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Abstract
The importance of the main protease  (Mpro) enzyme of SARS-CoV-2 in the digestion of viral polyproteins introduces  Mpro 
as an attractive drug target for antiviral drug design. This study aims to carry out the molecular docking, molecular dynam-
ics studies, and prediction of ADMET properties of selected potential antiviral molecules. The study provides an insight 
into biomolecular interactions to understand the inhibitory mechanism and the spatial orientation of the tested ligands and 
further, identification of key amino acid residues within the substrate-binding pocket that can be applied for structure-based 
drug design. In this regard, we carried out molecular docking studies of chloroquine (CQ), hydroxychloroquine (HCQ), 
remdesivir (RDV), GS441524, arbidol (ARB), and natural product glycyrrhizin (GA) using AutoDock 4.2 tool. To study 
the drug-receptor complex’s stability, selected docking possesses were further subjected to molecular dynamics studies with 
Schrodinger software. The prediction of ADMET/toxicity properties was carried out on ADMET Prediction™. The docking 
studies suggested a potential role played by CYS145, HIS163, and GLU166 in the interaction of molecules within the active 
site of COVID-19  Mpro. In the docking studies, RDV and GA exhibited superiority in binding with the crystal structure of 
 Mpro over the other selected molecules in this study. Spatial orientations of the molecules at the active site of  Mpro exposed 
the significance of S1–S4 subsites and surrounding amino acid residues. Among GA and RDV, RDV showed better and 
stable interactions with the protein, which is the reason for the lesser RMSD values for RDV. Overall, the present in silico 
study indicated the direction to combat COVID-19 using FDA-approved drugs as promising agents, which do not need much 
toxicity studies and could also serve as starting points for lead optimization in drug discovery.
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Introduction

Coronavirus disease (COVID-19) is a newly emerged severe 
acute respiratory disease caused by the new coronavirus 
2019-nCoV, later named SARS-CoV-2. The recent outbreak 
of COVID-19 first emerged in the seafood market of Wuhan 
city, Hubei province of China, in December 2019, which 
became a pandemic and created a global health emergency 
[1]. More than 210 countries have been affected due the 
disease’s rapid transmission, with more than 26.9 million 
confirmed cases, and over eighteen million confirmed deaths 
worldwide [2]. The extremely contagious nature of SARS-
CoV-2 and the rapid transmission of the virus between 
human to human through droplets or direct communica-
tion are major concerns for all sectors of society across the 
world [3]. Several efforts are ongoing to develop SARS-
CoV-2 therapeutic agents and vaccines; however, only soci-
etal distancing is the best possible option so far, resulting 
in involuntary isolations/quarantines worldwide at different 
time points [4–8]. The severity of the COVID-19 outbreak 
could impose significant changes to health systems across 
the globe if the dissemination of the virus is not effectively 
controlled [9, 10].

The causative agent of this devastating disease, COVID-
19 belongs to the beta coronavirus, which shares 89.1% 
nucleotide similarity with acute respiratory syndrome corona 
virus (SARS-CoV) [11]. COVID-19 is a single-stranded 
RNA virus containing 30,000 base pairs. The key amino 

acid residues are conserved in many viral key drug targets, 
including those found in both SARS-CoV and SARS-CoV-2 
pathogens. Consequently, many common viral targets are 
structurally similar to SARS-CoV and likely to be inhibited 
by the same compounds. The emergence of COVID-19 has 
severely compromised the arsenal of antiviral and antibiotic 
drugs [12]. A plethora of literature evidence indicated the 
vital application of drug repurposing for various infectious 
diseases [13–15].

Currently, the specific therapeutic agent or antiviral 
compound for treatment against SARS-CoV-2 is still under 
investigation. Thus, to combat the rapid spread of SARS-
CoV-2 disease, the identification of effective therapeutic 
agents is a major challenge for clinicians nowadays. The 
drug repurposing technique has emerged as a potential fast-
track approach in recent years for speedup identification of 
therapeutic compounds for treatment against COVID-19, 
amongst other therapeutic agents that demonstrated broad-
spectrum antiviral activity against SARS-CoV or MERS-
CoV [16, 17]. The repurposing strategy has effectively iden-
tified potential therapeutic compounds against several highly 
contagious viral diseases such as Zika virus infection, Ebola 
virus-induced fever, and hepatitis C viral infection [18–21].

It has been shown in the literature that the FDA approved 
antimalarial and autoimmune disease drug chloroquine (CQ) 
and hydroxychloroquine (HCQ), known to inhibit viral 
infection by raising endosomal pH [22–25]. The antiviral 
drug remdesivir (RDV) and its active metabolites GS441524 
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can inhibit the growth of SARS-CoV-2 and are found to 
be efficacious in the clinic in combination [23, 26–28]. A 
commercially available broad-spectrum antiviral drug clas-
sified as a virus–host cell fusion inhibitor, arbidol (ARB, 
umifenovir), has entered into a clinical trial to treat COVID-
19 [29, 30]. Interestingly, glycyrrhizin or glycyrrhizic acid 
or glycyrrhizinic acid (GA), a natural triterpene saponin, is 
active against coronaviruses [31]. The mechanism of action 
of these drugs is currently under investigation for the treat-
ment of COVID-19. To determine the binding interaction 
of these ligands and the complexes’ stability, we carried 
out the docking and molecular dynamics studies with these 
molecules with the SARS-CoV-2 main protease  (Mpro; also 
called 3CLpro). The  Mpro enzyme of SARS-CoV-2 is one 
of the most attractive antiviral drug targets because of its 
highly conserved nature in coronaviruses, and the critical 
role player in the viral replication almost exclusively relies 
on the  Mpro’s activity.  Mpro is the protein of interest because 
it plays a crucial role in polyprotein processing, which is 
translated from the viral RNA [32]. Apart from this, it is 
hypothesized that non-structural proteins (Nsp4-Nsp16), 
RNA-dependent RNA polymerase (RdRp; also known as 
Nsp12) as well as helicase (Nsp13) relay on  Mpro to get 
cleaved, which is essential for the maturation of virus [33]. 
We also carried out the in silico physicochemical properties 
prediction using ADMET Prediction™ (version 9.5, Simu-
lation Plus, Lancaster, CA, USA) to cover a large range of 
drug-like properties and toxicities. The structures of these 
molecules are shown in Fig. 1. The in silico studies of these 
therapeutic targets were reported earlier with the hypothesis 
based on molecular mechanism aspects and ranking them 
on behalf of their best docking scores using O6K and N3 
as a control agent [33]. However, the study is more focused 

on binding affinity score; therefore, the detailed interaction 
of these potential antivirals agents with  Mpro is still under 
investigation. Our purpose of performing this computational 
work with the selected ligands is to find out the detailed 
binding modes of these potential therapeutic candidates 
within  Mpro binding pocket, which could help to utilize these 
molecules as a template for the development of novel inhibi-
tors and repurpose the other class of molecules.

Material and methods

Protocol for molecular docking studies

The in silico studies, viz. molecular docking, dynamics, 
and prediction of drug-like properties of the FDA-approved 
drugs CQ, HCQ, RDV, GS441524, ARB, and natural prod-
uct GA (Fig. 1) were performed using SARS-CoV-2 main 
protease as the target protein.

The blind docking was carried out using the AutoDock 
4.2 program package (http://autod ock.scrip ps.edu/) [34]. 
The X-ray crystal structure of the SARS-CoV-2  Mpro 
complex with a ∝ -ketoamide inhibitor (PDB: 6Y2F, 
monoclinic form) was retrieved from the protein data-
base (https ://www.rcsb.org/) in.pdb format [17, 35]. The 
native co-crystal ligand O6K (inhibitor, 13b) was down-
loaded from the PDB database (https ://pdbj.org/chemi e/
summa ry/O6K) in.pdb format to perform a docking vali-
dation study. The remaining ligands (CQ, HCQ, RDV, 
GS441524, ARB, and GA) were downloaded from the 
PubChem database in.sdf format (https ://pubch em.ncbi.
nlm.nih.gov/) and converted to.pdb file format by using 
Chem3D 15.0 software. Before moving for molecular 

Fig. 1  Chemical structures 
of the selected molecules for 
computational studies

http://autodock.scripps.edu/
https://www.rcsb.org/
https://pdbj.org/chemie/summary/O6K
https://pdbj.org/chemie/summary/O6K
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
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docking, all the ligands’ energy minimization was per-
formed using an advanced molecule editor and visual 
tool, Avogadro [36]. For molecular docking, the receptor 
(protein) and ligand preparation were carried out using 
MGL and AutoDock tools, and output files were saved 
in.pdbqt formats. The post-dock receptor–ligand complex 
structures were analyzed for ligand–protein binding inter-
action using free Discovery Studio Visualizer for 2D and 
an immersive 3D visualization (Biovia, Discovery Studio 
Visualizer, Version 20.1.0.19295 Software; 2020).

The molecular docking studies and predictive bind-
ing energy estimation were carried out with a recently 
reported crystal structure of the  Mpro (PDB ID: 6Y2F) 
at resolution 1.95 Å. Flexible native co-crystal ligands 
were prepared using the protocol reported by Sarukhan-
yan et al. [37]. All the water molecules, co-crystal ligand, 
and heteroatoms were deleted from the protein.pdb files 
and subsequently added hydrogen atoms and Gasteiger 
charges to it using the MGL tool. Finally, the output file 
was saved in.pdbqt format. The ligands were energy mini-
mized before converting them to a.pdbqt format. The grid 
box dimension was fixed at 55 × 55 × 54 Å, at x, y, and 
z coordinates with 0.375 Å spacing, and the grid center 
(11.207, −1.02, and 20.757) was set corresponded to the 
centroid of the co-crystallized ligand structure (O6K). All 
the input files, including macromolecule and ligand.pdbqt 
files, grid parameter files (.gpf) and docking parameter 
files (.dpf), were generated using AutoDock graphical 
user interface. The genetic algorithm was used to evalu-
ate parameters with the default setting, and Lamarckian 
GA (4.2) was employed for docking simulations. The 
Autogrid, AutoDock, and components of AutoDock tools 
were used to perform molecular docking and analyzed the 
best binding modes for receptor–ligand interactions. The 
lowest Gibbs free binding energy (estimated as ∆G in 
kcal/mol) conformers were selected for post-dock analy-
sis. The same protocol was followed to perform molecu-
lar docking for the remaining ligands, namely CQ, HCQ, 
RDV, GS441524, ARB, and GA.

Validation of AutoDock molecular docking

The docking procedure was followed the same as men-
tioned in the aforesaid protocol to re-docking the energy 
minimized ligand (O6K), and only the best-docked pose 
was superimposed to the crystal structure (PDB: 6Y2F) 
with a bound O6K molecule as a reference to calibrate the 
docking procedures. The binding interactions of the best-
docked pose (∆G = −7.40 kcal/mol) correlated with the 
interactions that appeared in native reference co-crystal 
protein–ligand complex (PDB: 6Y2F) as shown in Fig. 2c.

Molecular dynamics studies

Molecular dynamic studies were carried out using 
Schrӧdinger software on Maestro molecular modeling plat-
form (Schrödinger Release 2019–4: Maestro, Schrödinger, 
LLC, New York, NY, 2019. version 12.2.012). The MD 
simulations were carried out on a workstation having 
Ubuntu platform, with  IntelⓇ Xenon(R) Gold 6130 CPU 
@ 2.10 GHz × 64 processors, Quadro P620/PCle/SSE2 
graphics card, and 134.8 GB RAM.

The binding stability and interaction profile of the 
docked complex of potent inhibitors GA and RDV were 
subjected to MD studies. For this study, a 30-nsec molecu-
lar dynamics simulation was performed using the Des-
mond module of Schrödinger [38]. The best docked posed 
as an output file from AutoDock was used as an input file 
to run MD. Solvation of the protein–ligand complex was 
performed using the TIP3P water model using the sys-
tem builder tool of Desmond; an orthorhombic simulation 
box with a buffer distance of 10 Å between the box edge 
and atoms of the complex was generated. The system was 
neutralized by adding a suitable number of counter-ions, 
while the isosmotic condition was maintained by adding 
0.15 M NaCl to the simulation box. The system was energy 
minimized with a maximum of 20,000 steps, and a modi-
fied relaxation protocol was applied for equilibration of the 
system as described in our previous publication. The MD 
simulation was performed at  3000 K at atmospheric pres-
sure of 1.013 Bar. A total of 1000 frames were recorded 
and saved to the trajectory during the 30-nsec simulation. 
A simulation interaction diagram was used for the analysis 
of the trajectory obtained for the MD simulation.

In silico prediction of physicochemical and ADMET 
properties

The different physicochemical and ADMET-related prop-
erties of all the compounds were predicted in silico using 
the trial version of software ADMET Prediction™ (ver-
sion 9.5, Simulation Plus, Lancaster, CA, USA) and Chem-
Draw Professional 15.0 [39]. We used physicochemical 
and biopharmaceutical (PhysChem) and metabolism and 
toxicity modules to predict the in silico physicochemical 
properties. The ionization (pKa), lipophilicity, solubility, 
permeability, transporters, and pharmacokinetic param-
eters were predicted with the help of the PhysChem mod-
ule. The various biotransformation-related properties, such 
as the possibility of being a substrate of CYP isoforms or 
UGT enzymes, potential to inhibit multiple drug-metab-
olizing enzymes, and enzyme kinetics parameters, were 
calculated by using the metabolism and toxicity module.
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Results and discussion

The crystal structure of SARS-CoV-2  Mpro is a homodimer 
composite of two identical protomers, and each monomer 
is made up of three domains. The domains I (residues 
8–101) and II (residues 102–184) forming a chymotrypsin 
fold and cleft between these domains serve as a substrate-
binding pocket. Domain III (residues 201–303) is made 
up of five α-helices arranged in the form of a globular 
cluster, which regulates dimerization of proteins and is 
connected to domain II via a long extended loop region 
(residues 185–200) [40]. The C-terminal residues exist in 
the form of an extra domain. Active site residues located 
at the interface of domain I and domain II can be divided 
into subsites S1–S6, serving as a substrate-binding pocket 
for the binding of inhibitors as shown in Fig. 2a–c. The 
catalytic dyad His41–Cys145 is located at the S1 subsite. 
The S1 subsite’s essential function involves the genera-
tion of an oxyanion hole when a conserved GLN carbox-
ylate anion at the cleavage site interacts with CYS145, 
SER144, and GLY143, which can stabilize the transition 
process during proteolysis. The hydrophobic side chains 
are located at the S2 and S4 subsites (Fig. 2b–c).

Binding interactions of potential antiviral agents 
at the active site of  Mpro

In the present computational study, we have assessed the role 
of amino acids within the  Mpro active site for the selected 
target ligands in a well-versed optimized and validated dock-
ing protocol using co-crystal ligand (O6K) as a binding site 
reference standard (Fig. 2a). The optimized docking protocol 
was validated with positive control docking. The AutoDock 
tool was used to perform the redocking of the co-crystal 
ligand into the catalytic binding site of SARS-CoV-2  Mpro. 
The resultant conformer was found significantly overlap-
ping with the co-crystal ligand (O6K) on superposition in 
the active pocket of  Mpro. In addition, the root-mean-square 
deviation (RMSD) value between the docking and co-crystal 
ligand poses was determined using the PyMol application. 
The low RMSD value (< 0) validates the calibration of the 
docking protocol. To our information, such a systematic 
approach has not been applied earlier in the literature against 
SARS-CoV-2 main protease.

The overlay of docked O6K and co-crystallized O6K is 
shown in Fig. 3a. It demonstrates that the docking method 
works well because of the close agreement between the 
two poses of O6K. The γ-lactam moiety was found to be 

Fig. 2  a Overview of co-crystallized O6K (Stick mode, color by ele-
ments) ligand In  Mpro catalytic domain (PDB ID # 6Y2F). b Close-
up view of substrate binding pocket and molecular fragments (Ball 
and stick model, color by elements) of amino acid residues within the 

 Mpro substrate-binding cavity. c 3D interaction diagram of co-crystal 
ligand (O6K, stick mode, fluorescent green color, and color by mol-
ecule mode) with amino acid residues within  Mpro active site and rep-
resentation of subsites S1 to S4 in substrate binding pocket
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deeply embedded in the S1 pocket (Fig. 3b) of the protease 
and lactam nitrogen exhibited tri-center hydrogen bond 
interaction to the oxygen of PHE140 (2.55 Å) and with the 
carboxylate of GLU166 (2.47 Å). In comparison, carbonyl 
of lactam ring acts as hydrogen bond acceptor with the 
imidazole of HIS163 (1.85 Å, Fig. 3a). The carbonyl oxy-
gen of the pyridone part of the inhibitor acts as a hydro-
gen bond acceptor with the amide of GLU166 (1.85 Å). 
The tert-butyl carbamate (Boc) amide acts as a hydrogen 
bond donor with the oxygen of GLU166 (1.74 Å). The car-
bonyl oxygen of benzylic amide showed hydrogen bonding 
with the amino group of GLY143 (2.63 Å). The carbonyl 
oxygen besides benzylic amide formed a hydrogen bond 
with the imidazole of HIS41 (2.83 Å). These favorable 
hydrogen bond interaction matches with reported interac-
tion [32] showed the validation of docking protocol and 

respective residues’ role in the catalytic domain responsi-
ble for the therapeutic agent’s inhibitory activity.

The in silico study and binding mode analysis of CQ with 
 Mpro showed favorable three conventional hydrogen bond 
interactions, two alkyl hydrophobic interactions, and four 
mixed π-alkyl hydrophobic interactions at the active bind-
ing pocket, as shown in Fig. 4a. The quinoline nitrogen of 
CQ exhibited two hydrogen bond interactions with the ter-
minal amino group (amidic) of GLN192 (2.16 Å) and with 
the amino group of THR190 (2.70 Å). The amino group, 
located at the fourth position, displayed favorable hydrogen 
bond interaction with the carbonyl oxygen group of GLU166 
(1.73 Å). Interestingly, a carbon–hydrogen bond interaction 
was observed between the α -C of linear pentane carbon 
spacer and the carbonyl oxygen of HIS164 (3.60 Å). Apart 
from these, the chlorine atom at the  seventh position of 

(a) (b)

(c)

Fig. 3  a Overlay of docked O6K and co-crystallized O6K (PDB ID: 6Y2F), hydrogen atoms were omitted for clarity. b 2D interaction diagram 
of O6K with amino acids of  Mpro cavity. c Representation of O6K with important functionalities
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the quinoline ring has an alkyl hydrophobic interaction with 
PRO168 (3.87 Å). The β-C of pentane carbon spacer and 
N, N diethyl-substituted carbon exhibited alkyl hydrophobic 
interactions with CYS145 (5.46 and 4.81 Å, respectively). 
Mixed π-alkyl hydrophobic interactions were observed for 
quinoline aromatic rings with M165 (4.52 Å) and PRO168 
(5.15 Å). The terminal N, N diethylamino group also exhib-
ited additional mixed π-alkyl hydrophobic interaction with 

HIS163 (4.29 Å). Similar interactions of antiviral drugs with 
 Mpro have been earlier reported in the literature [41]. The CQ 
exhibited a promising docking score value of − 6.41 kcal/
mole (Table 1), which corroborates ligand stability at the 
interaction site and indicates a binding affinity for  Mpro.

In the case of HCQ, the hydroxyl group of SER144 
(2.94 Å), carbonyl oxygen of LEU141 (2.05 Å), and the 
amino group of CYS145 (2.31 Å) could make favorable 

N

HN

Cl

N

Chloroquine (CQ)

Quinoline ring

Amine functionality
at 4th position

α
β

γ

Chloro funtionality
7th position

N,N diethylamino
funtionality

N

HN

Cl

N

Hydroxychloroquine (HCQ)
Quinoline ring

Amine functionality
at 4th position

α
β

γ
Chloro funtionality

7th position

N-(ethyl)amino)ethan-1-ol
fragment

OH

Terminal hrydroxy
group

(a) (b)

(c) (d)

(e)

Fig. 4  a 2D interaction diagram of CQ with amino acid residues of 
 Mpro cavity. b 2D interaction diagram of HCQ with amino acids of 
 Mpro cavity. c, d Chemical structures of CQ and HCQ with impor-
tant functionality. e 3D surface representation of the ligand-binding 

pocket with the superimposed CQ-HCQ (conformers with the lowest 
docking score; CQ in green and HCQ in navy blue; ligands displayed 
in stick mode) and an annotation indicating the difference between 
the CQ and the HCQ ligand
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conventional hydrogen bond interactions with the termi-
nal hydroxyl group of the HCQ (Fig. 4b). Intriguingly, no 
conventional hydrogen bond interactions were observed 
with quinoline ring nitrogen to the active site amino acid 
residues, which we observed in the case of CQ. The quino-
line ring of HCQ displayed a π-sigma hydrophobic interac-
tion with MET165 (3.90/4.22 Å) and π–π interactions with 
HIS41 (4.84 Å). The ethyl substituted at the terminal nitro-
gen group exhibited π-alkyl hydrophobic interaction with 
HIS163 (5.27 Å). The affinity score of HCQ is -6.01 kcal/ 
mole (Table 1), which also supports ligand stability at the 
interaction site and indicates a binding affinity for  Mpro.

We found that both RDV and its metabolite (GS-441524) 
could form a complex with the Mpro with affinity scores 
of − 7.12 and − 5.66 kcal/mol, respectively. The docking 
and binding mode analysis of RDV showed that 3-hydroxy 
of furan ring has two hydrogen bond interactions with the 
amino group (amidic) of GLN192 (1.81 Å) and the car-
bonyl oxygen of carboxylic acid group of THR190 (2.06 Å, 
Fig. 5a). The hydroxyl oxygen at the fourth position of the 
furan ring formed conventional hydrogen bond interaction 
with the carbonyl oxygen of the carboxylic acid of THR190 
(1.87 Å). The phosphoryl amino group of RDV displayed a 
conventional hydrogen bond interaction with the carbonyl 
oxygen of the carboxylic acid of GLU166 (1.73 Å). Interest-
ingly, a carbon–hydrogen bond was observed between the 
carbon of methoxy substitution at the second position of the 
furan ring and the carbonyl oxygen of the carboxylic acid 
group of GLU166 (3.01 Å). The phenoxy aromatic ring at 
the phosphoryl group exhibited π-alkyl hydrophobic interac-
tion with HIS41 (4.83 Å). The pyrrole ring of RDV made 
π-alkyl hydrophobic interaction with PRO168 (4.63 Å). A 
desirable binding free energy − 7.12 kcal/ mole (Table 1) 
comparable to O6K indicates favorable interaction of RDV 
with  Mpro and supports clinical efficacy as a potential inhibi-
tor against SARS-CoV-2 infection.

The binding of GS441524 against  Mpro was accom-
panied by an affinity score of − 5.66 kcal/ mole with six 
favorable conventional hydrogen bond interactions at the 
viral protease’s active binding site. The hydroxyl group at 

the third position on the oxolane ring could form hydrogen 
bond interaction with the amino group (amidic) of GLN189 
(3.02 Å) and accept hydrogen bonding with the carbonyl 
oxygen of carboxylic acid of THR190 (2.07 Å, Fig. 5b). The 
fourth position hydroxyl group of oxolane ring displayed two 
hydrogen-bonding interactions with the amino group and 
with the carbonyl oxygen of acidic group of THR190 (1.68 
and 1.99 Å, respectively), as well as additional hydrogen 
bonding to the amino group (amidic) of GLN192 (2.15 Å). 
The hydroxyl group of methoxy substitution at the fifth posi-
tion of the oxolane ring similarly showed hydrogen bonding 
with the carbonyl oxygen of the carboxylic acid group of 
GLU166 (1.86 Å). A favorable π-lone pair interaction was 
observed between the carbonyl oxygen of the carboxylic 
acid group of GLU166 (2.96 Å) and the triazine ring of the 
GS441524. The intramolecular hydrogen bond interaction 
was observed between the hydroxyl group of methoxy sub-
stitution at the fifth position of oxolane ring and nitrogen at 
the 2nd position of triazine ring (1.92 Å) of GS441524. The 
pyrrole ring of GS441524 has π-alkyl hydrophobic interac-
tion with PRO168 (4.65 Å).

Similar to RDV, the docking of ARB against the  Mpro 
showed comparable negative free energy − 7.0 kcal/ mole, as 
shown in Table 1. The N, N-dimethyl aminomethyl group at 
fourth position of the indole nucleus exhibited conventional 
hydrogen bond interaction with the carbonyl oxygen of car-
boxylic acid of HIS164 (2.11 Å), an unfavorable + ve/ + ve 
cationic (charge repulsion) interaction of nitrogen (amino 
group) with imidazole ring nitrogen of HIS41 (4.26 Å) and 
π-sigma hydrophobic interaction between the N-methyl and 
imidazole ring of HIS41 (4.25 Å, Fig. 6a). The hydroxyl 
group at the fifth position of the indole nucleus interacted 
favorably through hydrogen bonding with the carbonyl oxy-
gen of the carboxylic acid group of HIS164 (1.81 Å) and 
with the sulfur group of CYS145 (2.60 Å). The bromo group 
at the sixth position of the indole nucleus displayed alkyl 
hydrophobic interaction with HIS163 (5.04 Å) and CYS145 
(4.68 Å). The phenylthio substitution at the second position 
of the indole nucleus exhibited π-alkyl hydrophobic inter-
action with LEU167 (4.63 Å) and π-sigma hydrophobic 

Table 1  Binding free energy 
and interacting amino acids of 
selected therapeutic drugs with 
SARS-CoV-2  Mpro (PDB ID # 
6Y2F)

Target ID SARS-CoV-2  Mpro (PDB ID # 6Y2F)

Binding free 
energy (kcal/mol)

Interacting amino acids

O6K − 7.40 GLU166 PHE140 HIS163 GLY143 HIS164 HIS41 MET165
CQ − 6.41 GLN192 THR190 GLU166 HIS163 PRO168 MET165 CYS145
HCQ − 6.01 SER144 LEU141 CYS145 MET165 HIS163 HIS41
RDV − 7.12 CYS145 GLU166 GLN192 THR190 HIS41 PRO168
GS441524 − 5.66 GLU166 GLN192 THR190 GLN189 PRO168
ARB − 7.0 CYS145 HIS164 HIS41 HIS163 GLU166 PRO168 LEU167
GA − 8.21 GLU166 PHE140 SER144 GLN189 CYS145 MET49 MET165 PRO168
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interaction with PRO168 (4.63 Å). The indole nucleus dis-
played two π-donor hydrogen bond interactions with the 
amino group of GLU166 (2.55 and 3.77 Å) and one π-sulfur 
interaction with CYS145 (5.75 Å).

The AutoDock study of GA against the  Mpro revealed 
that the hydroxyl group at the fourth position of β-D-
glucopyranuronosyl residue exhibited conventional 

hydrogen bond interaction with the carboxylate of GLU166 
(2.06 Å, Fig. 6b). The hydroxyl group at the fifth posi-
tion of α -D-glucopyranuronosyl residue made favorable 
hydrogen bonding with the carbonyl oxygen of carboxylic 
acid of PHE140 (1.91 Å) and formed a hydrogen bonding 
with the carbonyl oxygen of carboxylic acid at the sixth 
position with the hydroxyl group of SER144 (2.76 Å). 
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The oxo group at the 14th position and the carbonyl oxy-
gen of carboxylic acid at the second position of icosahy-
dropicene-2-carboxylic acid core nucleus of GA exhibited 
conventional hydrogen bond interactions with the amino 
group of GLN189 (3.01 and 2.19 Å, respectively). Further, 
hydrophobic alkyl interactions were observed between the 
icosahydropicene-2-carboxylic acid core nucleus methyl 
groups of GA with CYS145 (4.48  Å), MET49 (4.94 
and 4.99 Å), MET165 (4.62 and 5.03 Å), and PRO168 
(4.88  Å). The GA exhibited the highest negative free 
energy of − 8.21 kcal/ mole (Table 1) among the selected 
therapeutic drugs, making it a promising therapeutic agent 
for the treatment of novel Cov-19 infection. Intriguingly, 
the unfavorable characteristic with violation of three, in 
terms of ’ ’Lipinski’s rule of five, the druggability of GA 
requires further investigational exploration using in vitro 
and in vivo testing to evaluate clinical efficacy as well as 
safety profile. This study provides preliminary observa-
tions on behalf of computational work. Therefore, wet-lab 
experiments are still the principal approach to evaluate and 
validate docking studies.

Several literature evidences are implicating that SARS-
CoV-2  Mpro could be used for screening purposes to predict 
the binding affinity of the approved drugs, natural inhibitors, 
and those in clinical trials [5, 42–44]. The binding stability 
of an α-ketoamide inhibitor O6K or 13b as reference con-
trol inside the SARS-CoV-2  Mpro was carried out to assess 
affinity score and determine theoretically the possible and 
probable active site residues involved in the formation of 
complex, which was found consistent with our observa-
tion [44–47]. The Cys145-His41 catalytic dyad and amino 
acid residues CYS145, SER144, and GLY143 (collectively 
referred to as catalytic center), which are involved in the 
creation of an oxyanion hole, are essential for stabilizing the 
transition process during proteolysis [48]. It is reported that 
two hydrogen-bonding interactions with the catalytic center 
(S1 subsite) of the target proteases are advantageous, rather 
than only one [32]. The role of GLU 166 is considered to be 
critical for the dimerization of two protomers and contrib-
utes to the shaping of S1 pocket of the substrate-binding site 
[49]. All the ligands exhibited common amino acid inter-
actions, particularly either CYS145 and/or HIS41 residues 
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of the active pocket’s catalytic domain except GS441524 
(exhibiting least binding affinity score), which indicates the 
critical role of these amino acids for inducing  Mpro inhibi-
tory activity. Most of the ligands (O6K, RDV, ARB, and 
GA) with higher affinity score (> 7.0 kcal/mol) also exhib-
ited a favorable hydrogen bond interaction with GLU166 
within the active pocket, which in turn corroborates the role 
of GLU for instigating  Mpro inhibitory activity. The other 
favorable amino acid interactions are HIS163, and PRO168 
seems to play a vital role in most of the ligands within the 
 Mpro active pocket. Recently in 2020, Nguyen et al. [50] also 
unveiled the fact that Gly143, Cys145, Glu166, and His163 
of  Mpro are the region to form a hydrogen bond and highly 
favorable molecular fragments for the development of novel 
SARS-CoV-2 main protease inhibitors, which resembles the 
finding in the current study. An in silico study performed by 
Srivastava et al. demonstrates the binding stability of Gly-
cyrrhiza glabra derivatives, i.e., GA as bioactive inhibitor 
inside the SARS-CoV-2  Mpro and proposed HIS41, GLY143, 
GLN189, GLU166, CYS145, THR25, ASN142, MET49, 
and PRO168 present in the active site of  Mpro were shown 
to make non-covalent interaction with the target compound, 
which was found consistent with our observation [51].

In the present research, our objective is to predict active 
site residues of SARS-CoV-2 Mpro using clinically effec-
tive drugs via computational approaches in the site-specific 
SARS-CoV-2 Mpro catalytic domain, which is yet unknown. 
To our best knowledge, such binding mode interactions and 
molecular fragments (amino acid residues) of the  Mpro bind-
ing pocket are not reported so far. The docking score was 
found to be similar for O6K, whereas comparable in the 
case of RDV and ARB (− 7.12 kcal/mol and − 7.0 kcal/
mol, respectively), and significantly different in the case of 
GS441524, CQ, HCQ (− 5.66 kcal/mol, − 6.41 kcal/mol 
and − 6.01 kcal/mol, respectively) as per the literature [33]. 
Our purpose of performing the computational work for 
these ligands is to visualize the complex interaction mode 
of these potential candidates within in  Mpro binding pocket, 
which could help us use these molecules as a template for 
the development of novel inhibitors. We assume that these 
interactions could help us understand the role of interact-
ing amino acids within the active pocket site responsible 
for imparting the inhibitory potency and serve as a guiding 
tool in designing novel candidates with higher selective and 
potency against SARS-CoV-2 in the imminent future.

Spatial orientations of clinically oriented molecules 
at the active site of  Mpro

The γ-lactam ring of O6K drug molecule embedded in the 
catalytic dyad (HIS41-CYS145) domain is classified as 
S1 subsite. The cyclopropyl and tert-butyl group (Boc) of 
O6K arrange itself in a hydrophobic pocket coined as S2 

and S4 subsites, respectively. The pyridone ring of O6K is 
embedded in the space surrounded by MET49 and GLN189, 
coined as S3 subsite within the active binding pocket of the 
viral  Mpro (Fig. 7a). To determine the spatial orientation of 
selected drugs within the active site of viral  Mpro, an overlay 
of the best-docked pose of all the drugs was carried out with 
the complex of O6K-Mpro. From the superimposed image, 
it was observed that the quinoline ring of the CQ occupies 
the space between S3 and S4 subsites with chloro-group 
oriented away from the S4 subsite (Fig. 7b). The linear pen-
tane chain of 4-amino group oriented itself toward the S1 
subsite and terminal N,N-diethylamino group had hydropho-
bic interactions with HIS163 and CYS145 of the catalytic 
domain. A similar spatial orientation was observed in the 
case of HCQ (Fig. 7c). In the case of RDV, the 2-ethyl-
butyl ester attached to phosphorylamino group oriented 
toward the S1 subsite, while phenoxy group attached to it 
is embedded in the S2 subsite of the active binding pocket. 
The phosphorylamino group, along with tetrahydrofuran 
ring and pyrrolo[2,1-f4[1,2,48triazin-4-amine core nucleus, 
run parallel from subsite S3 to S4 in the described fashion 
within the active site of the  Mpro (Fig. 7d). However, in the 
case of its active metabolite of RDV, the same orientation 
for tetrahydrofuran ring and pyrrolo[2,1-f] [1, 2, 4]triazin-
4-amine core nucleus was observed with GS441524, but no 
interaction with S1 subsite was observed, which could be a 
possible reason for the lower binding energy of GS441524 
with  Mpro compared to other therapeutic drugs (Fig. 7e). The 
indole nucleus of ARB occupies the space at the center in 
between S1, S2, and S3 subsites. The bromo group at sixth 
position facing toward S1 subsite and N, N dimethylamino 
group at fourth position embedded in the S2 subsite of active 
binding site domain (Fig. 7f). The carboxylate group at the 
third position of the indole nucleus occupies the space of the 
S3 subsite, while phenylsulfanyl group at the second position 
of indole nucleus occupies the space in the hydrophobic S4 
pocket of the active site in  Mpro. The GA spatial orientation 
showed that the whole molecule aligns in a flipped C-shape 
from within the substrate-binding cleft of viral protease. The 
β-D-glucopyranuronosyl residue occupies the space of S4 
subsite, and α -D-glucopyranuronosyl residue filled the space 
of S1 subsite  (Fig. 7g). The icosahydropicene-2-carboxylic 
acid core nucleus of the GA is arranged alongside the back-
bone of the main chain within the S2 and S3 subsites of the 
substrate-binding cleft in viral protease.

To design the lead molecules, not only the structural 
templates from the existing therapeutic candidates (inhibi-
tors) and molecular fragments (amino acid residues) of 
target protein, but the spatial orientations of biologically 
active targets inside the binding pocket are of consider-
able significance. These spatial orientations can help us to 
evaluate the role of different functionalities of a particular 
target and their arrangement within the binding pocket, 
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offering insight into the impact of molecular architecture 
on inducing inhibitory activity. To the extent of our knowl-
edge, the spatial orientation of these selected therapeutic 
inhibitors (as seen in Fig. 7) superimposed with reference 

standard O6K in a comparative manner is not yet reported 
in the literature. Further, all the docked structures are 
superposed to give overall comparative view  (Fig. 8).

Fig. 7  3D-interaction diagram 
and spatial orientation of refer-
ence compounds 13b (O6K) 
and selected therapeutic drugs 
(CQ, HCQ, RDV, GS441524, 
ARB, and GA) in the substrate-
binding cleft located between 
I and II domains of the  Mpro, 
in the monoclinic crystal form. 
Image a the spatial orientation 
of re-docked reference ligand 
(O6K, green, stick mode) in the 
substrate-binding pocket of the 
viral  Mpro. Images b–g overlay 
of CQ, HCQ, RDV, GS441524, 
ARB, and GA, respectively 
(light blue, stick mode) with 
O6K-6Y2F complex. Red 
symbols, S1, S2, S3, and S4, 
indicate the canonical binding 
pockets for inhibitor’s structural 
’groups’ alignment within the 
active site, and hydrogen bond 
interactions were represented 
with the green dotted line
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Molecular dynamics (MD) simulations studies of GA 
and RDV with SARS‑CoV‑2 main protease (PDB ID # 
6Y2F)

To confirm, validate, and explore the time-dependent inter-
actions of ligands with the SARS-CoV-2 main protease 
(PDB ID # 6Y2F) and the stability of the ligand-receptor 
complex, a molecular dynamics study was performed. Based 
on the interactions with the binding pocket and binding 
energy calculation (Fig. 9, Table 1), we selected GA and 
RDV docked complexes to run MD simulation. The MD 
simulation was performed for 30 ns, and the dynamic sta-
bility of the complexes was analyzed using computational 
parameters like protein–ligand RMSD, L-RMSF, pro-
tein–ligand contacts, P-RMSF, ligand torsion profile, and 
ligand properties.

Analysis of root mean square deviations of protein 
(RMSD‑P), ligand root means square fluctuation 
(L‑RMSF), and protein root mean square fluctuation 
(P‑RMSF)

RMSD is the measure of the distance between the pro-
tein backbones of the superimposed protein. In order to 

determine the conformational stability of the protein back-
bone and ligand–protein complex, the RMSD analysis was 
monitored. RMSD-P is essentially studied to understand the 
movements of different atoms in the protein when the ligand 

Fig. 8  a Superposition poses of (i) O6K, (ii) RDV, (iii) GS441524, 
(iv) GA, (v) CQ, (vi) HCQ, and (vii) ARB corresponding binding to 
the same active pocket (binding domain) of SARS-CoV-2  Mpro (PDB 

ID # 6Y2F). The SARS-CoV-2 Mpro catalytic domain is represented 
in surface mode

Fig. 9  Binding free energy of tested drug molecules docked in the 
 Mpro pocket
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is present in the active site of the receptor. This provides 
deep insight into the structural conformations of the protein 
throughout MD simulation. RMSD-P plot score was calcu-
lated for 30 ns. The RMSD-P plot for  Mpro complexes with 
GA was observed to be in the range of 1.0–2.25 Å (Fig. 10a), 
while for complexes with RDV, the value was in the range 
of 0.9 to 2.7 Å (Fig. 10b). Therefore, this result clearly indi-
cates that the presence of GA and RDV in the active site of 
protein has maintained the stability of protein throughout 
the simulation period, but the stability was better in the pres-
ence of RDV. Furthermore, to determine the conformational 
stability of ligands with respect to protein, the RMSD-L was 
calculated. The RMSD-L for GA was found in the range 
of ~ 1.8–16 Å (Fig. 10a), while for RDV, it was found to be in 
the range of 2.4 to 5.4 Å (Fig. 10b). The graph of RMSD-P 
and RMSD-L specifies that the  Mpro ligand complex is stable 
over the period of the MD simulation. Among GA and RDV, 
RDV showed better interactions with the protein, which is 
the reason for the lesser RMSD values for RDV.

RMSF was calculated to predict the structural integ-
rity of the protein backbone and  Mpro ligand complex. 
The RMSF graph of the  Mpro ligand complex (L-RMSF) 
and  Mpro (P-RMSF) is shown in Fig. 10c–f. The L-RMSF 
indicates that it is stable over the course of the simulation. 
GA atoms ranging from 9 to 20 are plotted to be highly 
fluctuated (RMSF > 3.0 Å, Fig. 10c), while for RDV atoms 
ranging from 10 to 18 (RMSF > 1.5 Å) and atoms ranging 
from 35–42 (RMSF > 1.0 Å, are highly fluctuated (Fig. 10d). 
Additionally, protein RMSF (P-RMSF) was calculated in 
order to measure the binding stability of the protein over 
the course of the MD simulation. In this plot, each peak 
indicates the protein area that fluctuates the most during the 
MD simulation (10e–f). Generally, tails (N- and C-terminal) 
fluctuate more than any other residues of the protein. For 
all the amino acid residues in the protein, the P-RMSF was 
below 4.0 Å when it was complexed with GA (Fig. 10e), 
and P-RMSF was below 3.6 Å when it was complexed with 
RDV (Fig. 10f).

The analysis of suitable protein–ligand interactions is an 
important aspect in order to identify the specific target site. 
In the docking studies, the H-bond was observed between 
hydroxy (OH) of the pyranose sugar and hydroxy (OH) of 
another pyranose sugar of GA with PHE140 and GLU166 
residues (Fig. 11a). Furthermore, SER144 and GLN189 
interact through hydrogen bonding with acid functional-
ity (HO–C = O) of GA. In the MD simulation study, it 
was observed that one acid (COOH) group of compound 
GA formed polar interaction with GLY143, SER144, and 
HIS163. These interactions were observed to be stable 
over 34%, 55%, and 30%, respectively, of the simulation 
period. Furthermore, GLU166 is observed to form water-
mediated interaction with the ligand for 34% of simulation 
time. Additionally, HIS172 showed polar interaction with 

the ligand for 31% of the simulation time. The bar diagram 
specifies the fraction of interactions with each amino acid 
residue over the course of the simulation run (Fig. 11c). In 
the case of RDV, the protein–ligand interactions indicate 
a cyclic ring formed π–π stacking interaction with HIS41, 
while the 3–OH group of sugar ring formed hydrogen with 
THR190 and GLN 192 and 4–OH group of sugar interacted 
with GLN-189, the nitrile group of the sugar ring formed a 
polar interaction with GLN192 (Fig. 11b). The complex also 
formed water-mediated interaction with ester functionality 
of RDV with HIS41, and the interaction was stable over 
38% of the simulation run. The bifurcated water-mediated 
hydrogen bonding with ASN142 and GLU166 of the side 
chain amine nitrogen was observed.

In the case of RDV, it was observed that the complex 
forms hydrophobic and water bridge interaction with HIS41 
for 81% and 90% of the simulation period while forming 
water bridge interaction with ASN142, and GLU166 for 
46% and 36% during the entire simulation run (Fig. 11b). 
The complex also formed hydrogen bonds with GLN189, 
THR190, and GLN192 for 91%, 83%, 48%, and 56% of the 
entire simulation run (Fig. 11b). The bar diagram specifies 
the fraction of interactions of RDV with each amino acid 
residue over the course of the simulation run (Fig. 11d).

In silico physicochemical and ADMET properties 
of CQ, HCQ, ABD, RDV, GS441524, and GA using 
admetSAR software

The calculation of physicochemical parameters and ADMET 
prediction was carried out on online available admetSAR 
software [52]. The compounds CQ, HCQ, and ARB were 
predicted to be positive toward Ames mutagenesis, whereas 
GA, RDV, and its active metabolite (GS441524) showed 
negative results for Ames mutagenesis. CQ is underlying in 
toxic category II (moderately toxic and moderately irritat-
ing), while HCQ, ARB, RDV, and GS441524 are in toxic 
category III (slightly toxic and slightly irritating) in terms 
of acute oral toxicity. The GA falls in the IV category (non-
toxic) in terms of acute oral toxicity. The compounds CQ, 
HCQ, ARB, and RDV were predicted to show substantial 
aromatase binding and blood–brain barrier (BBB) perme-
ability properties. The ability of CQ and HCQ for transverse 
BBB is less known [53], which is not in favor of predicted 
BBB permeability property. Both ARB and RDV were pre-
dicted to show androgen receptor binding, while CQ and 
HCQ do not show such type of binding. The entire com-
pounds showed inhibition of OATP1B1, OATP1B3, and 
BSEP transporter. The compounds CQ, HCQ, and ARB 
were predicted as inhibitors of OCT1 transporter, whereas 
RDV does not inhibit OCT1 transporter. None of the four 
compounds CQ, HCQ, ABD, and RDV were predicted 
to show the inhibition of BRCP, OATP2B1, and OCT2 
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Fig. 10  a, b Plot of protein and ligand RMSD values as a function of time. Protein RMSD at the left Y-axis and the ligand RMSD at the 
right Y-axis coordinates, whereas ligands are GA and RDV, respectively, with SARS-CoV-2  Mpro (PDB ID # 6Y2F). c, d L-RMSF GA 
and RDV, respectively. e, f P-RMSF of GA and RDV, respectively
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transporter. The compound CQ and HCQ were predicted 
as a substrate of CYP3A4, which are following the reported 
property [54]. The non-inhibitory activity of CQ and HCQ 
against CYP3A4 based on an in vitro assay, which is also 
found following the predicted CYP properties, has been 
documented in recent research work by Li et al., 2020 [55]. 
The compounds ABD, GA, GS441524, and RDV were also 
predicted as a substrate of CYP3A4 but did not turn out to 
be the inhibitor of CYP3A4. The compounds ARB, RDV, 

GS441524, and GA were neither the substrate of CYP2C9 
nor the inhibitor of CYP2C9. Both CQ and HCQ were pre-
dicted as the substrate of CYP2D6, which is true as per the 
published literature [54], while ABD and RDV are not. 
All compounds are predicted to not act as an inhibitor of 
CYP2D6, which is in contrast to the reported literature [56]. 
All the compounds CQ, HCQ, and RDV were predicted as 
non-inhibitor of CYP1A2, CYP2C9, and CYP inhibitory 

Fig. 10  (continued)
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Fig. 11  a, b A schematic of detailed GA and RDV atoms interactions 
with the key amino acid residues. c, d Bar charts of protein interac-
tion  with ligands GA and RDV as monitored throughout the simu-

lation (green—H-bonding; gray—hydrophobic; blue—water bridges; 
pink—ionic interactions)
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promiscuity except ABD. It is well reported in the litera-
ture that CQ and HCQ are metabolized by several of the 
CYP450 subfamilies (2C8, 3A4/5, 2D6), mainly to their 
desethylation form (desethylchloroquine or desethylhydroxy-
chloroquine) and the derived metabolites are biologically 
active [57]. ABD experiences major metabolic activity by 
CYP3A4, whereas to a lesser extent by other P450s and 
flavin-containing monooxygenases (FMOs) [58], and it is 
well documented that ARB has strong inducers/inhibitors 
of CYP3A4, which is in close relation with the predicted 
CYP activity [54].

The in vitro study implicated that RDV is a substrate for 
CYP2C8, CYP2D6, and CYP3A4, P-gp, OATP1B1, and 
esterases [59], which is found true for the predicted CYP3A4 
and P-gp property. In  vitro inhibitory activity against 
CYP3A4, OATP1B1 and OATP1B3 has been reported for 
RDV [60, 61], which is conversely to the predicted proper-
ties for CYP3A4 and OATP1B1. The compounds CQ, HCQ, 
ABD were predicted to show a positive response to Caco-2 
(intestinal permeability test) except RDV. None of the com-
pounds were predicted to show binary carcinogenicity, eye 
irritation, and eye corrosion property. Compound CQ and 
HCQ were predicted to show estrogen receptor binding and 
glucocorticoid receptor binding affinities, while ABD and 
RDV did not show binding affinity to these receptors. Except 
HCQ, all the compounds were predicted to demonstrated 
hepatotoxicity.

An explicitly marked difference in hERG activity of CQ 
and HCQ enantiomers was found in a study by Li et al., 
suggesting that the optimal protection profile could be 
obtained from pure S-HCQ (hERG  IC50 > 20 μM), and no 
prolongation of QT was found with S-HCQ alone [62]. Oral 

bioavailability has only been seen by CQ and HCQ, but all 
the compounds show human intestinal absorption. None of 
the compounds were predicted as MATE inhibitors. HCQ 
is predicted to show higher acute oral toxicity, followed by 
CQ, ABD, and RDV. The compound RDV is predicted to 
have higher plasma protein binding followed by ARB, HCQ, 
and CQ, respectively, which is found in accordance with the 
reported values for RDV (88–93.6%), CQ (46–74%) [63], 
and HCQ (64%) [64], except for the ARB. UGT prediction 
suggested that only HCQ and ABD act as UGT substrates, 
while CQ and RDV do not. All the compounds were pre-
dicted to possess thyroid receptor binding (Table 2).

The solubility and lipophilicity play an important role 
in assessing the potential of molecules as a therapeutic 
agent. All the molecules in this study were found to behave 
in a similar manner in terms of their predicted solubility 
(Table 3) except HCQ and GS441524. The lipophilicity 
parameter of the molecules was found to be in the range of 
-1.092 to 5.11, as shown in Table 3. A study by Warhurst 
et al. 2003 reported experimental log P of HCQ (3.84 ± 0.2) 
and CQ (4.72), which were in good agreement with their 
calculated ClogP values and ∼0.30 ± 0.04 log units lower 
than the calculated ClogP value [65]. The log P of the RDV 
and GS441524 is 1.8 and 1.65, respectively, which are in 
good agreement with their calculated ClogP values, but a 
significant variation was observed in the case of GS441524 
with − 3.84 log units higher than the calculated ClogP [66]. 
On the contrary, GA undergoes presystemic biotransforma-
tion after oral administration to glycyrrhetinic acid (GLA); 
therefore, most of the clinical pharmacokinetic studies are 
published on GLA.

Fig. 11  (continued)
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Interestingly, the presence of sugar moiety attached 
to GA brings its lipophilicity to the desired range as per 
’ ’Lipinski’s rule [67]. The permeability and distribution 
properties (Vd) are directly related to lipophilicity. Therefore, 
a similar trend was observed in terms of effective perme-
ability and distribution properties (Vd) except compound 
GS441524. The compounds CQ, HCQ, ARB were predicted 
to be P-gp substrate while RDV, GS441524, and GA were 
not found to be P-gp substrates. The compounds CQ and 
HCQ were predicted as the substrate of P-glycoprotein but 
not the inhibitor of P-glycoprotein, while it is reported that 
CQ and HCQ can potentially inhibit P-glycoprotein efflux 
pumps [57], whereas ABD and RDV predicted as an inhibi-
tor P-glycoprotein but not the substrate of P-glycoprotein. 
All the molecules in this study except ARB were predicted 
as not the inhibitors of the OATP1B1. CQ and HCQ were 
predicted as an inhibitor of organic cations transporter 2 
(OCT2) but turn out to be devoid of inhibitors of bile salt 
export pump (BSEP), whereas ARB and RDV showed the 
reverse trends as observed with CQ and HCQ. Intriguingly, 
GS441524 and GA were turn out to be neither the inhibitor 
of OCT2 nor the inhibitor of BSEP transporter. Interestingly, 
RDV was predicted as the breast cancer resistance protein 
(BCRP) substrate among the molecules in this study. The 
metabolism through cytochrome (CYP) plays an important 
role in drug disposition. HCQ and GA were predicted as the 

substrate for CYP2B6, while CQ, HCQ, and GA were also 
found to be the substrate for CYP2C8.

Additionally, CQ, ARB, and GA can also be utilized 
by CYP2C19, and CYP3A4 was predicted to utilize CQ, 
ARB, RDV, and GA as a substrate. The inhibition poten-
tial of all six compounds was also expected along with 
substrate prediction. CQ was predicted to be an inhibitor 
of CYP1A2, while ARB and RDV were assessed to be an 
inhibitor of CYP3A4, while all other compounds were not 
found to be an inhibitor of CYP. Prediction of uridine glu-
curonosyltransferase (UGT) substrate suggested that ARB 
to be a substrate of UGT1A1, while CQ, HQ, ARB, and 
GS441524 were assessed to be a substrate of UGT2B7. In 
terms of skin sensitivity, CQ and HCQ were predicted to 
be skin sensitive, while ARB and GA were assessed to be 
respiratory sensitive. CQ, HCQ, and GA were predicted to 
induce phospholipidosis. CQ and HCQ are known to be non-
selective inhibitors of various phospholipase A2  (PLA2) iso-
forms and are thought to act by altering the pH of lysosomes 
[53], which is shown to be closely similar to the predicted 
property. In terms of reproductive toxicity, ARB and RDV 
were predicted as toxic and these molecules were found to 
be mild to moderate hepatotoxic as indicated by elevated 
levels of marker enzymes of hepatotoxicity. The predicted 
hepatotoxicity of the RDV is found true with the experi-
mental indication, as evidence for its hepatotoxic effects in 

Table 2  The ADMET properties for CQ, HCQ, ARB, RDV, GS441524, and GA using online admetSAR prediction software (version 2.0)

HERG human either-a-go-go inhibition, HBD hydrogen bond donor, HBA hydrogen bond acceptor, PGP P-glycoprotein inhibitor, PPB plasma 
protein binding, SL subcellular localization; ROCT renal organic cation transporter

Property CQ HCQ ARB RDV GS441524 GA

Ames toxicity  +  +  + − − −
Acute oral toxicity (c) II III III III III IV
Blood–brain barrier  +  +  + −  + −
Caco−2 permeability  + −  + − − −
CYP1A2 inhibition − −  + − − −
CYP2C9 substrate  +  + − − − −
CYP2D6 inhibition − − − − − −
CYP2D6 substrate  +  + − − − −
CYP3A4 inhibition − − − − − −
CYP3A4 substrate  +  +  +  + −  + 
CYP inhibitory promiscuity Low Low Low Low Low Low
HERG inhibition Weak Weak Weak Weak Weak Weak
Intestinal absorption  +  +  +  +  +  + 
cLogP# 5.06 4.11 5.49 1.24 −2.19 3.03
Molecular weight 319.88 335.88 477.72 602.58 291.27 822.94
ROCT Inhibitor Non-inhibitor Inhibitor Non-inhibitor Non-inhibitor Non-inhibitor
PGP-inhibitor Inhibitor −/ + −/ + − − −/ + 
PGP-substrate  +  +  +  + −  + 
S.L Lysosome Lysosome Lysosome Lysosome Lysosome Mitochondria
Water solubility −4.348 −3.565 −4.367 −3.473 −2.167 −4.512
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Table 3  The ADMET prediction for CQ, HCQ, ARB, RDV, GS441524, and GA using ADMET Predictor™

ADMET prop-
erties

Identifier CQ HCQ ARB RDV GS441524 GA

Ionization S + Acidic.pKa None 9.66 None 10.93 None None
Solubility S + Sw 0.099 0.558 0.11 0.023 2.601 2.965
Lipophilicity S + logP 5.113 3.937 4.692 1.597 -1.092 2.402
Permeability S + Peff 

(cm/s × 10–4)
1.287 0.948 3.208 0.084 0.297 3.707

Pharmacokinetic Vd (l/kg) 10.63 7.071 0.859 1.19 1.253 2.433
Transporter Pgp substrate Yes (83%) Yes (94%) Yes (94%) No (93%) No (93%) No (81%)

OATP1B1_Inh No (98%) No (98%) Yes (42%) No (98%) No (98%) No (98%)
OCT2_Inh Yes (92%) Yes (92%) No (78%) No (84%) No (85%) No (95%)
BSEP_Inh No (99%) No (99%) Yes (38%) Yes (36%) No (99%) No (92%)
BCRP substrate No (65%) No (67%) No. (95%) Yes (79%) No (67%) No (95%)

CYP substrates CYP2B6 No (98%) Yes (64%) No (97%) No (97%) No (84%) Yes (79%)
CYP2C8 Yes (63%) Yes (45%) No (97%) No (97%) No (98%) Yes (64%)
CYP2C19 Yes (36%) No (82%) Yes (38%) No (98%) No (98%) Yes (71%)
CYP3A4 Yes (77%) No (37%) Yes (98%) Yes (79%) No (84%) Yes (88%)

Enzyme kinetics CYP3A4_Km 161.101 Non-substrate 14.087 8.770 Non-substrate 591.623
CYP3A4_Vmax 8.880 Non-substrate 3.644 33.522 Non-substrate 65.951
CYP3A4_CLint 6.119 Non-substrate 28.714 424.275 Non-substrate 12.374

CYP inhibition CYP1A2 Yes (53%) No (79%) No (90%) No (64%) No (97%) No (97%)
CYP2C19 No (93%) No (99%) No (99%) No (99%) No (99%) No (97%)
CYP3A4 No (74%) No (66%) Yes (80%) Yes (80%) No (69%) No (94%)

Inhibition kinet-
ics

CYP3A4_Inh. 
midaz

No (79%) No (79%) Yes (75%) No (55%) No (68%) Yes (63%)

CYP3A4_Ki. 
midaz

80.941 119.823 26.841 0.594 4.112 36.199

UGT substrates UGT1A1 No (97%) No (97%) Yes (77%) No (66%) No (89%) No (99%)
UGT1A10 No (97%) No (97%) No (97%) No (75%) No No (97%)
UGT2B7 Yes (93%) Yes (93%) Yes (70%) No (52%) Yes (85%) No (96%)

Skin sensitivity Sens_skin Sensitive (95%) Sensitive (61%) Non-sensitive 
(52%)

Non-sensitive Non-sensitive Non-sensitive 
(85%)

Respiratory 
sensitivity

Sens.resp Non-sensitive 
(60%)

Non-sensitive 
(98%)

Sensitive (56%) Non-sensitive 
(73%)

Non-sensitive 
(57%)

Sensitive (77%)

Chromosomal 
Aberr

Chrom.Aberr Non-toxic 
(56%)

Non-toxic 
(59%)

Non-toxic 
(69%)

Non-toxic 
(63%)

Non-toxic 
(68%)

Non-toxic (88%)

Phospholipi-
dosis

PLipidosis Toxic (95%) Toxic (95%) Non-toxic 
(63%)

Non-toxic 
(99%)

Non-toxic 
(99%)

Toxic (74%)

Reproductive 
toxicity

Repro.Tox Non-toxic 
(97%)

Non-toxic 
(97%)

Toxic (53%) Toxic (62%) Non-toxic 
(67%)

Non-toxic (97%)

Hepatotoxicity Ser_Alkphos Normal (92%) Normal (96%) Elevated (50%) Elevated (90%) Elevated (96%) Normal (92%)
Ser.GGT Normal (97%) Normal (97%) Normal (97%) Normal (87%) Elevated (72%) Elevated (65%)
Ser.LDH Normal (77%) Normal (77%) Elevated (59%) Normal (87%) Elevated (50%) Normal (87%)
Ser.AST Normal (91%) Normal (91%) Normal (78%) Normal Elevated (89%) Elevated (46%)
Ser.ALT Normal (94%) Normal (94%) Normal (94%) Elevated (66%) Elevated (94%) Normal (67%)

Risks Absn.Risk 0 1.227 1.227 6 2.666 0
CYP.Risk 0.121 0.55 0.55 3 0 1
MUT.Risk 2.1 0.6 0.6 0 1.2 0
TOX.Risk 1.977 0 0 1 4 1
ADMET.Risk 3.078 1.846 1.846 10 6.666 2
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transplanted patients is already being documented in the lit-
erature [62]. GA has been reported to have the potential to 
reduce hepatocyte inflammation to some extent, which is in 
close proximity to the predicted properties [62].

Conclusion

Here, we report the docking studies of the clinically oriented 
molecules, which have shown promising anti-COVID-19 
activity. In view of the current pandemic situation and the 
dearth of therapeutic agents against SARS-CoV-2, the pre-
sent docking study revealed the potential application of the 
selected therapeutic agents possesses moderate to excellent 
binding in the O6K binding pocket with variable binding 
affinity from -5.66 to -8.21 kcal/ mol. The present find-
ing highlights silent features of the active domain [binding 
pocket(s)] accessible for ligand interaction within the target 
macromolecule and reveals the spatial orientation of best 
conformers, which may aid in designing novel inhibitors 
for SARS-CoV-2 main protease. The docking studies of the 
selected therapeutics showed that within the active substrate-
binding pocket of  Mpro, CYS145, HIS163, and GLU166 are 
the specific amino acid residues involved interaction with 
target molecules. This signifies their importance as key 
residues that can facilitate the substrate–ligand complex 
formation and modulate the function of  Mpro as potential 
inhibitors. At the active site of  Mpro, the spatial orientations 
of clinically oriented molecules may give an insight into the 
possible structural changes to be made to further strengthen 
the binding affinity at the active site. The lower RMSD val-
ues from the MD studies for RDV imply that RDV has bet-
ter interactions with the protein. The molecules’ ADMET 
prediction might help in the successful repurposing of these 
molecules against the new target. The present study could 
serve as a guide to analyze the crucial role of active site 
residues and their impact on enzyme inhibitory activity. 
We believe that this study might help researchers develop 
future therapeutic agents of high selectivity and efficacy to 
achieve effective treatment of COVID-19. However, addi-
tional exploration in terms of in vivo efficacy is inevitable 
for assessing these drugs’ clinical applicability in a more 
effective manner.
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