
Vol.:(0123456789)1 3

Molecular Diversity (2022) 26:1645–1661 
https://doi.org/10.1007/s11030-021-10298-0

ORIGINAL ARTICLE

Structure‑based virtual screening, in silico docking, ADME properties 
prediction and molecular dynamics studies for the identification 
of potential inhibitors against SARS‑CoV‑2 Mpro

Anbuselvam Mohan1 · Nicole Rendine2 · Mohammed Kassim Sudheer Mohammed3 · Anbuselvam Jeeva4 · 
Hai‑Feng Ji2 · Venkateswara Rao Talluri5

Received: 28 December 2020 / Accepted: 2 August 2021 / Published online: 4 September 2021 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract
COVID-19 is a viral pandemic caused by SARS-CoV-2. Due to its highly contagious nature, millions of people are getting 
affected worldwide knocking down the delicate global socio-economic equilibrium. According to the World Health Organiza-
tion, COVID-19 has affected over 186 million people with a mortality of around 4 million as of July 09, 2021. Currently, there 
are few therapeutic options available for COVID-19 control. The rapid mutations in SARS-CoV-2 genome and development 
of new virulent strains with increased infection and mortality among COVID-19 patients, there is a great need to discover 
more potential drugs for SARS-CoV-2 on a priority basis. One of the key viral enzymes responsible for the replication and 
maturation of SARS-CoV-2 is Mpro protein. In the current study, structure-based virtual screening was used to identify four 
potential ligands against SARS-CoV-2 Mpro from a set of 8,722 ASINEX library compounds. These four compounds were 
evaluated using ADME filter to check their ADME profile and druggability, and all the four compounds were found to be 
within the current pharmacological acceptable range. They were individually docked to SARS-CoV-2 Mpro protein to assess 
their molecular interactions. Further, molecular dynamics (MD) simulations was carried out on protein–ligand complex using 
Desmond at 100 ns to explore their binding conformational stability. Based on RMSD, RMSF and hydrogen bond interac-
tions, it was found that the stability of protein–ligand complex was maintained throughout the entire 100 ns simulations for 
all the four compounds. Some of the key ligand amino acid residues participated in stabilizing the protein–ligand interactions 
includes GLN 189, SER 10, GLU 166, ASN 142 with PHE 66 and TRP 132 of SARS-CoV-2 Mpro. Further optimization of 
these compounds could lead to promising drug candidates for SARS-CoV-2 Mpro target.
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Introduction

COVID-19 is currently the most prevalent zoonotic infec-
tious disease caused by SARS-CoV-2 virus. According to 
the World Health Organization (WHO), COVID-19 has 
affected over 186 million people and resulted in the death 
of 4 million people as of July 09, 2021[1, 2]. There are 
seven different strains of corona viruses that cause severe 
life-threatening infections in human’s viz. HCoV-OC43, 
HCoV-HKU1, HCoV-229E, HCoV-NL63, MERS-CoV, 
SARS-CoV and SARS-CoV-2. These are responsible for 
the most life-threatening infectious diseases including those 
that cause complications with the respiratory and nervous 
systems, hepatic function and gastrointestinal system in 
humans [3].

SARS-CoV-2 virus is the most prominent viral infection 
that triggered the current global COVID-19 pandemic [4]. 
The COVID-19 infection is transmitted between humans 
primarily through respiratory droplets, fecal matter, and 
close contact with an infected person. The most common 
symptoms of COVID-19 are the onset of a fever, fatigue, dry 
cough, and diarrhea. Based on the symptoms, COVID-19 
infections are classified into four groups: mild, moderate, 
severe, and critical. In a mild infection of COVID-19, the 
symptoms include headache, muscle pain, dry cough, mild 
fever, nasal congestion, sore throat and malaise. In the mod-
erate COVID-19 infection, the symptoms include breathing 
problems and tachypnoea. In severe & critical COVID-19 
infection, acute respiratory distress syndrome (ARDS), sep-
sis and the dysfunction of vital organs [5] occur.

SARS-CoV-2 binds to ACE2 receptors present on the 
surface of the human host cell. ACE2 receptor in humans is 
primarily found in the nasopharynx and interstitial epithelia, 
especially type II alveolar cells in the lung. The genomic 
RNA of SARS-CoV-2 directly attaches to the host’s ribo-
somes and initiates viral genome transcription. This occurs 
through the proteolytic process and is carried out by the 
papain-like protease (PLpro) and corona virus main protease 
(Mpro). SARS-CoV-2’s entire viral genome is 30 kb that 
encompass 29, 903 nucleotides and encodes 14 open read-
ing frames (ORFs). Non-structural proteins are generated by 
Mpro and thus participate in viral replication. The 3′ end of 
the viral genome encodes the following structural proteins: 
spike(S)-glycoprotein, envelope protein (E), membrane pro-
tein (M), nucleoprotein (N), and nine putative accessory fac-
tors. These proteins are responsible for viral replication and 
viral functioning inside the host. Therefore, Mpro is a promis-
ing anti-viral drug target for COVID-19[6, 7, 8, 9, 10, 11 and 
12].The Mpro of SARS-CoV-2 is a homodimer that contains 
306 amino acids and three significant functional domains. 

Domain I and II consists of an anti-parallel β-sheet struc-
ture, similar to chymotrypsin. Domain III consists of alpha-
helices, with the third region connected to the second region 
through a long loop region containing 185–200 residues. 
The active site contains a Cys-His catalytic dyad located 
in a cleft between Domains I and II. Domains II and III are 
connected by a long loop of 185–200 amino acid residues.

The currently in practice vaccines or anti-viral therapeu-
tics including darunavir, atazanavir, nelfinavir, indinavir, 
amprenavir, ritonavir, lopinavir, hydroxychloroquine, chlo-
roquine, remdesivir and azithromycin are partially effec-
tive in controlling the severity of the disease and mortality. 
Therefore, there is an urgent need for the development of 
effective drugs against COVID-19 [13]. From the prehis-
toric times, medicinal plants played a significant role in drug 
development due to presence of rich biochemical’s such as 
alkaloids, flavanoids, phenols, chalcones, coumarines, lig-
nans, polyketides, alkanes, alkenes, alkynes, simple aromat-
ics, peptides, terpenes and steroids with high therapeutic 
properties. According to World Health Organization (WHO), 
80% of traditional medicines are prepared from medicinal 
plants [14].Computer-aided drug design plays a significant 
role in drug discovery and development. In the current study, 
structure-based virtual screening, ADME properties filtra-
tion and molecular dynamic simulations were carried out 
against Mpro of SARS-CoV-2 to identify the best possible 
drug/s that can stop viral multiplication at an early stage and 
reduce the mortality.

Materials and methods

Structure‑based virtual screening

Computer-aided drug design (CADD) plays a crucial role in 
the preliminary phases of drug discovery and development, 
especially structure-based virtual screening (SBVS).This is 
a very popular in silico technique due to its speed, accuracy 
and low cost. SBVS is one of the most important techniques 
to contribute to the determination of lead compounds from a 
vast chemical library based on the 3-Dimensional structure 
of the drug target [15]. Molecular docking is one of the most 
prominent structure based drug design (SBDD) approaches. 
It accurately predicts the binding modes of a ligand within 
the binding pocket of a specific therapeutic drug target based 
on ligand interactions with the molecular entities found in 
the binding pocket.

In the current study, the 3-D coordinates of therapeutic 
target SARS-CoV-2Mpro (PDB ID: 6LU7) with co-crys-
tallized inhibitor N3 was obtained from the protein data 
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bank [16]. Prior to docking, crystal structure coordinates of 
SARS-CoV-2 Mpro target proteins and compounds were pre-
pared using protein preparation panel of Schrodinger soft-
ware to bring them to their biological active state. During 
this process, the co-crystallized ligand and unwanted water 
molecules were removed, missing heavy atoms and formal 
charges were added, bond orders were adjusted, hydrogen 
atoms were added, proper charges were assigned to the target 
structure, and optimization and energy minimization were 
completed with the help of an OPLS3 force filed [17]. The 
prepared protein structure was subsequently taken to gird 
generation. In the present study, Schrodinger Glide version 
5.5 was used for docking. The binding pocket residues of 
co-crystallized SARS-CoV-2Mpro(PDB ID: 6LU7) ASP 187, 
HIS 41, GLU 166, MET 49, TYR 54, CYS 145, GLN 189, 
SER 10, HIS 164 and ASN 142 shows extensive interaction 
with the co-crystal ligand N3[16]. Therefore, a grid box was 
generated by selecting the center of the co-crystal ligand 
(i.e., N3) as the centroid of the grid box (20 Å × 20 Å × 20 Å) 
by utilizing the receptor grid generation panel implanted 
within the Schrodinger suite.

For the ligand preparation, initially, 8,722 anti-viral 
compounds were downloaded from the ASINEX database 
in SDF format and reference co-crystal ligand (i.e., N3) 3-D 
structure was obtained in the PDB format [18, 19].LigPrep 
module of Schrodinger software suite was utilized for ligand 
preparation. During ligand preparation, the following criteria 
including (i) OPLS3 force field, (ii) generation of all pos-
sible ionization states at pH 7.0 ± 2.0, (iii) desalt option, (iv) 
generation of tautomers for all conformers, (v) generation 
of one low energy conformer per ligand was implemented. 
The prepared ligands were subsequently taken through a 
structure-based virtual screening process [20, 21] using 
Glide module of Schrodinger suite. The HTVS mode was 
employed for filtering the chemical entities suggested from 
the library of molecules, SP mode was applied for further 
screening, and XP mode was utilized to obtain more accurate 
docking calculations [22].

Assessment of ADME properties

Assessment of the pharmacological profile is one of the 
most important steps in the early stages of a drug discov-
ery and development process. Schrodinger QikProp mod-
ule was used to calculate ADME properties and screen the 
compounds. Some of the very important properties utilized 
for ligand screening includes partition coefficient (QP log 
P octanol/water), water solubility (QPlogS), percentage 
of human oral absorption, apparent MDCK permeability 

(QPPMDCK), prediction of blood–brain barrier permeabil-
ity (QPlogBB), molecular weight and hydrogen bond donors 
and acceptors [23, 24].

Molecular dynamics simulation

Understanding the molecular interactions between simple 
and macromolecular structures at the atomic level are a 
challenging task for a molecular biologist. Desmond soft-
ware [25] was utilized for the analysis of molecular interac-
tions at different time scales. From the virtual screening, 
four best protein–ligand complexes were selected based on 
their Glide score. SPC water model was used for salvation of 
the protein–ligand complexes with the orthorhombic water 
boundary box set to a box size of X = 10 Å, Y = 10 Å, and 
Z = 10 Å. Counter ions were added to the complex to neu-
tralize the solvated system. The complex energy was mini-
mized using an OPLS3e force field [26, 27]. In the current 
study, isothermal-isobaric (NPT) ensemble was employed. 
The molecular dynamics simulation run time was set at 
100 ns, with a recording interval of 100 ps and energy of 
1.2 ps. After the molecular dynamics run, RMSD and RMSF 
of the complexes were analyzed using the simulation interac-
tion diagram panel embedded within Maestro.

Results and discussion

Selection of potential inhibitors for therapeutic 
targets of SARS‑CoV‑2Mpro

Theoretical and experimental information of therapeutic tar-
gets is crucial for structure-based virtual screening. In order 
to identify potential inhibitors for SARS-CoV-2Mpro, anti-
viral compounds from the ASINEX database were docked 
using Glide software in the virtual screening study. Finally, 
potential inhibitors were selected based on their Glide score.

Molecular docking with SARS‑CoV‑2Mpro

Mpro is a crucial enzyme that participates in the transcription 
of the SARS-CoV-2 viral genome and, therefore, is an attrac-
tive drug target. To evaluate the effectiveness of the Glide 
docking protocols, a crystal structure of SARS-CoV-2 Mpro 
(PDB: 6LU7) from PDB was initially obtained and a co-
crystal inhibitor N3 was extracted from the binding pocket 
of the SARS-CoV-2Mpro protein target. The N3 inhibitor 
was then redocked into the same position in SARS-CoV-2 
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Mpro using three different Glide docking protocols: HTVS, 
SP, and XP. The scores for each protocol were noted for the 
reference ligand N3 (− 5.52 kcal/mol, -6.24 kcal/mol, and 
− 6.63 kcal/mol, respectively). In the XP docking mode, the 
reference ligand N3 maintained hydrogen bond with follow-
ing residues: ASP 197, HIS 41, and GLU 166 which has 
two hydrogen bond interactions. The residues had following 
bond lengths: 2.27 Å, 2.26 Å, 2.22 Å, and 1.90 Å, respec-
tively. The amino acid residues MET 49, CYC 44, TYR 254, 
LEU 141, PHE 140, VAL 186, MET 165, PHE 181, and 
CYS 145 play a crucial role in hydrophobic interactions. The 
native crystal structure of SARS-CoV-2 and the docked con-
formers of SARS-CoV-2 were superimposed and the RMSD 
of the superimposed structures was calculated. Interestingly, 
the RMSD was found to be 0.166 Å. This result clearly indi-
cates the dynamic nature of Glide docking protocol.

Initially, a total of 8,722 anti-viral compounds from 
ASINEX library were docked into the active site of 
SARS-CoV-2 to obtain Glide scores, which represent the 
binding affinities. The Glide score was used to rank the 
compounds. A high throughput virtual screening con-
firmed stronger binding of these compounds with Mpro in 
comparison to reference ligand N3, with a Glide score 
of − 5.25 kcal/mol. The compounds were then allowed to 
dock with the binding pocket of SARS-CoV-2 in the stand-
ard precision mode yielding 700 compounds with a Glide 
score lower than − 6.24 kcal/mol. These 700 compounds 
were allowed to dock using the extra precision mode in 
Glide leading to identification of four potential ligands 
exhibiting better binding than the reference compound N3 
with binding free energy of − 6.63 kcal/mol. The overall 
workflow was reported in Fig. 1.

The four potential, drug-like compounds exceed the 
pharmacokinetic factors, or requirements that are defined 
for drugs for human consumption and, therefore, qualify as 
potential drug-like molecules. The interacting residues for 
these lead compounds are shown in Table 1 and their dock-
ing pose are depicted in Fig. 2.

Glide score (Kcal/mol); Glide energy (Kcal/mol); No of 
hydrogen bond interaction; Interacting residues; Distance 
between the protein and ligand (Å).

ADME properties prediction

The ADME parameters of the four newly identified hit 
compounds were evaluated using QikProp software mod-
ule. The drug-like properties of the four newly identified hit 
compounds were assessed based on Lipinski’s rule of five 
and all the four hit compounds expressed drug-like behav-
ior including molecular mass less than 500 Da, hydrogen 
bond donors less than 5, 10 hydrogen bond acceptors and 
less than 5 octanol-water partition coefficient(logP). The 
predicted cell permeability (QPPcaco2) ranged from 113 to 
520 nm s−1. The predicted value clearly indicates all the four 
compounds have excellent intestinal absorption capabilities. 
The predicted blood–brain barrier passage was within a safe 
range of − 1.579 to − 0.506 nm s−1. This value indicates 
the compounds do not cause any adverse side effects to the 
brain. The human oral absorption percentage ranged from 65 
to 93%. The predicted aqueous solubility (QPlogS) ranged 
from − 5.254 to − 3.320. The predicted binding to human 
serum albumin (QPksha) was fairly low, − 0.132 to − 0.405. 
The predicted MDCK value was also below the average 
range, 46 to 512. The number of rotatable bonds ranged from 
4000 to 7000. All the pharmacokinetic parameters fit well 
within the satisfactory range. The previously stated values 
clearly indicate the hit compounds possess good solubility, 
membrane permeability and efficiently reach the target site 
to produce the desired biological activity. The results of the 
ADME properties are reported in Table 2 (Fig. 3).

Molecular weight (< 500 Da), Hydrogen bond donors 
(< 5). Hydrogen bond acceptors (< 10).

Predicted octanol/water partition co-efficient log p 
(acceptable range: 22.0 to 6.5). Predicted aqueous solubility; 
S in mol/L (acceptable range: 26.5 to 0.5). Predicted Caco-2 
cell permeability in nm/s (acceptable range: 25 is poor and 
0.500 is great). Prediction of binding to human serum albu-
min (acceptable range: 21.5 to 1.5). QP log BB for brain/
blood (− 3.0 to 1.2). Predicted percentage of human oral 
absorption is poor (25%).
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Fig. 1   The overall workflow of 
virtual screening

Screening of 8222Anti-viral 
compounds from ASINEX

Filtered 1: Glide HTVS docking 
score < -5.52 Kcal/mol

350 Hits

1000 Hits 

4 Hits

4 Hits

4 Hits

Filtered 4: ADME properties

Filtered 3: Glide XP docking score 
< -6.63 Kcal/mol

Filtered 2: Glide SP docking score 
< -6.24 Kcal/mol

Filtered 5: Molecular dynamics 
simulation

Structure based virtual screening 
against SARSCoV-2 Mpro

Table 1   Glide extra-precision (XP) results for the four potential compounds

S. No Compound Name Glide score Glide Energy No. of 
hydrogen 
bonds

Interaction residues Distance (Å)

1 [3,4-Dihydroxy-2-(5-ethyl-2,4-dioxo-3,4-dihydro-2H-py-
rimidin-1-yl)-cyclopentyl]-carbamicacid tert-butyl ester

− 8.21 − 64.35 5 GLN 189 (2)
HIS 164
LEU 141
ASN 142

2.38, 1.84
2.04
2.04
1.94

2 1-{[(1-Methyl-piperidin-2-ylmethyl)-carbamoyl]-methyl}-
2-oxo-1,2-dihydro-pyridine-3-carboxylicacid (4-fluoro-
phenyl)-amide

− 7.89 − 68.94 4 GLN 189
PHE 140
GLU166
HIS 164

2.16
2.10
2.11
2.26

3 1-({[Cyclopropyl-(1-methyl-1H-imidazol-2-yl)-methyl]-
carbamoyl}-methyl)-2-oxo-1,2-dihydro-pyridine-3-car-
boxylic acid (4-fluoro-phenyl)-amide

− 7.87 − 76.70 4 GLN 189
PHE 140
GLU166
HIS 164

2.13
2.26
1.93
2.30

4 1-{[Methyl-(5-methyl-1H-pyrazol-3-ylmethyl)-carbamoyl]-
methyl}-2-oxo-1,2-dihydro-pyridine-3-carboxylic acid 
cyclohexylamide

− 7.45 − 62.67 3 GLY 143
LEU 141
GLN 189

2.07
1.93
1.56
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Docking study

Binding analysis of [3,4‑Dihydroxy‑2‑(5‑ethyl‑2,4‑dioxo‑ 
3,4‑dihydro‑2H‑pyrimidin‑1‑yl)‑cyclopentyl]‑carbamic acid 
tert‑butyl ester

The docking pose of [3,4-Dihydroxy-2-(5-ethyl-2,4-dioxo-
3,4-dihydro-2H-pyrimidin-1-yl)-cyclopentyl]-carbamic 
acid tert-butyl ester inside the binding cavity of the SARS-
CoV-2Mpro was analyzed. The Glide score and Glide 
energy were found to be − 8.21 kcal/mol and -64.35 kcal/
mol, respectively. The docking pose revealed that the 
[3,4-Dihydroxy-2-(5-ethyl-2,4-dioxo-3,4-dihydro-2H-py-
rimidin-1-yl)-cyclopentyl]-carbamic acid tert-butyl ester 
formed five hydrogen bonds with the SARS-CoV-2 Mpro. 
The side-chain hydrogen atom of GLN 189 of SARS-CoV-2 
Mpro was involved in the formation of a hydrogen bond with 
the oxygen of the [3,4-Dihydroxy-2-(5-ethyl-2,4-dioxo-
3,4-dihydro-2H-pyrimidin-1-yl)cyclopentyl] carbamic acid 

tert-butyl ester. This hydrogen bond has a bond length of 
1.84 Å, 2.38 Å. The hydrogen of [3,4-Dihydroxy-2-(5-ethyl-
2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl) cyclopentyl]-
carbamic acid tert-butyl ester interacts with the oxygen of 
LEU 141 of SARS-CoV-2 Mpro target. This hydrogen bond 
has a bond length of 2.04 Å. The hydrogen of [3,4-Dihy-
droxy-2-(5-ethyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-
1-yl)-cyclopentyl]-carbamic acid tert-butyl ester interacts 
with the oxygen of residue HIS 164 of SARS-CoV-2 Mpro 
to form a hydrogen bond with a bond length of 2.04 Å. 
The hydrogen of the [3,4-Dihydroxy-2-(5-ethyl-2,4-dioxo-
3,4-dihydro-2H-pyrimidin-1-yl)-cyclopentyl]-carbamic acid 
tert-butyl ester participates in a hydrogen bond with the side 
chain oxygen. A series of key amino acids located in the 
active site of SARS-CoV-2 Mpro, such as LEU 27, PRO 52, 
TYR 54, PHE 181, LEU 141, MET 165, MET 49 and CYC 
145 accounts for the hydrophobic interactions in the pro-
tein–ligand complex.

Fig. 2:   3-D interaction representation of the top four molecules in the 
active site of the Mpro. a [3,4-Dihydroxy-2-(5-ethyl-2,4-dioxo-3,4-di-
hydro-2H-pyrimidin-1-yl)cyclopentyl]-carbamicacid tert-butyl ester: 
b. 1-{[(1-Methyl-piperidin-2-ylmethyl)-carbamoyl]-methyl}-2-oxo-
1,2dihydro-pyridine-3-carboxylicacid (4-fluoro-phenyl)-amide. c. 

1-({[Cyclopropyl-(1-methyl-1H-imidazol-2-yl)-methyl]-carbamoyl}-
methyl)-2-oxo-1,2-dihydro-pyridine-3-carboxylic acid (4-fluoro-
phenyl)-amide. d. 1-{[Methyl-(5-methyl-1H-pyrazol-3-ylmethyl)-
carbamoyl]-methyl}-2-oxo-1,2-dihydro-pyridine-3-carboxylic acid 
cyclohexylamide
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Binding mode of 1‑{[(1‑Methyl‑piperidin‑2‑ylmethyl)‑ 
carbamoyl]‑methyl}‑2‑oxo‑1,2‑dihydro‑pyridine‑ 
3‑carboxylic acid (4‑fluoro‑phenyl)‑amide

The docking pose of the 1-{[(1-Methyl-piperidin-
2-ylmethyl)-carbamoyl]-methyl}-2-oxo-1,2-dihydro-pyri-
dine-3-carboxylic acid (4-fluoro-phenyl)-amide inside the 
binding cavity of the SARS-CoV-2Mpro was examined. 
The docking pose revealed four hydrogen bond interac-
tions between the 1-{[(1-Methyl-piperidin-2-ylmethyl)-
carbamoyl]-methyl}-2-oxo-1,2-dihydro-pyridine-3-carbox-
ylic acid (4-fluoro-phenyl)-amide and the binding pocket 
region of the SARS-CoV-2 Mpro. The hydrogen atom of the 
1-{[(1-Methyl-piperidin-2-ylmethyl)-carbamoyl]-methyl}-
2-oxo-1,2-dihydro-pyridine-3-carboxylic acid (4-fluoro-
phenyl)-amide formed a hydrogen bond with an oxygen of 
the backbone residue PHE 140. This hydrogen bond had a 
bond length of 2.10 Å. The side-chain hydrogen atom of the 
polar residue GLN 189 formed a hydrogen bond with the 
oxygen atom of the 1-{[(1-Methyl-piperidin-2-ylmethyl)-
carbamoyl]-methyl}-2-oxo-1,2-dihydro-pyridine-3-carbox-
ylic acid (4-fluoro-phenyl)-amide. This hydrogen bond had 
a bond length of 2.16 Å. The backbone hydrogen atom of 
the negatively charged residue GLU 166 formed a hydrogen 
bond with the oxygen atom of the1-{[(1-Methyl-piperidin-
2-ylmethyl)-carbamoyl]-methyl}-2-oxo-1,2-dihydro-pyri-
dine-3-carboxylic acid (4-fluoro-phenyl)-amide. This hydro-
gen bond had a bond length of 2.11 Å. The hydrogen atom 
of the 1-{[(1-Methyl-piperidin-2-ylmethyl)-carbamoyl]-
methyl}-2-oxo-1,2-dihydro-pyridine-3-carboxylic acid 
(4-fluoro-phenyl)-amide interacted with the oxygen atom of 
the backbone residue HIS 164 to form a hydrogen bond with 
a bond length of 2.26 Å. Similarly, a series of key amino 
acids located in the active site, such as LEU 141, MET 165, 
MET 49, CYC 145, PRO 52, TYR 54 and CYS 44, accounts 
for the hydrophobic interactions. The Glide score and Glide 
energy were found to be − 7.89 kcal/mol and − 68.94 kcal/
mol, respectively.

Binding mode of—({[Cyclopropyl‑(1‑methyl‑1H‑ 
imidazol‑2‑yl)‑methyl]‑carbamoyl}‑methyl)‑2‑oxo‑1,2‑ 
dihydro‑pyridine‑3‑carboxylic acid (4‑fluoro‑phenyl)‑amide

The docking pose of -({[Cyclopropyl-(1-methyl-1H-imi-
dazol-2-yl)-methyl]-carbamoyl}-methyl)-2-oxo-1,2-dihy-
dro-pyridine-3-carboxylic acid (4-fluoro-phenyl)-amide 
within the binding cavity of the SARS-CoV-2Mpro was 
examined. The Glide score and Glide energy were obtained  
− 7.87 kcal/mol and -76.70 kcal/mol, respectively. The dock-
ing pose displayed only four hydrogen bond interactions 
formed between the-({[Cyclopropyl-(1-methyl-1H-imida-
zol-2-yl)-methyl]-carbamoyl}-methyl)-2-oxo-1,2-dihydro-
pyridine-3-carboxylic acid (4-fluoro-phenyl)-amide and the Ta
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binding cavity of the SARS-CoV-2 Mpro. The following resi-
dues participated in hydrogen bond interactions: PHE 140, 
GLU 166, HIS 164, and GLN 189. The bond lengths of the 
preceding hydrogen bonds were as follows: 2.26 Å, 1.93 Å, 
2.30 Å, and 2.13 Å, respectively. Similarly, a series of key 
amino acids located in the active site, such as PRO 52, LEU 
141, MET 165, MET 49, CYC 145, TYR 54 and CYS 44, 
accounts for hydrophobic interactions.

Binding mode of 1‑{[Methyl‑(5‑methyl‑1H‑pyrazol‑3‑ 
ylmethyl)‑carbamoyl]‑methyl}‑2‑oxo‑1,2‑dihydro‑ 
pyridine‑3‑carboxylic acid cyclohexylamide

The docking pose of the 1-{[Methyl-(5-methyl-1H-pyra-
zol-3-ylmethyl)-carbamoyl]-methyl}-2-oxo-1,2-dihydro-
pyridine-3-carboxylic acid cyclohexylamide within the 
binding cavity region of the SARS-CoV-2 Mpro was exam-
ined. The Glide score and Glide energy were obtained to 
be -7.45  kcal/mol and − 62.67  kcal/mol, respectively. 
The binding pose exhibited three hydrogen bond inter-
actions between the 1-{[Methyl-(5-methyl-1H-pyrazol-
3-ylmethyl)-carbamoyl]-methyl}-2-oxo-1,2-dihydro-
pyridine-3-carboxylic acid cyclohexylamide and the 
SARS-CoV-2 Mpro. The side-chain hydrogen atom of the 
polar residue GLN 189 interacts with an oxygen atom of the 

1-{[Methyl-(5-me+thyl-1H-pyrazol-3-ylmethyl)-carbamoyl]-
methyl}-2-oxo-1,2-dihydro-pyridine-3-carboxylic acid 
cyclohexylamide to form a hydrogen bond with a bond length 
of 1.56 Å. A hydrogen atom of the 1-{[Methyl-(5-methyl-
1H-pyrazol-3-ylmethyl)-carbamoyl]-methyl}-2-oxo-1,2-di-
hydro-pyridine-3-carboxylicacid cyclohexylamide formed a 
hydrogen bond with an oxygen atom of the backbone residue 
LEU 141. This hydrogen bond with a bond length of 1.93 Å. 
A hydrogen atom of the backbone residue GLY 143 interacts 
with a nitrogen atom of 1-{[Methyl-(5-methyl-1H-pyrazol-
3-ylmethyl)-carbamoyl]-methyl}-2-oxo-1,2-dihydro-pyridine 
3-carboxylic acid cyclohexylamide to produce a bond length 
of 2.07 Å. Furthermore, amino acid residues VAL 186, 
MET 49, MET 165, LEU 167 and PHE 140 contribute to the 
hydrophobic interactions between the ligand and the main 
protease of SARS-CoV-2.

Molecular dynamics simulation analysis

MD analysis of SARS‑CoV‑2 Mpro– 3,4‑Dihydroxy‑ 
2‑(5‑ethyl‑2,4‑dioxo‑3,4‑dihydro‑2H‑pyrimidin‑1‑yl)‑ 
cyclopentyl]‑carbamic acid tert‑butyl ester

A MD simulation for binding stability of the 
M p r o - 3 , 4 - D i h y d r o x y - 2 - ( 5 - e t h y l - 2 , 4 - d i o x o - 3 , 

Fig. 3   Chemical structures of the four hit molecules. a [3,4-Dihy-
droxy-2-(5-ethyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl)
cyclopentyl]-carbamicacid tert-butyl ester: b 1-{[(1-Methyl-piperi-
din-2-ylmethyl)-carbamoyl]-methyl}-2-oxo-1,2dihydro-pyridine-3 
carboxylic acid (4-fluoro-phenyl)-amide. c 1-({[Cyclopropyl-

(1-methyl-1H-imidazol-2-yl)-methyl]-carbamoyl}-methyl)-2-oxo-
1,2-dihydro-pyridine-3-carboxylic acid (4-fluoro-phenyl)-amide. d 
1-{[Methyl-(5-methyl-1H-pyrazol-3-ylmethyl)-carbamoyl]-methyl}-
2-oxo-1,2-dihydro-pyridine-3-carboxylic acid cyclohexylamide
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Fig. 4   a The RMSD plot of Mpro-3,4-Dihydroxy-2- 
(5-ethyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl)-cyclopentyl]-car-
bamic acid tert-butyl ester complex during 100-ns simulations. b The 
RMSF plot of Mpro during the 100 ns simulations. c The 2d diagram of 
Mpro-3,4-Dihydroxy-2-(5-ethyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin- 

1-yl)-cyclopentyl]-carbamic acid tert-butyl ester complex  
at end of the 100  ns simulations. d The bar diagrams of 
Mpro-3,4-Dihydroxy-2-(5-ethyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin- 
1-yl)-cyclopentyl]-carbamic acid tert-butyl ester contacts during 100 ns 
simulations
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4-dihydro-2H-pyrimidin-1-yl)-cyclopentyl]-carbamic acid 
tert-butyl ester was performed and the results were ana-
lyzed. The ligand RMSDs fluctuated with a maximum value 
of 4.7 Å during the first 3 ns followed by more stable interac-
tions for the rest of the simulation. The RMSD of the protein 
backbone graph for complex 1 was obtained from the MD 
experiment at a certain time scale. It showed that the complex 
RMSD initially had slight fluctuations, ranging from 4.7 Å 
to 5.8 Å, during the first 45 ns followed by sustained stabil-
ity and a value of 6.1 Å for the remainder of the simulation.

The stability of the protein–ligand complex during 
dynamics analysis was listed as the RMSD values of the 
protein backbone as shown in Fig. 4a. The root-mean-square 
fluctuation (RMSF) values for each residue in the protein 
backbone are illustrated graphically in Fig. 4b. In these 
plots, the peaks indicate residues that fluctuates the most 
over the entire simulation. The fluctuations started at 1.5 Å 
and continued up to 2.7 Å and most of the fluctuations were 
observed between residues 5 to 25. The amino acid residues 
ASN 142, THR 98, GLN 189 and MET 49 formed hydro-
gen bond interactions at the end of the dynamics simulation 
resulting in the increased stability of the protein–ligand com-
plex as depicted in Fig. 4c.

Simulation results indicate that the protein–ligand com-
plex exhibited good hydrogen bonding between the residues 
(green). The residue THR 98 exhibited the most hydrogen 
bonding throughout the simulation period followed by GLN 
189(0.9) and ASN 142 (0.6). The residue THR 54 exhib-
ited hydrogen bonding up to 30% of the simulation time 
followed by hydrophobic interactions is reported in Fig. 4d. 
The simulation indicates presence of hydrogen bonds and 
hydrophobic interactions throughout the simulation period. 
This indicates stability of the complex.

MD analysis of 1‑{[(1‑Methyl‑piperidin‑ 
2‑ylmethyl)‑carbamoyl]‑ 
methyl}‑2‑oxo‑1,2‑dihydro‑pyridine‑3‑carboxylic acid 
(4‑fluoro‑phenyl)‑amide

The binding stability of the 1-{[(1-Methyl-piperidin-
2-ylmethyl)-carbamoyl]-methyl}-2-oxo-1,2-dihydro-
pyridine-3-carboxylic acid (4-fluoro-phenyl)-amide on 
Mpro was examined for 100 ns under different time scales. 
Initially, the RMSD of the ligand reached a maximum of 
6.3 Å for 80 ns. This was followed by steady interactions 
at 5.6 Å until the end of the simulation. It was noted that 
the protein backbone was initially 6.6 Å to 7 Å for 5 ns, 
followed by stable fluctuations up to 7.3 Å for the remain-
ing simulation period. A slight deviation observed on the 
protein backbone indicates some changes in the binding 
stability of compound 2 within the binding region of the 
Mpro. This is reported in Fig. 5a. The RMSF value for 
each residue in the target protein backbone was analyzed 
and is depicted in Fig. 5b. The protein backbone fluctua-
tions ranged from 0.9 Å to 1.9 Å. Most of the fluctuations 
were detected between the residues of 140 to 290. It was 
observed that the following residues were involved in the 
formation of hydrogen bonds with the binding site region 
of the Mpro during the docking simulation: GLN 189, PHE 
140, GLU166 and HIS 164. Even though, the key residues, 
CYS 145, THR 26, GLU 166 and PRO 168 participated in 
the formation of hydrogen bonds with the target protein at 
the end of the simulation, they also enhanced the stability 
of the protein–ligand complex as reported in Fig. 5c. The 
strongest interactions between the protein-hit compound 2 
complexes were due to the presence of steady hydrogen 
bonding and hydrophobic interactions over the duration 

Fig. 4   (continued)
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Fig. 5   a The RMSD plot of Mpro-1-{[(1-Methyl-piperidin-2-ylmethyl) 
-carbamoyl]-methyl}-2-oxo-1,2-dihydro-pyridine-3-carboxylic acid  
(4-fluoro-phenyl)-amide complex during 100-ns simulations. b The RMSF 
plot of Mpro during the 100 ns simulations. c The 2d diagram of Mpro- 
1-{[(1-Methyl-piperidin-2-ylmethyl)-carbamoyl]-methyl}-2-oxo-1,2- 

dihydro-pyridine-3-carboxylic acid (4-fluoro-phenyl)-amide complex  
at end of the 100 ns simulations. d The bar diagrams of Mpro-1-{[(1- 
Methyl-piperidin-2-ylmethyl)-carbamoyl]-methyl}-2-oxo-1,2-dihydro- 
pyridine-3-carboxylic acid (4-fluoro-phenyl)-amide contacts during 
100 ns simulations
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of the simulation. This is reported in Fig. 5d. The residue 
GLN 166 exhibited a hydrogen bonding network with the 
Mpro throughout the simulation followed by PRO 168 (0.7) 
and THR 25 (0.47). The residue CYS 145 showed hydro-
gen bonding up to 42% of the simulation time followed by 
hydrophobic interactions. The simulation indicates presence 
of hydrogen bonds and hydrophobic interactions throughout 
the simulation period. This also indicates the increase in 
stability of the protein–ligand complex.

MD analysis of Mpro‑ 1‑({[Cyclopropyl‑(1‑methyl‑ 
1H‑imidazol‑2‑yl)‑methyl]‑carbamoyl}‑methyl)‑2‑oxo‑1, 
2‑dihydro‑pyridine‑3‑carboxylic acid 
(4‑fluoro‑phenyl)‑amide

The binding stability of the 1-({[Cyclopropyl-(1-methyl-
1H-imidazol-2-yl)-methyl]-carbamoyl}-methyl)-2-oxo-1,2-di-
hydro-pyridine-3-carboxylic acid (4-fluoro-phenyl)-amide 
within the active site of the Mpro was analyzed. The ligand 
RMSD fluctuated up to 8.1 Å for the first 3 ns but gradually 
became more stable prior to 42 ns. From 42 to 100 ns, the 
stability of the ligand RMSD increased based on the lowest 
RMSD reaching 8.8 Å. Fluctuations in the RMSD protein 
backbone were recorded. These ranged from 7.3 Å to 10.8 Å 
for up to 100 ns and are reported in Fig. 6a. The RMSF value 
for each residue in the protein backbone is illustrated graphi-
cally in Fig. 6b. In these plots, the peaks indicate areas of the 

residues that fluctuates the most over the entire simulation. 
The fluctuations started around 0.6 Å to 1.6 Å and most of 
the fluctuations were observed between residues 5 to 230. It 
was observed that GLN 189, PHE 140, GLU166, and HIS164 
residues participated in hydrogen bonding with the active site 
region of the Mpro during the docking simulation. At the end 
of the molecular dynamics simulation, it was observed that 
PHE 8, SER 10, ASN 142 and GLU 166 residues also formed 
hydrogen bonds to improve the stability of the protein–ligand 
complex. This is reported in Fig. 6c. The protein–ligand 
interaction histogram of the hit compound 3 is reported in 
Fig. 6d. The protein–ligand complex throughout the simulation 
shows good hydrogen bonding between the residues (green). 
The residue GLN 166 exhibited the most hydrogen bonding 
throughout the simulation period followed by SER 10 (0.40) 
and ASN 142 (0.35). The residue PHE 8 participated in hydro-
phobic interactions. The simulation indicates the presence of 
hydrogen bonds and hydrophobic interactions throughout the 
simulation period. This demonstrates the stability of the pro-
tein–ligand complex.

MD analysis of Mpro‑1‑{[Methyl‑(5‑methyl‑1H‑pyrazol‑ 
3‑ylmethyl)‑carbamoyl]‑methyl}‑2‑oxo‑1,2‑dihydro‑pyridine‑ 
3‑carboxylic acid cyclohexylamide

The binding stability of the MD analysis of Mpro-1-{[Methyl- 
(5 -methyl -1H-pyrazo l -3-ylmethyl ) -ca rbamoyl ] - 

Fig. 5   (continued)
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Fig. 6   a The RMSD plot of Mpro-1-({[Cyclopropyl-(1-methyl- 
1H-imidazol-2-yl)-methyl]-carbamoyl}-methyl)-2-oxo-1,2- 
dihydro-pyridine-3-carboxylic acid (4-fluoro-phenyl)-amide com-
plex during 100-ns simulations. b The RMSF plot of Mpro during the 
100 ns simulations. c The 2d diagram of Mpro-1-({[Cyclopropyl-(1-methyl-1H- 
imidazol-2-yl)-methyl]-carbamoyl}-methyl)-2-oxo-1,2-dihydro-pyri-

dine-3-carboxylic acid (4-fluoro-phenyl)-amide complex at end of the 
100 ns simulations. d). The bar diagrams of Mpro-1-({[Cyclopropyl-(1-methyl-1H- 
i m i d a z o l - 2 - y l ) - m e t h y l ] - c a r b a m o y l } - m e t h y l ) - 2 - o x o - 
1,2-dihydro-pyridine-3-carboxylic acid (4-fluoro-phenyl)-amide con-
tacts during 100 ns simulations
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methyl}-2-oxo-1,2-dihydro-pyridine-3-carboxylicacidcy-
clohexylamide were analyzed. The RMSD of the ligand 
initially recorded fluctuates up to a maximum of 5.9 Å 
until 42 ns. This was followed by stable interactions at 4 
Å until the end of the simulation. The protein backbone 
initially had recorded fluctuations ranging from 5.8 Å to 
9.6 Å up to 25 ns. This was followed by stable fluctuations 
up to 10.6 Å through the end of the simulation. Large 
RMSD fluctuations represent a large binding conforma-
tion variation and movement of the compound inside the 
binding site. This is shown for this experiment in Fig. 7a. 
The RMSF value for each residue in the protein back-
bone is illustrated graphically in Fig. 7b. The fluctuations 
ranged from 2 Å to 4.8 Å and most of the fluctuations 
occurred between residues 170 to 280. It was observed that 
GLU 166 and GLN 189 residues participate in hydrogen 
bonding with the active site region of the Mpro during the 
docking simulation. At the end of the molecular dynamics 
simulation, it was observed that GLN 189, SER 10 and 
ASN 142 also formed hydrogen bonds which can be attrib-
uted to the increase in stability of the protein–ligand com-
plex as reported in Fig. 7c. The protein–ligand complex 
throughout the simulation showed good hydrogen bonding 
between the residues (green). The residue PRO 9 exhibited 
the strongest hydrogen bonding throughout the simulation 
period followed by GLN 189(0.65) and ASN 142 (0.6). 
The residue CYS 145 initially exhibited hydrogen bonding 

up to 50% of the simulation time followed by hydrophobic 
interactions. The simulation indicates presence of hydro-
gen bonds and hydrophobic interactions throughout the 
simulation period. This demonstrates the stability of the 
complex as reported in Fig. 7d.

Conclusion

COVID-19 is one of the most threatening pandemic dis-
eases. The control of this viral multiplication in human 
beings is a challenging task for Pharma investigators. 
SARS-CoV-2 Mpro protein is one of the very important 
drug targets available to inhibit the viral multiplication. 
In the current study, over eight thousand anti-viral com-
pounds from ASINEX database were screened using struc-
ture-based virtual screening. Compounds passing through 
ADME filter were individually docked to the Mproprotein 
target. Molecular dynamics studies were performed for 
individually for all the four Protein–ligand complexes 
at 100 ns. The binding stability was evaluated and the 
structural conformational changes of the protein–ligand 
complex were evaluated to understand the efficiency of 
probable drug-receptor complexes in a biological system. 
From these in silico studies, it was concluded that all the 
four hit compounds could be further studied to understand 
their suitability for therapeutic applications.

Fig. 6   (continued)
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Fig. 7   a The RMSD plot of Mpro-1-{[Methyl-(5-methyl-1H-pyrazol- 
3-ylmethyl)-carbamoyl]-methyl}-2-oxo-1,2-dihydro-pyridine- 
3-carboxylic acid complex during 100-ns simulations. b The RMSF  
plot of Mpro during the 100  ns simulations. c The 2d diagram  
of Mpro-1-{[Methyl-(5-methyl-1H-pyrazol-3-ylmethyl)-carbamoyl] 

- m e t h y l } - 2 - o x o - 1 , 2 - d i h y d r o - p y r i d i n e - 3 - c a r b o x y l i c  
acidcomplex at end of the 100  ns simulations. d The bar diagrams  
of Mpro-1-{[Methyl-(5-methyl-1H-pyrazol-3-ylmethyl)-carbamoyl] 
-methyl}-2-oxo-1,2-dihydro-pyridine-3-carboxylic acid contacts dur-
ing 100 ns simulations
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