore the conformational dynamics of protein–ligand interaction, we have performed an atomistic molecular dynamics 
simulation which indicated a stable interaction throughout the simulation period. We believe that the current findings may 
assist in the discovery of drug candidates against SARS-CoV-2.

Keywords Virtual screening · Hit identification · RNA-dependent RNA polymerase · In silico ADME · Molecular 
dynamics · Anti-viral

Introduction

The COVID-19 pandemic has caused difficult situations 
throughout the globe. The developments in epidemiology, 
testing, clinical care, prevention, management, and speed of 
development of vaccines/therapeutics have been expedited 
[1–5]. After the initial outbreak of this disease in Wuhan in 
China, several new mutated strains have been isolated. The 
UK B.1.1.7, which spread in the UK, was shown to have 
a significantly higher transmission rate than the previous 
strains [6]. Many variants have been identified as variants 
of concern (VOC) based on the evidence of their increased 
transmissibility, severe disease outcome, chances of anti-
body escape, and failure in diagnosis and detection. B.1.1.7 
with genetic alteration such as Δ69/70, Δ144Y, E484K, 
S494P, N501Y, A570D, D614G, P681H, first detected in 
the UK. The variant P.1 carried mutations such as K417N/T, 
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E484K, N501Y, and D614G was first detected in Japan/Bra-
zil. The variant B.1.351, having mutations such as K417N, 
E484K, N501Y, and D614G, was first isolated from South 
Africa. And the variants B.1.427 and B.1.429 carrying muta-
tions in L452R, D614G, and S13I, W152C, L452R, D614G, 
respectively, were identified in the USA-California. These 
VOCs have shown increased transmissibility and have an 
impact on antibody neutralization [7–9]. A recent press 
release from the Ministry of Health and Family Welfare in 
India reported a novel variant of SARS-CoV-2 in India [10]. 
Since December 2020, an increase in the fraction of samples 
with E484Q and L542R mutations has been observed. How-
ever, the VOCs are reported in samples across the country 
with a new double mutation in a smaller presence [10].

It has become important to discover and develop new 
therapeutics for this disease [11, 12]. Several potential drug 
targets to tackle this disease have been identified, which 
include viral targets like 3CLpro or Mpro, PLpro, RNA‐
dependent RNA polymerase (RdRp), S protein, and host tar-
gets like cathepsin L, helicase, furin, TMPRSS2, and ACE2 
[13–16]. RNA-dependent RNA polymerase (RdRp) is a viral 
enzyme with no host cell homologs; therefore, the inhibitors 
of SARS-CoV-2 RdRp are selective. These RdRp inhibitors 
are expected to have improved potency and fewer off-target 
effects against human host proteins and thus are safer and 
more effective therapeutics for treating COVID-19 [17]. On 
the contrary, the SARS-COV-2 main protease (Mpro) is an 
effective target; however, due to the presence of the residue 
Ser46 in between the Cys44-Pro52 loop causes significantly 
reduced capability of the inhibitors to reach the binding site. 
Additionally, the active site of the Mpro is comprised of four 
pockets S1, S2, S3, and S4; hence, it becomes challenging 
to develop a drug with an affinity for all these four pockets 
in order to inhibit Mpro activity [18].

RdRp, also known as nsp12, is a non-structural protein 
that is reported to have an important role during the replica-
tion cycle of RNA viruses and is known to be conserved in 
several other viral species, including hepatitis C virus, influ-
enza virus, coronavirus (CoV), and Zika virus [19]. It shares 
96% sequence similarity between SARS-CoV and SARS-
CoV-2 [20], and structural differences are found in areas 
other than the catalytic domain. RdRp plays a principal role 
in the replication and transcription cycle of SARS‐CoV‐2, 
possibly with the aid of nsp7 and nsp8 as cofactors [21]. In 
CoV, the synthesis of RdRp is vital for the production of the 
viral progeny genome [19].

The core structure of the RdRp of the SARS-CoV-2 virus 
consists of a large and deep groove right-hand RdRp domain 
(residues S367 to F920) interlinked by different (palm, fin-
gers, and thumb) subdomains that are in the vicinity of the 
active site of RNA synthesis. The various RdRp structural 
motifs, i.e., A to G (A to E embedded in the conserved 
palm subdomain and F and G in the fingers domain) with a 

comparatively fixed arrangement, influence the catalytic pro-
cess. Motif A is made up of residues 611–626 (TPHLMG-
WDYPKCDRAM), including a highly conserved divalent-
cation-binding residue D618. The motif C, composed of 
residues 753–767 (FSMMILSDDAVVCFN), contains the 
catalytic residues (S759-D760-D761) in a turn between beta 
strands. The entwined fingers and flexible thumb assist in the 
template channel formation that spreads across the finger’s 
surface to direct incoming nucleotides to the active site, and 
they also regulate the initiation site recognition [21, 22].

Gilead Sciences, in 2017, developed remdesivir (RDV) 
as a small molecule broad-spectrum antiviral agent for the 
treatment of Ebola virus infection [23]. Structurally, it is a 
monophosphoramidate prodrug of an adenosine analog and 
is being currently under investigation for the treatment of 
SARS-CoV-2, and recent reports have shown some evidence 
of the efficacy of remdesivir in randomized clinical trials 
[24]. Its administration effectively attenuated the pulmo-
nary viral loads and ameliorated pathological symptoms in 
a SARS-CoV-infected mouse model and a rhesus macaque 
model of MERS disease [23]. Its antiviral mechanism 
includes delayed chain cessation of nascent viral RNA [25].

Favipiravir (FPV) is another antiviral medication used 
for the treatment of influenza and is approved in Japan. It 
is a prodrug that selectively inhibits viral RdRp and thus 
disturbs the replication cycle of RNA viruses [19]. FPV 
is phosphoribosylated intracellularly to its active metabo-
lite, favipiravir-4-ribofuranosyl-5’-triphosphate, which is 
perceived as a purine nucleotide by viral RdRp with no 
effect on mammalian cells as they lack RdRp domain [26]. 
Recent reports indicate that favipiravir is associated with 
some degree of clinical benefits in the form of accelerated 
discharge rate from hospitals and lesser need for mechani-
cal ventilation, without any effect on the mortality rate [27]. 
The overall observation from both remdesivir and favipiravir 
is that inhibition of RdRp of SARS-COV-2 is a legitimate 
target for the treatment of COVID-19.

In this manuscript, we have reported structure-based 
virtual screening of a structurally diverse library of 
261,120 compounds against SARS-CoV-2 RdRp in order 
to identify new chemotypes for the development of new 
drug candidates against COVID-19. The computer-based 
research methodologies could help to provide insightful 
information about the biological molecules, in which the 
virtual screening experiments could lead to the identifica-
tion of several hit compounds representing several scaf-
folds [28–30]. Indeed, combinations of computations and 
experiments could provide insightful information for the 
investigated systems, especially for the biologically related 
systems [31, 32]. Furthermore, the top-scoring hits were 
evaluated in silico for their pharmacokinetic and toxic-
ity properties and gave encouraging results. Additionally, 
the top two hits were subjected to molecular dynamics 
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simulation in order to understand the dynamics of their 
protein–ligand interaction. Overall, the study produced 
several new chemotypes as hit compounds against SARS-
COV-2 RdRp, which can be further developed into poten-
tial drug candidates.

Experimental section

All the computational studies were performed on Dell Preci-
sion 3630 Tower workstation with Intel Xeon E-2136 pro-
cessor, 32 GB DDR4 RAM, nVIDIA Quadro P400 2 GB 
graphics card. A molecular dynamics study was performed 
using the Desmond [33] molecular dynamics tool.

Protein preparation

After the outbreak of the COVID-19 pandemic, a vast 
amount of structural data was generated by researchers. Sev-
eral RdRP structures have been solved using either X-ray 
crystallography or cryo-EM technique. For this study, we 
have used the cryo-EM structure of SARS-CoV-2 RdRp in 
a complex with a 50-base template-primer RNA and remde-
sivir at 2.5 Å resolution (PDB id: 7BV2) [34]. The PDB EM 
validation report indicated that the structure has a clashcsore 
in the percentile between 3 and 3.5, no Ramachandran, and 
backbone outliers indicating a good structural model. The 
protein structure was prepared by removing water, fixing 
bond orders, and adding missing hydrogens by using UCSF 
Chimera [35].

Small molecule database preparation

In recent years, a large number of purchasable small mol-
ecule datasets have been available for screening purposes. 
In this study, we used Asinex Gold & Platinum Collection 
(https:// www. asinex. com/ scree ning- libra ries- (all- libra ries)), 
containing 261,120 compounds with structural diversity 
and covering drug-like chemical space [36]. This library 
has been previously screened to identify potential hit com-
pounds against multiple targets [37, 38]. One of the most 
important tasks in virtual screening is the careful prepa-
ration of ligands, including desalting, proper ionization at 
specified pH, tautomer generation, and stereoisomer gen-
eration based on the chiral centers present in a molecule. 
There are several commercials, but a few open-source tools 
are available for ligand preparation. We have used Gypsum-
DL for preparing the ligand database [39]. The prepared 
library contained ~ 128,000 compounds after filtration by 
the Lipinski rule. Similarly, remdesivir was prepared for 
molecular docking.

Structure‑based virtual screening

The virtual screening study was performed using Autodock 
vina in PyRx 8.0 virtual screening platform [40, 41]. As 
a first step, the compounds were imported into the Open-
Babel program [42] available in the PyRx tool, followed 
by energy minimization using the MMFF94 force field. 
The energy-minimized molecules were then converted into 
Autodock PDBQT format. In this study, we used active site 
docking where the 3D docking grid was defined using the 
coordinates of co-crystallized remdesivir with a grid size of 
25 Å × 25 Å × 25 Å in x, y, and z directions, respectively. The 
2D ligand–protein interaction diagrams and the 3D pose of 
the docked ligand were prepared using a free Maestro visu-
alizer from Schrӧdinger (https:// www. schro dinger. com/). 
The top ten hits were selected after a detailed inspection of 
their interaction with the binding site amino acid residues. 
The structures of these top ten hits are given in Fig. 1. The 
docking score of top-scoring compounds is given in Table 1.

In silico ADMET prediction

A large proportion of promising molecules fails in the later 
stage of drug discovery and development due to non-optimal 
ADMET properties. Therefore, it is advised to filter the poten-
tial problematic molecules using in silico precision methods 
[43]. Therefore, we used a webserver called SwissADME 
[44], available at http:// www. swiss adme. ch/, to calculate vari-
ous ADME parameters for the top ten molecules. The calcu-
lated properties include various physicochemical properties, 
including lipophilicity and water solubility, pharmacokinetic 
properties, and drug-likeness. The predicted values of ADME 
properties are given in Table 2.

Furthermore, toxicological endpoints were predicted 
using the ProTox-II web server, which is a virtual toxicity 
lab accessible through https:// tox- new. chari te. de/ protox_ 
II/ index. php? site= home [45]. Computational prediction 
of toxicity using machine learning–based approaches is 
not only high-throughput but reduces the use of animals in 
experimentation. ProTox-II uses machine learning–based 
tools for the prediction of various toxicological endpoints 
such as acute toxicity, which provides predicted  LD50 of 
the compound, cytotoxicity, carcinogenicity, hepatotoxicity, 
mutagenicity, immunotoxicity, and adverse outcome (Tox21) 
pathways. The hit compound canonical smiles were used to 
predict these endpoints, and the results are given in Table 3.

Molecular dynamics simulation

Molecular docking provides only a static picture of the inter-
action of ligands with the protein’s binding pocket. There-
fore, in order to get understand the protein–ligand dynamics, 
we performed an atomistic molecular dynamics simulation, 
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which provides the detailed interaction of ligands with the 
protein during the simulated time period. The top two hits 
bound to the active site obtained from virtual screening were 
subjected to molecular dynamics simulation using Desmond 
molecular dynamics tool following an earlier reported pro-
cedure [38]. Briefly, an orthorhombic box of dimensions 
10 × 10 × 10 Å in x, y, and z plane, containing protein–ligand 
complex, was solvated explicitly with TIP3P waters while 
OPLS3e was used as a force field.

After neutralization of charge by addition of  Na+ and 
 Cl− ions (0.15 M final concentration), the whole system 
was energy-minimized and pre-equilibrated using the 
default settings (Brownian Dynamics NVT simulation for 
100 ps at 10 K temperature, 12 ps NVT simulation at 10 K 

temperature, 12 ps NPT simulation at 10 K with small 
timesteps and restraints on solute heavy atoms, and finally, a 
24 ps NPT simulation without any restraints). After the equi-
libration step, a final production simulation was performed 
for 50 ns using NPT (normal pressure and temperature) 
ensemble at 300 K and 1.013 bars with the default setting 
of relaxation before simulation [33]. The RESPA integrator 
with a time step of 2 fs was used during the simulation along 
with a smooth PME method for the calculation of long-range 
electrostatic interaction. Nose–Hoover Chain thermostat and 
Martyna–Tobias–Klein barostat were used to maintain the 
temperature and pressure, respectively [46]. The final simu-
lation trajectory was analyzed using the simulation interac-
tion diagram available in Maestro.

Fig. 1  Top ten hits identified 
using docking based virtual 
screening approach

Table 1  Docking score of top 
hits

Compound Binding Affinity rmsd/ub rmsd/lb Interacting residues

Remdesivir  −8 21.962 19.067 Tyr619, Asp623, Arg553, Arg555
AP-263/43503625  −7.6 15.108 9.49 Tyr619, Arg553, Ser682, Asp684
AQ-149/41812552  −7.4 7.522 2.648 Asp760, Lys551, Ser549, Arg553, Asp623
AB-323/25048482  −7.2 20.175 15.652 Asp760, Asp761, Glu811, Asp618, Ser759
AO-022/43455017  −6.9 8.126 6.156 Ser759, Thr680, Lys621
AE-641/00004064  −6.9 10.016 5.811 Arg555, Tyr619,
AQ-149/41812734  −6.8 20.258 16.626 Arg553, Ser682, Asp684
AT-057/43468833  −6.8 5.668 2.716 Lys551, Ser682, Asp684
AE-641/42124185  −6.6 19.471 15.461 Tyr619, Arg553, Ser682
AG-205/12229331  −6.5 1.979 1.048 Asp684, Glu811, Ser682
AK-778/15446009  −6.5 4.719 3.099 Tyr619, Arg553, Asp760

1572 Structural Chemistry (2022) 33:1569–1583



1 3

Ta
bl

e 
2 

 A
D

M
E 

pr
op

er
tie

s o
f t

he
 to

p 
te

n 
hi

ts

M
ol

ec
ul

e
R

em
de

siv
ir

A
P-

26
3/

43
50

36
25

AQ
-1

49
/4

18
12

55
2

A
B-

32
3/

25
04

84
82

AO
-0

22
/4

34
55

01
7

A
E-

64
1/

00
00

40
64

AQ
-1

49
/4

18
12

73
4

AT
-0

57
/4

34
68

83
3

A
E-

64
1/

42
12

41
85

AG
-2

05
/1

22
29

33
1

A
K

-7
78

/1
54

46
00

9

M
W

 
(D

al
to

ns
)

35
4.

24
44

4.
52

42
7.

45
43

5.
48

49
6.

55
30

0.
31

42
3.

46
33

9.
34

43
2.

45
41

0.
42

40
6.

23

H
ea

vy
 a

to
m

s
24

29
31

32
36

22
31

25
31

30
25

A
ro

m
at

ic
 

he
av

y 
at

om
s

9
12

12
18

12
12

12
12

22
12

12

Fr
ac

tio
n 

C
sp

3
0.

42
0.

33
0.

3
0.

27
0.

41
0.

12
0.

25
0.

16
0.

04
0.

32
0.

22
R

ot
at

ab
le

 
bo

nd
s

4
10

9
5

10
7

10
4

5
7

5

H
-b

on
d 

ac
ce

pt
or

s
9

9
7

4
8

4
6

5
5

6
5

H
-b

on
d 

do
no

rs
3

4
3

3
2

4
2

3
2

2
2

M
R

77
.0

4
10

6.
3

11
6.

91
12

8.
05

14
0.

78
81

.7
2

11
9.

22
94

.9
1

11
9.

38
11

3.
81

97
.9

9
TP

SA
20

2.
52

15
8.

79
11

6.
53

11
4.

95
10

8.
77

98
.6

6
96

.3
98

.0
7

11
3.

71
10

5.
17

84
.8

6
iL

O
G

P
1.

06
2.

21
2.

47
−

8.
97

3.
55

1.
42

2.
97

1.
72

2.
59

2.
14

2.
4

X
LO

G
P3

 −
2.

59
0.

88
2.

11
0.

73
3.

13
1.

84
2.

55
1.

91
3.

61
1.

03
2.

54
W

LO
G

P
 −

1.
11

2.
96

1.
52

-0
.6

2
2.

01
0.

6
1.

87
1.

1
4.

89
0.

28
2.

2
M

LO
G

P
 −

2.
22

0.
05

 −
0.

13
0.

05
0.

19
0.

74
0.

53
0.

31
3.

11
0.

06
1.

3
Si

lic
os

-I
T 

Lo
g 

P
 −

1.
29

0.
16

2.
67

0.
49

3.
21

0.
9

3.
36

1.
86

3.
85

2.
5

3.
5

C
on

se
ns

us
 

Lo
g 

P
 −

1.
23

1.
25

1.
73

 −
1.

66
2.

42
1.

1
2.

26
1.

38
3.

61
1.

2
2.

39

ES
O

L 
Lo

g 
S

 −
0.

42
 −

2.
8

 −
3.

51
 −

3.
09

 −
4.

48
 −

2.
8

 −
3.

7
 −

3.
24

 −
4.

99
 −

2.
87

 −
3.

98
ES

O
L 

So
lu

-
bi

lit
y 

(m
g/

m
l)

1.
35

E  
+

 02
7.

10
E-

01
1.

32
E-

01
3.

57
E-

01
1.

65
E-

02
4.

73
E-

01
8.

48
E-

02
1.

96
E-

01
4.

42
E-

03
5.

57
E-

01
4.

21
E-

02

ES
O

L 
So

lu
bi

lit
y 

(m
ol

/l)

3.
82

E-
01

1.
60

E-
03

3.
08

E-
04

8.
20

E-
04

3.
33

E-
05

1.
57

E-
03

2.
00

E-
04

5.
78

E-
04

1.
02

E-
05

1.
36

E-
03

1.
04

E-
04

ES
O

L 
cl

as
s

Ve
ry

 
so

lu
bl

e
So

lu
bl

e
So

lu
bl

e
So

lu
bl

e
M

od
er

at
el

y 
so

lu
bl

e
So

lu
bl

e
So

lu
bl

e
So

lu
bl

e
M

od
er

at
el

y 
so

lu
bl

e
So

lu
bl

e
So

lu
bl

e

G
I  ab

so
rp

tio
n

Lo
w

Lo
w

H
ig

h
H

ig
h

H
ig

h
H

ig
h

H
ig

h
H

ig
h

H
ig

h
H

ig
h

H
ig

h

BB
B pe

rm
ea

nt
N

o
N

o
N

o
N

o
N

o
N

o
N

o
N

o
N

o
N

o
N

o

Pg
p 

 
su

bs
tr

at
e

N
o

Ye
s

Ye
s

Ye
s

Ye
s

N
o

Ye
s

Ye
s

N
o

Ye
s

Ye
s

C
Y

P1
A

2 
in

hi
bi

to
r

N
o

N
o

N
o

N
o

N
o

N
o

N
o

N
o

Ye
s

N
o

Ye
s

C
Y

P2
C

19
 

in
hi

bi
to

r
N

o
N

o
N

o
N

o
N

o
N

o
N

o
N

o
Ye

s
N

o
Ye

s

1573Structural Chemistry (2022) 33:1569–1583



1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

M
ol

ec
ul

e
R

em
de

siv
ir

A
P-

26
3/

43
50

36
25

AQ
-1

49
/4

18
12

55
2

A
B-

32
3/

25
04

84
82

AO
-0

22
/4

34
55

01
7

A
E-

64
1/

00
00

40
64

AQ
-1

49
/4

18
12

73
4

AT
-0

57
/4

34
68

83
3

A
E-

64
1/

42
12

41
85

AG
-2

05
/1

22
29

33
1

A
K

-7
78

/1
54

46
00

9

C
Y

P2
C

9 
in

hi
bi

to
r

N
o

N
o

N
o

N
o

Ye
s

N
o

Ye
s

N
o

Ye
s

N
o

Ye
s

C
Y

P2
D

6 
in

hi
bi

to
r

N
o

N
o

N
o

N
o

Ye
s

N
o

N
o

N
o

N
o

N
o

Ye
s

C
Y

P3
A

4 
in

hi
bi

to
r

N
o

N
o

N
o

N
o

Ye
s

N
o

N
o

N
o

N
o

N
o

Ye
s

lo
g 

K
p 

(c
m

/s)
 −

10
.3

 −
8.

39
 −

7.
41

 −
8.

44
 −

7.
11

 −
6.

83
 −

7.
07

 −
7.

01
 −

6.
37

 −
8.

07
 −

6.
97

Li
pi

ns
ki

 
vi

ol
at

io
ns

1
0

0
0

0
0

0
0

0
0

0

G
ho

se
 

vi
ol

at
io

ns
1

0
0

1
2

0
0

0
0

0
0

Ve
be

r 
vi

ol
at

io
ns

1
1

0
0

0
0

0
0

0
0

0

Eg
an

 
vi

ol
at

io
ns

1
1

0
0

0
0

0
0

0
0

0

M
ue

gg
e 

vi
ol

at
io

ns
2

1
0

0
0

0
0

0
0

0
0

Bi
oa

va
ila

bi
lit

y 
sc

or
e

0.
11

0.
55

0.
56

0.
55

0.
56

0.
55

0.
56

0.
56

0.
55

0.
55

0.
55

PA
IN

S 
al

er
ts

0
0

0
0

0
0

0
0

0
0

0
Br

en
k 

al
er

ts
1

0
3

1
0

0
1

3
1

0
0

Le
ad

lik
en

es
s 

vi
ol

at
io

ns
1

2
2

1
2

0
2

0
2

1
1

Sy
nt

he
tic

 
ac

ce
ss

ib
ili

ty
4.

24
3.

95
3.

97
4.

33
4.

3
2.

6
4.

03
3.

42
3.

02
3.

32
3.

12

1574 Structural Chemistry (2022) 33:1569–1583



1 3

Ta
bl

e 
3 

 P
re

di
ct

io
n 

of
 m

ul
tip

le
 to

xi
co

lo
gi

ca
l e

nd
po

in
ts

 o
f i

de
nt

ifi
ed

 h
it 

co
m

po
un

ds

To
xi

ci
ty

Re
m

de
siv

ir
A

P-
26

3/
43

50
36

25
AQ

-1
49

/4
18

12
55

2
A

B-
32

3/
25

04
84

82
AO

-0
22

/4
34

55
01

7
A

E-
64

1/
00

00
40

64
AQ

-1
49

/4
18

12
73

4
AT

-0
57

/4
34

68
83

3
A

E-
64

1/
42

12
41

85
AG

-2
05

/1
22

29
33

1
A

K
-7

78
/1

54
46

00
9

Pr
ed

ic
te

d 
LD

50
(m

g/
kg

)
10

00
20

70
50

0
20

00
55

0
16

30
40

0
50

0
10

,0
00

30
00

18
80

O
rg

an
 to

xi
ci

ty
H

ep
at

ot
ox

ic
ity

 
(p

ro
ba

bi
lit

y)
In

ac
tiv

e 
(0

.5
6)

In
ac

tiv
e 

(0
.7

5)
In

ac
tiv

e
(0

.7
6)

In
ac

tiv
e

(0
.6

4)
In

ac
tiv

e
(0

.7
5)

In
ac

tiv
e

(0
.5

1)
In

ac
tiv

e
(0

.7
8)

In
ac

tiv
e

(0
.6

9)
A

ct
iv

e 
(0

.5
3)

In
ac

tiv
e 

(0
.7

2)
A

ct
iv

e 
(0

.5
3)

To
xi

ci
ty

 e
nd

po
in

ts
Ca

rc
in

og
en

ic
ity

 
(p

ro
ba

bi
lit

y)
In

ac
tiv

e 
(0

.5
5)

In
ac

tiv
e 

(0
.6

0)
In

ac
tiv

e 
(0

.5
5)

In
ac

tiv
e

(0
.5

5)
In

ac
tiv

e
(0

.5
7)

In
ac

tiv
e

(0
.6

3)
In

ac
tiv

e
(0

.5
4)

In
ac

tiv
e

(0
.5

6)
In

ac
tiv

e 
(0

.6
6)

In
ac

tiv
e 

(0
.6

2)
In

ac
tiv

e 
(0

.5
5)

Im
m

un
ot

ox
ic

ity
 

(p
ro

ba
bi

lit
y)

In
ac

tiv
e 

(0
.9

0)
In

ac
tiv

e 
(0

.9
9)

A
ct

iv
e

(0
.6

4)
In

ac
tiv

e 
(0

.6
8)

A
ct

iv
e 

(0
.9

9)
In

ac
tiv

e
(0

.9
9)

A
ct

iv
e 

(0
.9

9)
In

ac
tiv

e
(0

.9
8)

A
ct

iv
e 

(0
.9

2)
In

ac
tiv

e 
(0

.9
5)

A
ct

iv
e 

(0
.7

6)

M
ut

ag
en

ic
ity

 
(p

ro
ba

bi
lit

y)
In

ac
tiv

e 
(0

.6
2)

In
ac

tiv
e 

(0
.7

9)
In

ac
tiv

e 
(0

.7
5)

A
ct

iv
e 

(0
.5

7)
In

ac
tiv

e
(0

.7
5)

In
ac

tiv
e

(0
.7

1)
In

ac
tiv

e
(0

.7
6)

In
ac

tiv
e

(0
.7

3)
In

ac
tiv

e 
(0

.7
0)

In
ac

tiv
e 

(0
.6

6)
In

ac
tiv

e 
(0

.7
4)

C
yt

ot
ox

ic
ity

 
(p

ro
ba

bi
lit

y)
In

ac
tiv

e 
(0

.5
5)

In
ac

tiv
e 

(0
.7

3)
In

ac
tiv

e 
(0

.6
6)

In
ac

tiv
e 

(0
.7

4)
In

ac
tiv

e
(0

.6
0)

In
ac

tiv
e

(0
.6

6)
In

ac
tiv

e
(0

.6
7)

In
ac

tiv
e

(0
.6

8)
In

ac
tiv

e 
(0

.7
7)

In
ac

tiv
e 

(0
.5

1)
A

ct
iv

e 
(0

.5
0)

To
x2

1 
nu

cl
ea

r 
re

ce
pt

or
 si

gn
al

lin
g 

pa
th

w
ay

s
A

ry
l h

yd
ro

ca
rb

on
 

re
ce

pt
or

 (A
hR

) 
(p

ro
ba

bi
lit

y)

In
ac

tiv
e 

(0
.8

6)
In

ac
tiv

e 
(0

.8
7)

In
ac

tiv
e 

(0
.9

2)
In

ac
tiv

e 
(0

.7
0)

In
ac

tiv
e

(0
.8

7)
In

ac
tiv

e
(0

.6
1)

In
ac

tiv
e

(0
.9

3)
In

ac
tiv

e
(0

.9
2)

In
ac

tiv
e 

(0
.7

4)
In

ac
tiv

e 
(0

.7
6)

In
ac

tiv
e 

(0
.7

5)

A
nd

ro
ge

n 
re

ce
pt

or
 (A

R
) 

(p
ro

ba
bi

lit
y)

In
ac

tiv
e 

(0
.9

7)
In

ac
tiv

e 
(0

.8
5)

In
ac

tiv
e 

(0
.9

6)
In

ac
tiv

e 
(0

.9
3)

In
ac

tiv
e

(0
.9

7)
In

ac
tiv

e
(0

.8
9)

In
ac

tiv
e

(0
.9

5)
In

ac
tiv

e
(0

.9
6)

In
ac

tiv
e 

(0
.9

7)
In

ac
tiv

e 
(0

.9
9)

In
ac

tiv
e 

(0
.9

9)

A
nd

ro
ge

n 
re

ce
pt

or
 li

ga
nd

 
bi

nd
in

g 
do

m
ain

 
(A

R-
LB

D
) 

(p
ro

ba
bi

lit
y)

)

In
ac

tiv
e 

(0
.9

3)
In

ac
tiv

e 
(0

.9
3)

In
ac

tiv
e 

(0
.9

8)
In

ac
tiv

e 
(0

.9
9)

In
ac

tiv
e

(0
.9

8)
In

ac
tiv

e
(0

.9
9)

In
ac

tiv
e

(0
.9

7)
In

ac
tiv

e
(0

.9
7)

In
ac

tiv
e 

(0
.9

9)
In

ac
tiv

e 
(0

.9
9)

In
ac

tiv
e 

(0
.9

7)

A
ro

m
at

as
e 

(p
ro

ba
bi

lit
y)

In
ac

tiv
e 

(0
.9

0)
In

ac
tiv

e 
(0

.9
6)

In
ac

tiv
e 

(0
.8

6)
In

ac
tiv

e 
(0

.9
1)

In
ac

tiv
e

(0
.9

0)
In

ac
tiv

e
(0

.9
0)

In
ac

tiv
e

(0
.8

7)
In

ac
tiv

e
(0

.8
7)

In
ac

tiv
e 

(0
.9

6)
In

ac
tiv

e 
(0

.9
3)

In
ac

tiv
e 

(0
.8

0)

Es
tro

ge
n 

re
ce

pt
or

 
al

ph
a (

ER
) 

(p
ro

ba
bi

lit
y)

In
ac

tiv
e 

(0
.8

9)
In

ac
tiv

e 
(0

.9
5)

In
ac

tiv
e 

(0
.8

3)
In

ac
tiv

e 
(0

.8
7)

In
ac

tiv
e

(0
.9

0)
In

ac
tiv

e
(0

.7
4)

In
ac

tiv
e

(0
.8

5)
In

ac
tiv

e
(0

.8
2)

In
ac

tiv
e 

(0
.8

1)
In

ac
tiv

e 
(0

.9
1)

In
ac

tiv
e 

(0
.8

6)

Es
tro

ge
n 

 
re

ce
pt

or
 li

ga
nd

  
bi

nd
in

g 
do

m
ain

 
(E

R-
LB

D
) 

(p
ro

ba
bi

lit
y)

In
ac

tiv
e 

(0
.9

7)
In

ac
tiv

e 
(0

.9
7)

In
ac

tiv
e 

(0
.9

7)
In

ac
tiv

e 
(0

.9
8)

In
ac

tiv
e

(0
.9

8)
In

ac
tiv

e
(0

.9
8)

In
ac

tiv
e

(0
.9

7)
In

ac
tiv

e
(0

.9
6)

In
ac

tiv
e 

(0
.9

4)
In

ac
tiv

e 
(0

.9
8)

In
ac

tiv
e 

(0
.9

5)

1575Structural Chemistry (2022) 33:1569–1583



1 3

Ta
bl

e 
3 

 (c
on

tin
ue

d)

To
xi

ci
ty

Re
m

de
siv

ir
A

P-
26

3/
43

50
36

25
AQ

-1
49

/4
18

12
55

2
A

B-
32

3/
25

04
84

82
AO

-0
22

/4
34

55
01

7
A

E-
64

1/
00

00
40

64
AQ

-1
49

/4
18

12
73

4
AT

-0
57

/4
34

68
83

3
A

E-
64

1/
42

12
41

85
AG

-2
05

/1
22

29
33

1
A

K
-7

78
/1

54
46

00
9

Pe
ro

xi
so

m
e 

pr
ol

ife
ra

to
r 

ac
tiv

at
ed

 
re

ce
pt

or
 

ga
m

m
a 

(P
PA

R-
ga

m
m

a)
 

(p
ro

ba
bi

lit
y)

In
ac

tiv
e 

(0
.9

5)
In

ac
tiv

e 
(0

.9
6)

In
ac

tiv
e 

(0
.9

5)
In

ac
tiv

e 
(0

.9
8)

In
ac

tiv
e

(0
.9

7)
In

ac
tiv

e
(0

.9
4)

In
ac

tiv
e

(0
.9

6)
In

ac
tiv

e
(0

.8
9)

In
ac

tiv
e 

(0
.9

7)
In

ac
tiv

e 
(0

.9
7)

In
ac

tiv
e 

(0
.8

2)

To
x2

1 
st

re
ss

 r
es

po
ns

e 
pa

th
w

ay
s

N
uc

le
ar

 fa
ct

or
 

(e
ry

th
ro

id
-

de
riv

ed
 2

)-
lik

e 
2/

an
tio

xi
da

nt
 

re
sp

on
si

ve
 

el
em

en
t (

nr
f2

/
A

R
E)

  
(p

ro
ba

bi
lit

y)

In
ac

tiv
e 

(0
.9

3)
In

ac
tiv

e 
(0

.9
8)

In
ac

tiv
e 

(0
.8

9)
In

ac
tiv

e 
(0

.9
7)

In
ac

tiv
e

(0
.9

1)
In

ac
tiv

e
(0

.9
0)

In
ac

tiv
e

(0
.9

1)
In

ac
tiv

e
(0

.8
1)

In
ac

tiv
e 

(0
.9

7)
In

ac
tiv

e 
(0

.9
3)

In
ac

tiv
e 

(0
.8

8)

H
ea

t s
ho

ck
 

fa
ct

or
 re

sp
on

se
 

el
em

en
t (

H
SE

) 
(p

ro
ba

bi
lit

y)

In
ac

tiv
e 

(0
.9

3)
In

ac
tiv

e 
(0

.9
8)

In
ac

tiv
e 

(0
.8

9)
In

ac
tiv

e 
(0

.9
7)

In
ac

tiv
e

(0
.9

1)
In

ac
tiv

e
(0

.9
0)

In
ac

tiv
e

(0
.9

1)
In

ac
tiv

e
(0

.8
1)

In
ac

tiv
e 

(0
.9

7)
In

ac
tiv

e 
(0

.9
3)

In
ac

tiv
e 

(0
.8

8)

M
ito

ch
on

dr
ia

l 
m

em
br

an
e 

po
te

nt
ia

l 
(M

M
P)

  
(p

ro
ba

bi
lit

y)

In
ac

tiv
e 

(0
.7

7)
In

ac
tiv

e 
(0

.8
6)

In
ac

tiv
e 

(0
.7

8)
In

ac
tiv

e 
(0

.8
4)

In
ac

tiv
e

(0
.7

3)
In

ac
tiv

e
(0

.5
5)

In
ac

tiv
e

(0
.8

)
In

ac
tiv

e
0.

78
)

In
ac

tiv
e 

(0
.5

8)
In

ac
tiv

e 
(0

.6
8)

In
ac

tiv
e 

(0
.5

3)

Ph
os

ph
op

ro
te

in
  

(tu
m

or
 

su
pr

es
so

r) 
p5

3 
(p

ro
ba

bi
lit

y)

In
ac

tiv
e 

(0
.8

1)
In

ac
tiv

e 
(0

.9
8)

In
ac

tiv
e 

(0
.8

7)
In

ac
tiv

e 
(0

.8
0)

In
ac

tiv
e

(0
.8

1)
In

ac
tiv

e
(0

.8
6)

In
ac

tiv
e

(0
.8

8)
In

ac
tiv

e
(0

.8
8)

In
ac

tiv
e 

(0
.8

3)
In

ac
tiv

e 
(0

.7
2)

In
ac

tiv
e 

(0
.6

9)

A
TP

as
e 

fa
m

ily
 

A
A

A
 d

om
ai

n-
co

nt
ai

ni
ng

 
pr

ot
ei

n 
5 

(A
TA

D
5)

 
(p

ro
ba

bi
lit

y)

In
ac

tiv
e 

(0
.8

6)
In

ac
tiv

e 
(0

.9
8)

In
ac

tiv
e 

(0
.9

7)
In

ac
tiv

e 
(0

.9
0)

In
ac

tiv
e

(0
.9

6)
In

ac
tiv

e
(0

.8
1)

In
ac

tiv
e

(0
.9

8)
In

ac
tiv

e
(0

.9
6)

In
ac

tiv
e 

(0
.9

4)
In

ac
tiv

e 
(0

.8
2)

In
ac

tiv
e 

(0
.8

9)

1576 Structural Chemistry (2022) 33:1569–1583



1 3

Results and discussion

Structure‑based virtual screening

In order to discover and develop drugs against COVID-19, 
large-scale efforts have been made to identify new targets. 
Furthermore, with the help of structural biology, several 
crystal structures of these targets have been reported using 
x-ray crystallography and cryo-EM techniques. We have 
used the structure of SARS-CoV-2 RdRp in a complex with 
a 50-base template-primer RNA and remdesivir at 2.5 Å res-
olution [20]. After initial protein preparation, as described in 
the “Experimental section,” the protein structure was used 
for virtual screening. The screening library dataset was 
downloaded from Asinex and prepared as described in the 
“Experimental section”.

The prepared compound library was docked into the 
active site of RdRp. Rdrp is a highly conserved enzyme in 
the coronavirus family and is essential for its replication 
[47]. The virtual screen ranked the compounds according 
to their interaction score with the binding site amino acid 
residues. On manual inspection of the interaction of the top-
scoring compounds, we selected the top ten compounds. 
The two-dimensional structure of these top-scoring com-
pounds is given in Fig. 1, and the docking score, includ-
ing that of Remdesivir, which was included in the study as 

the active drug, is given in Table 1. The two-dimensional 
ligand interaction diagram and three-dimensional docking 
pose for Remdesivir and the top-scoring five hits are given 
in Figs. 2, 3, and 4.

The identified hits cover diverse chemical scaffolds 
such as benzene sulphonamide, 2,3-pyrrolidinedione, and 
pteridinone. As given in Fig. 2A, Remdesivir gave a bind-
ing affinity of −8 and interacted with the binding pocket 
amino acid residues Arg553, Arg555, Tyr619, and Asp623 
of RdRp mainly through hydrogen bonds and π-cation 
interaction.

Compound AP-263/43503625 (Fig.  2B) showed a 
binding affinity of −7.6 and of interacted with Asp684, 
Ser682, Arg555, Tyr619, Asp760 mainly through 
hydrogen bonds and π-cation interaction. Compound 
AQ-149/41812552 (Fig.  3A) interacted mainly with 
the amino acid residues Lys551, Arg553, Asp623, 
and Asp760 through hydrogen bonds. Compound 
AB-323/25048482 (Fig. 3B) interacted with Asp761, 
Asp760, Ser759, Glu811, and Asp618 through hydrogen 
bonds. Compound AO-022/43455017(Fig. 4A) interacted 
with Lys621, Thr680, and Ser759 through hydrogen 
bonds. Compound AE-641/00004064 (Fig. 3A) inter-
acted with Arg555 with a hydrogen bond. Overall, the 
top selected hits interacted with the binding site amino 
acid residues of RdRp.

Fig. 2  Docked 3D pose and 
protein–ligand interaction dia-
gram of co-crystalized ligand, 
Remdesivir (A) and top hit 
AP-263/43503625 (B)
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In silico ADMET prediction

Prediction of in silico pharmacokinetic properties and their use 
for decision-making at an early stage of drug discovery and 
development program is of utmost importance because of the 
high attrition rate of drug candidates in late-phase clinical tri-
als due to pharmacokinetic issues. Therefore, in silico, ADME 
evaluation of the top hits was performed using the freely avail-
able SwissADME (www. swiss adme. ch) web server [29], and 
the results are provided in Table 2. For comparison, we have 
calculated the ADME properties of Remdesivir as well. The 
results of the ADME study indicated that most of the hits pos-
sess optimal pharmacokinetic properties. It can be observed 
from the results of the ADME study that all the compounds 
except compounds AK-778/15446009 and AE-641/42124185 
did not tend to inhibit the CYP enzyme as predicted by the 
SwissADME server. Also, none of the hits violated Lipinski, 
Ghose, Veber, Egan, and Muegge’s rules. All the hits have 
been predicted to have high synthetic accessibility as well. 
Overall, the results from ADME prediction indicated that 
the identified hits have favorable pharmacokinetic properties, 
which are important for drug development.

For evaluating the potential toxicity of the hit compounds, 
 LD50 (mg/kg), and the probability of hepatotoxicity, carci-
nogenicity, immunotoxicity, mutagenicity, cytotoxicity, and 
inhibition of Tox21 nuclear receptor signalling pathways 

such as Aryl hydrocarbon receptor (AhR), androgen receptor 
(AR), androgen receptor ligand binding domain (AR-LBD), 
aromatase, estrogen receptor alpha (ER), estrogen receptor 
ligand binding domain (ER-LBD), peroxisome proliferator 
activated receptor gamma (PPAR-Gamma), and probabil-
ity of inhibition of Tox21 stress response pathways such 
as nuclear factor (erythroid-derived 2)-like 2/antioxidant 
responsive element (nrf2/ARE), heat shock factor response 
element (HSE), mitochondrial membrane potential (MMP), 
phosphoprotein (Tumor Suppressor) p53, and ATPase family 
AAA domain-containing protein 5 (ATAD5) were calcu-
lated using ProTox-II web server [43]. The results (Table 3) 
indicated that the predicted  LD50 of the evaluated com-
pounds ranged from 400 to 10,000 mg/kg, indicating the 
safety of the hit compounds. For comparison, Remdesivir 
was also subjected to toxicity prediction. Except compounds 
AE-641/42124185 and AK-778/15446009, all the other hit 
compounds were predicted to be inactive for hepatotoxicity. 
Moreover, the probability of compounds AE-641/42124185 
and AK-778/15446009 producing hepatotoxicity was 0.53. 
Additionally, none of the compounds showed potential for 
carcinogenicity. However, some of the hit compounds (AQ-
149/41812552, AO-022/43455017, AQ-149/41812734, 
AE-641/42124185, and AK-778/15446009) were predicted 
to exhibit immunotoxicity. None of the hit compounds 
except AB-323/25048482 and AK-778/15446009 showed 

Fig. 3  Docked 3D pose and 
protein–ligand interaction diagram 
of hits AQ-149/41812552 (A) and 
AB-323/25048482 (B)
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mutagenic potential and cytotoxic potential, respectively. 
Nonetheless, no compound was predicted to show Tox21 
nuclear receptor signalling pathways and Tox21 stress 
response pathways inhibition and toxicity.

Molecular dynamics simulation

Factors like docking score and ADMET properties 
were considered for selecting the top two hits (AP-
263/43503625, AQ-149/41812552), which were further 
subjected to molecular dynamics studies to understand 
the stability of the RdRp-hit complex.

Results from the analysis of the MD trajectory of 
AP-236/43503625 complex are summarized in Fig.  5. 
By analyzing the ligand and protein backbone’s RMSD 
(Fig. 5A), we found that the RMSD value for both protein 
and ligand ranged from 0 to 2.4 Å without any major fluc-
tuation, indicating a stable period protein–ligand complex. 
The RMSF values were also calculated and suggested that 
the protein is relatively rigid with some fluctuations in the 
terminal region, as indicated by the value of RMSF rang-
ing from 0.4 to 3.6 Å (Fig. 5B). Furthermore, analyzing the 
interaction between AP-236/43503625 and the binding site, 
it was observed that the ligand interacted with the RdRp 
active site Ser549, Lys621, Asp623, and Asp760 through 

hydrogen bonding and Arg555 through π-cation interaction. 
Hydrophobic interactions was also noticed with Arg553 and 
Tyr619 (Fig. 5C). Overall, these molecular interactions sta-
bilized the ligand into the binding pocket of RdRP. Moreo-
ver, the ligand RMSF value was observed between 0.5 and 
2 Å and indicated a stable bound ligand (Fig. 5D). Addition-
ally, the extent of molecular interaction during the simula-
tion period is shown in Fig. 5E. The 4-hydroxyphenyl sub-
stituent is shown to interact with the Arg553, Lys621, and 
Asp623 at an extent of 63, 51, and 98%, respectively, during 
the simulated timescale mediated through hydrogen bonds, 
hydrophobic interactions, and water bridges. Moreover, to 
provide a graphical overview of protein–ligand interaction, 
a plot is made showing (Fig. 5F) various interactions in the 
form of hydrogen bonds, hydrophobic, ionic interactions, 
and water bridges occurring during 50-ns simulation time. 
The above part of the figure indicates the total number of 
specific protein–ligand contacts, and the below part indicates 
the residue level interaction of the ligand.

Similarly, results from the analysis of the MD trajectory 
of AQ-149/41812552 complex are summarized in Fig. 6. 
By analyzing the ligand and protein backbone’s RMSD 
(Fig. 6A), we found that the RMSD value for both protein 
and ligand ranged from 1.2 to 2.4 Å without any major fluc-
tuation, indicating a stable period protein–ligand complex. 
The RMSF values were also calculated and suggested that 

Fig. 4  Docked 3D pose and 
protein–ligand interaction diagram 
of hits AO-022/43455017 (A) and 
AE-641/00004064 (B)
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the protein is relatively rigid with some fluctuations in the 
terminal region, as indicated by the value of RMSF rang-
ing from 0.4 to 4 Å (Fig. 6B). Furthermore, analyzing the 
interaction between AQ-149/41812552 and the binding site, 
it was observed that the ligand interacted with the RdRp 
active site Ser549, Lys621, Asp623, and Asp760 through 
hydrogen bonding and Arg555 through π-cation interac-
tion. Hydrophobic interactions with Arg553 and Tyr619 

(Fig. 6C). Overall, these molecular interactions stabilized 
the ligand into the binding pocket of RdRP. Moreover, the 
ligand RMSF value was observed between 0.5 and 2 Å and 
indicated a stable bound ligand (Fig. 6D). Additionally, 
the extent of molecular interaction during the simulation 
period is shown in Fig. 6E. The 4-hydroxyphenyl substituent 
is shown to interact with the Arg553, Lys621, and Asp623 
at an extent of 63, 51, and 98%, respectively, during the 

Fig. 5  Analysis of MD trajectory of AP-263/43503625-protein com-
plex (A) RMSD plot using first frame as reference (B) RMSF plot of 
protein (C) ligand–protein contacts histogram plot (D) RMSF plot of 

ligand (E) ligand–protein contacts diagram (F) molecular interaction 
as a function of time plot
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simulated timescale mediated through hydrogen bonds, 
hydrophobic interactions, and water bridges. Moreover, to 
provide a graphical overview of protein–ligand interaction, 
a plot is made showing (Fig. 6F) various interactions in the 
form of hydrogen bonds, hydrophobic, ionic interactions, 
and water bridges occurring during 50-ns simulation time. 
The above part of the figure indicates the total number of 
specific protein–ligand contacts, and the below part indicates 
the residue level interaction of the ligand.

Conclusions

COVID-19 pandemic caused by SARS-CoV-2 has created 
havoc worldwide, with millions of people losing their life. 
The current vaccination program gives some hope, but the 
constantly mutating virus is prone to become resistant to 
the currently available vaccines. Therefore, novel therapeu-
tics targeting the replication of viruses are much needed. In 
this research work, we have reported structure-based virtual 

Fig. 6  Analysis of MD trajectory of AQ-149/41812552 protein com-
plex (A) RMSD plot using first frame as reference (B) RMSF plot of 
protein (C) ligand–protein contacts histogram plot (D) RMSF plot of 

ligand (E) ligand–protein contacts diagram (F) molecular interaction 
as a function of time plot
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screening to identify ten potential hit molecules against 
SARS-CoV-2 RdRp from a commercially available small 
molecule library. Most of the hits show favorable binding 
with the binding pocket of RdRp. Furthermore, a 50-ns-long 
molecular dynamics simulation of the top two hits reveals 
a stable protein–ligand complex. The main attractive forces 
for ligand binding inside the active site cavity were hydrogen 
bonding and hydrophobic interactions. Additionally, in sil-
ico, the ADMET study indicated that the top identified hits 
have favorable pharmacokinetic properties, which is essen-
tial for a drug candidate to be successful in the development 
phase. We believe that the current study might help in the 
development of drugs against RdRp to tackle COVID-19.

Acknowledgements The authors would like to express their apprecia-
tion to Isthmus Research and Publishing House, New Delhi, India, for 
allowing their resources.

Author contribution All authors contributed to the study conception 
and design. Material arrangement, data acquisition, and analysis were 
performed by Aftab Alam, Gopal Prasad Agrawal, Shamshir Khan, 
Habibullah Khalilullah, and Muhammed Khalid Saifullah. The first 
draft of the manuscript was written by Mohammed Faiz Arshad and all 
authors commented on first and subsequent drafts of the manuscript. 
All authors read and approved the final manuscript.

Availability of data and material Not applicable.

Code availability Not applicable.

Declarations 

Conflict of interest The authors declare no competing interests.

References

 1. Lancet T (2020) Science during COVID-19: where do we go 
from here? Lancet 396:1941

 2. Abbas J (2020) The impact of coronavirus (SARS-CoV2) epi-
demic on individuals mental health: the protective measures 
of Pakistan in managing and sustaining transmissible disease. 
Psychiatr Danub 32:472–477

 3. Arshizadeh S, Hamid Gorgani S, Taheri P, Givgol M, Shahrokhi 
S, Abdalisousan A (2021) The impact of COVID-19 on oil sup-
ply in the short term. Adv J Sci Eng 2:120–135

 4. Ozkendir OM, Askar M, Kocer NE (2020) Influence of the epi-
demic COVID-19: an outlook on health, business and scientific 
studies. Lab in Silico 1:26–30

 5. Lazzari C, Shoka A, Nusair A, Rabottini M (2020) Psychiatry 
in time of COVID-19 pandemic. Psychiatr Danub 32:229–235

 6. Volz E, Mishra S, Chand M, Barrett JC, Johnson R, Geidelberg 
L, Hinsley WR, Laydon DJ, Dabrera G, O’Toole Á, Amato R 
(2021) Transmission of SARS-CoV-2 lineage B. 1.1. 7 in Eng-
land: Insights from linking epidemiological and genetic data. 
MedRxiv 1:2020–2112

 7. Wang P, Nair MS, Liu L, Iketani S, Luo Y, Guo Y, Wang M, 
Yu J, Zhang B, Kwong PD, Graham BS (2021) Antibody resist-
ance of SARS-CoV-2 variants B. 1.351 and B. 1.1. 7. Nature 
593:130–135

 8. Davies NG, Abbott S, Barnard RC, Jarvis CI, Kucharski AJ, 
Munday JD, Pearson CA, Russell TW, Tully DC, Washburne 
AD, Wenseleers T, Waites AG, Wong KLM, ZandvoortKV, 
Silverman JD, CMMID COVID-19 Working Group, COVID-
19 Genomics UK (COG-UK) Consortium, Ordaz KD, Keogh 
R, Eggo RM, Funk S, Jit M, Atkins KE, Edmunds WJ (2021) 
Estimated transmissibility and impact of SARS-CoV-2 lineage 
B. 1.1. 7 in England. Science 372:eabg3055

 9. Deng X, Garcia-Knight MA, Khalid MM, Servellita V, Wang 
C, Morris MK, Sotomayor-González A, Glasner DR, Reyes 
KR, Gliwa AS, Reddy NP, Martin CSS, Federman S, Cheng J, 
Balcerek J, Taylor J, Streithorst JA, Miller S, Sreekumar B, Chen 
PY, Schulze-Gahmen U, Taha TY, Hayashi JM, Simoneau CR, 
Kumar GR, McMahon S, Lidsky PV, Xiao Y, Hemarajata P, Green 
NM, Espinosa A, Kath C, Haw M, Bell J, Hacker JK, Hanson 
C, Wadford DA, Anaya C, Ferguson D, Frankino PA, Shivram 
H, Lareau LF, Wyman SK, Ott M, Andino R, Chiu CY (2021) 
Transmission, infectivity, and neutralization of a spike L452R 
SARS-CoV-2 variant. Cell 184:3426-37

 10. Rao Us V, Arakeri G, Amaral Mendes R (2021) SARS-CoV-2 
variants in India: a call for genomic surveillance. BMJ 373:n1426

 11. Li X, Dong ZQ, Yu P, Wang LP, Niu XD, Yamaguchi H, Li 
DC (2021) Effect of self-assembly on fluorescence in magnetic 
multiphase flows and its application on the novel detection for 
COVID-19. Phys Fluids 33:042004

 12. Zhang Z, Cui F, Cao C, Wang Q, Zou Q (2021) Single-cell RNA 
analysis reveals the potential risk of organ-specific cell types vul-
nerable to SARS-CoV-2 infections. Comput Biol Med 140:105092

 13. Chakraborty C, Bhattacharya M, Mallick B, Sharma AR, Lee SS, 
Agoramoorthy G (2021) SARS-CoV-2 protein drug targets land-
scape: a potential pharmacological insight view for the new drug 
development. Expert Rev Clin Pharmacol 14:225–238

 14. Harismah K, Hajali N, Mirzaei M, Salarrezaei E (2022) Quantum 
processing of cytidine derivatives and evaluating their in silico 
interactions with the COVID-19 main protease. Main Group 
Chem 21: 263–270

 15. Mirzaei M, Harismah K, Da’i M, Salarrezaei E, Roshandel Z 
(2020) Screening efficacy of available HIV protease inhibitors on 
COVID-19 protease. J Mil Med 22:100–107

 16. Khalid H, Hussain R, Hafeez A (2020) Virtual screening of piper-
idine based small molecules against COVID-19. Lab in Silico 
1:50–55

 17. Zhu W, Chen CZ, Gorshkov K, Xu M, Lo DC, Zheng W (2020) 
RNA-dependent RNA polymerase as a target for COVID-19 drug 
discovery. SLAS Discov 25:1141–1151

 18. Citarella A, Scala A, Piperno A, Micale N (2021) SARS-CoV-2 
Mpro: a potential target for peptidomimetics and small-molecule 
inhibitors. Biomolecules 11:607

 19. Wang Y, Anirudhan V, Du R, Cui Q, Rong L (2021) RNA-dependent 
RNA polymerase of SARS-CoV-2 as a therapeutic target. J Med 
Virol 93:300–310

 20. Ko WC, Rolain JM, Lee NY, Chen PL, Huang CT, Lee PI, Hsueh 
PR (2020) Arguments in favour of remdesivir for treating SARS-
CoV-2 infections. Int J Antimicrob Agents 55:105933

 21. Gao Y, Yan L, Huang Y, Liu F, Zhao Y, Cao L, Wang T, Sun Q, 
Ming Z, Zhang L, Ge J (2020) Structure of the RNA-dependent 
RNA polymerase from COVID-19 virus. Science 368:779–782

 22. Butcher SJ, Grimes JM, Makeyev EV, Bamford DH, Stuart DI 
(2001) A mechanism for initiating RNA-dependent RNA polym-
erization. Nature 410:235–240

 23. Al-Tawfiq JA, Al-Homoud AH, Memish ZA (2020) Remdesivir 
as a possible therapeutic option for the COVID-19. Travel Med 
Infect Dis 34:101615

 24. Wilson KC (2021) Coronavirus disease 2019 management. Curr 
Opin Pulm Med 27:169–175

1582 Structural Chemistry (2022) 33:1569–1583



1 3

 25. Brown AJ, Won JJ, Graham RL, Dinnon KH III, Sims AC, Feng 
JY, Cihlar T, Denison MR, Baric RS, Sheahan TP (2019) Broad 
spectrum antiviral remdesivir inhibits human endemic and 
zoonotic deltacoronaviruses with a highly divergent RNA depend-
ent RNA polymerase. Antiviral Res 169:104541

 26. Furuta Y, Gowen BB, Takahashi K, Shiraki K, Smee DF, Barnard 
DL (2013) Favipiravir (T-705), a novel viral RNA polymerase 
inhibitor. Antiviral Res 100:446–454

 27. Alamer A, Alrashed AA, Alfaifi M, Alosaimi B, AlHassar F, 
Almutairi M, Howaidi J, Almutairi W, Mohzari Y, Sulaiman T, 
Al-Jedai A (2021) Effectiveness and safety of favipiravir com-
pared to supportive care in moderately to critically ill COVID-
19 patients: a retrospective study with propensity score match-
ing sensitivity analysis. Curr Opin Pulm Med 37:1085–1097

 28. Zou Y, Wu H, Guo X, Peng L, Ding Y, Tang J, Guo F (2021) 
MK-FSVM-SVDD: a multiple kernel-based fuzzy SVM model 
for predicting DNA-binding proteins via support vector data 
description. Curr Bioinform 16:274–283

 29. Zhao B, Zhang X, Yu T, Liu Y, Zhang X, Yao Y, Feng X, Liu 
H, Yu D, Ma L, Qin S (2021) Discovery of thiosemicarba-
zone derivatives as effective New Delhi metallo-β-lactamase-1 
(NDM-1) inhibitors against NDM-1 producing clinical isolates. 
Acta Pharm Sin B 11:203–221

 30. Zandi H, Harismah K (2021) Computer-based tools for struc-
tural characterizations and activity specifications of natural 
products: a quick review. Lab in Silico 2:50–54

 31. Wang Z, Xiang H, Dong P, Zhang T, Lu C, Jin T, Chai KY 
(2021) Pegylated azelaic acid: synthesis, tyrosinase inhibi-
tory activity, antibacterial activity and cytotoxic studies. J Mol 
Struct 1224:129234

 32. Ghanadian M, Ali Z, Khan IA, Balachandran P, Nikahd M, 
Aghaei M, Mirzaei M, Sajjadi SE (2020) A new sesquiterpenoid 
from the shoots of Iranian Daphne mucronata Royle with selec-
tive inhibition of STAT3 and Smad3/4 cancer-related signaling 
pathways. DARU J Pharm Sci 28:253–262

 33. Bowers KJ, Chow DE, Xu H, Dror RO, Eastwood MP, 
Gregersen BA, Klepeis JL, Kolossvary I, Moraes MA, Sacerdoti 
FD, Salmon JK, Shan Y, Shaw DE (2006) Scalable algorithms 
for molecular dynamics simulations on commodity clusters. 
InSC'06: Proceedings of the 2006 ACM/IEEE Conference on 
Supercomputing. IEEE 43–43

 34. Yin W, Mao C, Luan X, Shen DD, Shen Q, Su H, Wang X, 
Zhou F, Zhao W, Gao M, Chang S (2020) Structural basis for 
inhibition of the RNA-dependent RNA polymerase from SARS-
CoV-2 by remdesivir. Science 368:1499–1504

 35. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt 
DM, Meng EC, Ferrin TE (2004) UCSF Chimera—a visualiza-
tion system for exploratory research and analysis. J Comput Chem 
25:1605–1612

 36. Asinex LTD, ASINEX Platinum and Gold by Asinex Ltd. 
https:// www. selec tscie nce. net/ produ cts/ asinex- plati numand- 
gold/? prodID= 10340. Accessed 9 Dec 2021

 37. Kumar R, Kumar A, Långström B, Darreh-Shori T (2017) 
Discovery of novel choline acetyltransferase inhibitors using 
structure-based virtual screening. Sci Rep 7:16287

 38. Uniyal A, Mahapatra MK, Tiwari V, Sandhir R, Kumar R (2020) 
Targeting SARS-CoV-2 main protease: structure based virtual 
screening, in silico ADMET studies and molecular dynamics 
simulation for identification of potential inhibitors. J Biomol 
Struct Dyn 2020:1–17

 39. Ropp PJ, Spiegel JO, Walker JL, Green H, Morales GA, Milliken 
KA, Ringe JJ, Durrant JD (2019) Gypsum-DL: an open-source 
program for preparing small-molecule libraries for structure-based 
virtual screening. J Cheminform 11(1):1–3

 40. Dallakyan S, Olson AJ (2015) Small-molecule library screening 
by docking with PyRx. Methods Mol Biol 1263:243–250

 41. Trott O, Olson AJ (2010) AutoDock Vina: improving the speed 
and accuracy of docking with a new scoring function, efficient 
optimization, and multithreading. J Comput Chem 31:455–461

 42. O’Boyle NM, Banck M, James CA, Morley C, Vandermeersch 
T, Hutchison GR (2011) Open babel: an open chemical toolbox. 
J Cheminform 3:1–4

 43. Alavijeh MS, Palmer AM (2004) The pivotal role of drug metabo-
lism and pharmacokinetics in the discovery and development of 
new medicines. Curr Opin Investig Drugs 5:755–763

 44. Daina A, Michielin O, Zoete V (2017) SwissADME: a free web 
tool to evaluate pharmacokinetics, drug-likeness and medicinal 
chemistry friendliness of small molecules. Sci Rep 7:1–3

 45. Banerjee P, Eckert AO, Schrey AK, Preissner R (2018) ProTox-II: 
a webserver for the prediction of toxicity of chemicals. Nucleic 
Acids Res 46:W257–W263

 46. Martyna GJ, Tobias DJ, Klein ML (1994) Constant pressure 
molecular dynamics algorithms. J Chem Phys 101:4177–4189

 47. Chen Y, Liu Q, Guo D (2020) Emerging coronaviruses: genome 
structure, replication, and pathogenesis. J Med Virol 92:418–423

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

1583Structural Chemistry (2022) 33:1569–1583

https://www.selectscience.net/products/asinex-platinumand-gold/?prodID=10340
https://www.selectscience.net/products/asinex-platinumand-gold/?prodID=10340

	Towards the discovery of potential RdRp inhibitors for the treatment of COVID-19: structure guided virtual screening, computational ADME and molecular dynamics study
	Abstract
	Introduction
	Experimental section
	Protein preparation
	Small molecule database preparation
	Structure-based virtual screening
	In silico ADMET prediction
	Molecular dynamics simulation


	Results and discussion
	Structure-based virtual screening

	In silico ADMET prediction
	Molecular dynamics simulation
	Conclusions
	Acknowledgements 
	References


