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Abstract
Coronavirus disease-2019 (COVID-19), a global pandemic, has currently infected more than 247 million people around the 
world. Nowadays, several receptors of COVID-19 have been reported, and few of them are explored for drug discovery. New 
mutant strains of COVID-19 are emerging since the first outbreak of disease and causing significant morbidity and mortality 
across the world. Although, few drugs were approved for emergency uses, however, promising drug with well-proven clini-
cal efficacy is yet to be discovered. Hence, researchers are continuously attempting to search for potential drug candidates 
targeting the well-established enzymatic targets of the virus. The present study aims to discover the antiviral compounds as 
potential inhibitors against the five targets in various stages of the SARS-CoV-2 life cycle, i.e., virus attachments (ACE2 
and TMPRSS2), viral replication, and transcription  (Mpro,  PLpro and RdRp), using the most reliable molecular docking and 
molecular dynamics method. The ADMET study was then carried out to determine the pharmacokinetics and toxicity of 
several compounds with the best docking results. To provide a more effective mechanism for demonstrating protein–ligand 
interactions, molecular docking data were subjected to a molecular dynamic (MD) simulation at 300 K for 100 ns. In terms 
of structural stability, structure compactness, solvent accessible surface area, residue flexibility, and hydrogen bond interac-
tions, the dynamic features of complexes have been compared.
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Introduction

Since 2 years, the first case of SARS-CoV-2 was reported in 
Wuhan, China; various variations of concern (VOC) have 
emerged around the world, with some variants appearing 
to pose a higher risk to public health, resulting in increased 

transmissibility or cause more severe disease [1–3]. Accord-
ing to the latest reports from the World Health Organization 
(WHO), the total number of COVID-19 cases worldwide 
exceeded 500 million as of April 24, 2022, resulting in 
more than six million deaths [4]. Several spikes have been 
observed throughout the world since the outbreak of the 
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disease [5]. To date, numerous vaccines against the novel 
coronavirus disease (COVID-19) were developed, giving us 
all hope of being free from the widespread disease. In gen-
eral, vaccines are effective for prophylactic use, i.e., effec-
tive when administered prior to infection (prophylactic), 
but potent antiviral agents are required to treat people who 
already have COVID-19 infection [6, 7]. Currently, there 
are several repurposed drugs such as hydroxychloroquine/
azithromycin, favipiravir, hydroxychloroquine, lopinavir/ 
ritonavir, remdesivir, arbidol, and lopinavir/ritonavir com-
bined with interferon beta [8]. In the beginning of Novem-
ber, two new antiviral drugs (molnupiravir and paxlovid) 
were reported to reduce death as well as hospitalization 
numbers among patients who were treated early after their 
initial infection in clinical studies [9]. Despite above men-
tioned, there is still an urgent need to look for specific anti-
viral drugs and additional clinical trials are needed to inves-
tigate their inhibitory mechanisms, efficacy, and safety in the 
treatment of coronavirus infection [10–13]. Many research-
ers have focused on some targets in order to discover and 
develop potential antivirals by blocking major steps in the 
life cycle of COVID-19 [14]. Targeting the lifecycle steps of 
SARS-CoV-2, including virus attachment, viral replication, 
transcription, and virus assembly and release, provides pos-
sible targets for clinical intervention [15].

The cell entry of SAR-COV-2 depends on the binding 
of the viral spike (S) proteins to human cellular receptors 
and on the S protein priming by host cell proteases [16, 17]. 
The viral S protein is cleaved into S1 and S2; the S1 which 
interacts with angiotensin-converting enzyme 2 (ACE2) and 
S2, which is again split and stimulated by transmembrane 
protease serine 2 (TMPRSS2). Therefore, the fusion of 
viral-host membrane will occur as a result of these actions. 
These high-affinity interactions are required for viral entry; 
they are prime targets in COVID-19 treatment. Chloroquine 
has previously been reported to inhibit the virus-receptor 
interaction in SARS-CoV infection by interfering with the 
terminal glycosylation of ACE2. Furthermore, both camo-
stat and nafamostat are TMPRSS2 inhibitors that have been 
found to be effective against MERS-CoV in clinical trials 
[18–27]. Subsequently, the virus gets uncoated after enter-
ing the host body and begins genome replication, which is 
followed by translation at the cytoplasmic membrane, which 
is assisted by a coordinated RNA synthesis process medi-
ated by a protein complex encoded by the 20 kb replicase 
gene [28]. In the cell, novel SARS-CoV-2-specific antiviral 
drugs can target the virus’ main protease  (Mpro), also known 
as a chymotrypsin-like cysteine protease  (3CLpro), and the 
papain-like protease  (PLpro) because of its importance in 
the processing of polyproteins translated from the SARS-
CoV-2 RNA-dependent RNA polymerase (RdRp) or viral 
RNA which is needed for viral genome replication and tran-
scription of viral genes [29–35].

  In addition, drugs  that target viral proteins have the 
potential to be more selective against the virus while caus-
ing fewer negative side effects in humans. The COVID-19 
 Mpro and  PLpro are intriguing as  targets to safely encounter 
the viral disease  because they are required  for COVID-19 
replication, are extremely conserved among related viruses, 
and are not found in humans [36–38]. The very recently 
Paxlovidis is an antiviral drug developed by Pfizer which 
acts as an orally active  Mpro or 3CL protease inhibitor [39]. 
 Mpro is known to be inhibited by the fixed-dose combination 
of ritonavir and lopinavir (Kaletra), which is allowed for 
the treatment of HIV/AIDS [40]. Unfortunately, the Kale-
tra has shown to be ineffective in treating SARS-CoV-2 in 
preliminary clinical trials [41]. Nevertheless, it is currently 
being tested in combination with other antiviral medications. 
Moreover, disulfiram, an alcohol-aversive medication that 
is available in the clinic, has been found to inhibit  PLpro 
in both SARS-CoVand MERS-CoV [42, 43]. In addition, 
a number of RdRp inhibitors reported being ineffective in 
treating COVID-19 infections were originally developed for 
different viruses. Remdesivir, an adenosine analog prodrug, 
was originally designed for the treatment of EBOV and has 
wide antiviral activity against RNA viruses [44]. Remdesivir 
therapy in animal models has been positive against infection 
with MERS-CoV and SARS-CoV [45, 46].

In vitro SARS-CoV-2 replication had been inhibited by 
remdesivir [47]. Other RdRp inhibitors include favipiravir, 
ribavirin, and molnupiravir [40, 48–52]. However, discov-
ering and developing effective antiviral therapies can be 
costly and time-consuming. For this reason, applications of 
in silico ADMET/drugs-likeness prediction, molecular dock-
ing, and molecular dynamics simulations are easily explored 
and time-saving to search for potential perform molecules 
against multiple protein targets [53–57]. There are some 
recent studies suggesting the use of traditional herbal medi-
cines as an adjuvant for the administration of COVID-19; 
therefore, efforts to integrate the use of both western medi-
cines and drugs for designing appropriate therapy strategies 
are still ongoing [54–56]. Natural products are a prolific 
source of secondary metabolites that are molecular inspi-
rations for drugs, which may have elevated pharmacologic 
properties and minimal side effects, against viral infections 
[57–59]. As stated, phytochemicals play a variety of roles 
in viruses (hepatitis C virus (HCV), herpes simplex virus 
(HSV), dengue, chikungunya, influenza, SARS) including 
genetic material and destroying nucleocapsid, inhibiting 
viral entrance and reducing the virus reproduction [58–71]. 
To date, numerous efforts describing the potential of phy-
tochemicals from various sources as SARS-CoV-2 protein 
inhibitors especially against COVI-19 [60, 61].

In this manuscript, 305 phytochemicals from terpenoids, 
lignans, coumarins, saponins, polyphenols stilbenes, alka-
loids, flavonoids, tannins, and steroids were selected based 
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on their reported antiviral activities to discover hit com-
pounds for the five protein targeting various stages of the 
SARS-CoV-2 life cycle, i.e., virus attachments (ACE2 and 
TMPRSS2) and viral replication and transcription  (Mpro, 
 PLpro, and RdRp). To discover the promising agents against 
SARS-CoV-2, the selected compounds were evaluated using 
in silico ADMET and drugs-likeness prediction, molecular 
docking, and molecular dynamics simulations.

Methodology

Preparation of ligand

The structure data file (SDF) format of each bioactive com-
pounds and drugs was downloaded from NCBI PubChem 
database (https:// pubch em. ncbi. nlm. nih. gov/). All struc-
ture data file (SDF) format of each ligand was subjected to 
energy minimization process utilizing the Merck molecular 
force field 94 (MMFF94) algorithm [72]. The PyRx software 
was used to save the minimized structures as PDBQT.

Preparation of receptors

The crystal structure of COVID-19 receptors, main protease 
(PDB ID: 6LU7), human angiotensin converting enzyme 
(PDB ID: 1O86), primer RNA (RdRp) (PDB ID: 7BV2), 
transmembrane protease serine 2 (TMPRSS2) (PDB ID: 
7MEQ), and papain-like protease  (PLpro) (PDB ID: 6WX4) 
was retrieved from the RCSB website (www. rcsb. org). The 
water molecules, heteroatoms, and co-crystallized ligands 
were removed using discovery studio 2021 client [73]. The 
polar hydrogens and Kollman charges were added. Partial 
charges of the molecule were calculated using Geistenger 
method. The PDB files were converted into PDBQT file for-
mat using AutoDock tools [74].

Molecular docking protocol

Molecular docking simulations of the target compounds 
were investigated by using AutoDock Vina program [75]. 
The Vina software was run in exhaustiveness = 8. The bind-
ing sites was selected based on their co-crystallized ligands 
with the target proteins. On the basis of the native ligands 
in the receptors crystal structures, the coordinates of the 
active sites were determined (Table S1). AutoDock Vina 
affinity scores (kcal/mol) for all compounds were obtained 
and ranked using the free energy binding theory. The gener-
ated docking poses were graphically analyzed to check the 
interactions utilizing using discovery studio visualizer. It 
was also used to draft 2D and 3D figures of ligand-receptor 
complex.

In silico ADMET analysis

The prediction of drug-likeness and ADMET (absorption, 
distribution, metabolism, excretion, and toxicity) properties 
of the selected compounds was carried out utilizing online 
servers such as SwissADME, ProTox-II, and pkCSM, as 
reported in the literature [76].

Molecular dynamics (MD) simulation

The best complex (protein–ligand) pose of proteins1O86 and 
6LU7 with ligand obtained from molecular docking was used 
for MD simulation. The GROMACS version 2019.2 pack-
age was utilized to investigate MD simulation analysis with 
GROMOS96 43a1 force field. Parameter files and topology 
of the withanolide were generated using the latest CGenFF 
through CHARMM-GUI [77, 78]. SPC water models that 
extended 10 Å from the protein were used to solve complex 
structures in a triclinic box [79]. To mimic the physiological 
salt concentrations, 55  Na+ and 42  Cl− ions (0.15 M salt) 
for 1O86-withanolide complex (Fig. 1a) and 33  Na+ and 
29  Cl− ions (0.15 M salt) for 6LU7-withanolide-complex 
(Fig. 1b) were added to neutralize the systems. Both systems 
(NPT and NVT equilibration run were subjected to periodic 
boundary conditions at (300 K and 1.0 bar) for 100 ns simu-
lation time using a Leap-frog MD integrator [80]. Energy 
minimization using the steepest descent approach with 5000 
steps was used to eliminate bad contact inside the system 
[81]. Hydrogen bonding was examined using the gmx hbond 
tool. The gmx gyrate and gmx sasa tools were used to calcu-
late the gyration radius and solvent accessible surface area, 
respectively. Using the gmx rmsf and gmx rms tools, the 
root mean square fluctuations (RMSF) and root mean square 
deviation (RMSD) of protein were computed. Trajectory 
analysis was carried out using GROMACS analysis tools 
[82]. Plots were generated by Grace software, and these plots 
were visualized via PyMol/VMD [83, 84]. Simulations were 
conducted using processor Intel(R) Xeon(R) CPU E5-2680 
v4 @ 2.40 GHz, 64 bit.

Binding free energy calculation using MM‑PBSA

The molecular mechanics approach for analyzing complex 
stability was used to calculate the binding free energy of 
the complexes. The binding free energy of protein–ligand 
complexes was calculated using the molecular mechanics 
Poisson–Boltzmann surface area (MM-PBSA). To calcu-
late binding free energy, the last stable 30-ns trajectories 
assess by the RMSD plot were utilized. The frames were 
chosen at 200-ps intervals to cover a wide range of trajec-
tories and to cover varied conformational space for better 
structure–function correlation. The entire procedure was 
expressed in the equation as follows:
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where, GComplex is the total MMPBSA energy of protein–ligand 
complex, and GReceptor and GLigand are the total solution free 
energies of the isolated receptor and ligand, respectively. 
Finally, the MM-G/PBSA value of the protein–ligand com-
plex was calculated by summing the gas-phase electrostatic 
energy  (Eele), van der Waals  (EvdW), polar  (Gpolar), and non-
polar  (Gnon-polar) components.

Results and discussion

Study outline

Initially, 305 alkaloids constituents, coumarins, flavonoids, lig-
nans, phenols, saponins, steroids, stilbenes, tannins, and ter-
penoids obtained from PubChem were used as ligands for the 
current study. The absorption, distribution, metabolism, and 
excretion (ADME) profiles of the above-mentioned study com-
pounds were evaluated and selected 195 ligands (Table S2) 
for docking study, based on Lipinski rule of five, where no 
violations (molecular mass less than 500 Dalton, high lipo-
philicity (expressed as LogP less than 5), less than 5 hydrogen 
bond donors and less than 10 hydrogen bond acceptors. These 
properties, which were followed as a strategic process in drug 
discovery and development, have been implemented in the 
current study [85]. Figure 2 shows the workflow of the overall 
present study.

Target receptors selection

As stated in the introduction, a full understanding the life 
cycle mechanism of SARS-CoV-2 is necessary in order to 

ΔGBinding = GComplex −
(

GReceptor + GLigand

)

ΔGMM−G∕PBSA = ΔGvdw + ΔGele + ΔGpolar

identify druggable targets for the discovery and development 
of potent coronavirus therapeutics. In the present study, we 
have used the potential of natural compounds derived from 
medicinal plants targeting the SARS-CoV-2 can be divided 
into two categories, with the first group targeting virus-
host interactions (ACE2 (PDB ID: 1O86) and TMPRSS2 
(PDB ID: 7MEQ)) or inhibiting viral enzymes  (Mpro (PDB 
ID: 6LU7),  PLpro (PDB ID: 6WX4), and RdRp (PDB ID: 
7BV2)). These targets play a major role in the viral entry, 
replication/transcription, and the many pharmacological tar-
get groups that can be addressed by the traditional de novo 
drug discovery strategy are reflected in genome and protein 
synthesis. Accordingly, release and assembly inhibitors are 
less explored steps in drug discovery against COVID-19 
[86]. Despite, most of the drugs for 2019-nCoV are regis-
tered for control rather than prophylaxis; ACE2, integrin, 

Fig. 2  Overall workflow of the present study

Fig. 1  Protein–ligand com-
plex of a protein 1O86 and b 
protein 6LU7 in triclinic box 
solvated with water molecules 
and neutralized with 55  Na+ 
and 42  Cl− ions, and 33  Na+ 
and 29 Cl.− ions (0.15 M salt), 
respectively
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and S protein targets are important for drug repurposing or 
development programs aimed at preventing viral entrance 
and fusion. Considering the basic goal of all viruses is to 
transport and replicate their genetic code incompetent host 
cells, inhibiting the  Mpro,  PLpro, ACE2, TMPRSS2, and 
RdRp is suggested to be promising targets for anti-2019-
nCoV drug discovery of small molecules.

In addition, targeting human proteins is also a strategy 
to avoid viral scape caused by mutation. Another option is 
a multi-target strategy that combines the potential antivi-
ral agents that acting on several targets to enhance efficacy 
and prevent virus resistance [87]. In light of the COVID-
19 pandemic’s urgency, the repurposing drugs is a better 
opportunity to develop a timely and effective cure. In fact, 

some of the pharmaceuticals currently being tested in clini-
cal trials were originally approved for other purposes [88]. 
However, past and current coronavirus epidemics necessitate 
our preparedness not only for the immediate situation, but 
also for the possibility of novel coronaviruses re-emerging 
in the future. In this regard, finding equivalent medications 
that work as pancoronavirus antivirals or using a multi-target 
approach are crucial to minimize any loss of effectiveness 
due to viral mutation escape.

Molecular docking study

The total around 195 compounds were docked against 
five receptors including, main protease  (Mpro) (PDB ID: 

Table 1  Docking scores and interaction modes of top hit selected antiviral compounds with COVID-19 M.pro target

No Entry Score
Kcal/mol

Interactions

H-bond Hydrophobic

9 3-HDH-withanolide F −9.1 MET6, ILE152, ASP153, ARG298, SER301, 
GLY302

Alkyl: PRO9

12 Limonin −8.7 ARG131, LYS137, LEU287 π-Alkyl: LEU286, LEU287
2 Withanolide −8.6 LYS137, ASN238, LEU286, LEU287 Alkyl: LEU286
16 (18R)-Withaphysalin F −8.6 ARG40, TYR54, GLU55, PHE181
8 Obacunone −8.6 THR199, GLY275, MET276 π-Alkyl: LEU286
89 Mimulone −8.5 THR199, ASN238 π-Sigma: LEU272

Alkyl: VAL171, ALA194
1 Withanolide J −8.4 TYR37, LYS88, TYR101 Alkyl: VAL35, LYS90
79 Inophyllum C −8.4 GLN110, THR292, PRO293 π-Sigma: ILE249

π-π Stacked: PHE294
π-Alkyl: PRO293

5 Withanolide N −8.3 MET276, ASN277, GLY278 π-Alkyl: TYR239
78 Inophyllum P −8.3 ARG131, THR199, ASN238

Fig. 3  Molecular interactions of 3-HDH-withanolide F with COVID-19 M.pro residues (PDB ID: 6LU7)
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6LU7), human angiotensin converting enzyme (PDB ID: 
1O86), primer RNA (Rdrp) (PDB ID: 7BV2), transmem-
brane protease serine 2 (TMPRSS2) (PDB ID: 7MEQ), 
and papain-like protease  (PLpro) (PDB ID: 6WX4). 
Firstly, re-docking of the native ligands was performed 
to validate the accuracy and reliability of the docking 

method; the produced RMSD values were less than 2 
(Table S1), which suggested that the docking protocol 
could be relied on for further molecular docking stud-
ies. The docking scores of all the study compounds were 
between −11.2 and −4.3  kcal/mol (Table  S2). These 
compounds were compared with clinical drugs such as 

Table 2  Docking scores and interaction modes of top hit selected antiviral compounds with COVID-19 ACE receptor

No Entry Score
Kcal/mol

Interactions

H-bond Hydrophobic Other

2 Withanolide −11.2 GLN281, ASN374, GLU376, 
HIS383, ASP415

Alkyl: PRO163, VAL380,
π-Alkyl: TRP279, HIS383

16 (18R)-Withaphysalin F −11.2 GLN281, THR282, ALA354, 
HIS513

Alkyl: ALA354, VAL380,
VAL518
π-Alkyl: HIS353, HIS383, HIS387, 

PHE512, TYR523
13 Withasomnilide −11.1 ASN70, ARG124, ALA356, 

GLU143
Alkyl: LEU139, LEU140, VAL518
π-Alkyl: HIS353, TRP357, HIS387, 

PHE512, HIS513
89 Mimulone −11.0 ALA356, GLU384, HIS387, 

HIS513
π-π T-shaped: TRP357
π-Alkyl: HIS353, HIS383, PHE457, 

HIS513, TYR523, PHE527

π-Sigma: PHE457

10 Somniferanolide −11.0 GLY404, HIS410, GLU411, 
ARG522

Alkyl: MET223, PRO407,
π-Alkyl: TRP357, HIS387

π-Sigma: TRP357, HIS410

12 Limonin −10.9 HIS353, SER355, TYR394, 
HIS410,

π-π T-shaped: HIS353 π-Cation: HIS353

1 Withanolide J −10.8 ARG522, GLU411 Alkyl: VAL351, VAL518
π-Alkyl: HIS353, HIS387, PHE512

π-Sigma: HIS387

9 3-HDH-withanolide F −10.7 ASN66, GLU411 Alkyl: LEU81, LEU140, VAL518
π-Alkyl: TYR69

14 7-Deacetylgedunin −10.7 ALA354, ASP453, LYS454 Alkyl: VAL380
π-Alkyl: VAL379, PHE457

π-Sigma: GLU376
π-Anion: GLU376

6 Withasomniferanolide −10.6 ASN70, SER355, ALA356, 
ARG522

π-Alkyl: TRP357, HIS387, HIS410 π-Sigma: TRP357, HIS387

Fig. 4  Molecular interactions of withanolide with COVID-19 ACE residues (PDB ID: 1O86)
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ritonavir, lopinavir, hydroxychloroquine, chloroquine, 
favipiravir, remdesivir, camostat, nafamostat, and disulfi-
ram (Table S3). Docking results for main protease showed 
that 21 compounds showed stronger binding energy in 
the range of −9.1 and −7.9  kcal/mol as compared to 
control drugs, ritonavir (−7.1 kcal/mol), and lopinavir 
(−7.8 kcal/mol). As shown in Table 1, main protease 
amino acid residues MET6, ILE152, ASP153, ARG298, 
SER301, and GLY302-exhibited hydrogen bond with 
3-HDH-withanolide F. Additionally, the alkyl interac-
tion with PRO9 was also observed. These interactions 

have resulted in the binding energy of −9.1 kcal/mol. The 
possible binding modes of 3-HDH-withanolide F at main 
protease active sites have been shown in Fig. 3.

On the other hand, ligands were docked at the active 
site of ACE target, and the results demonstrated that 182 
ligands could inhibit target receptors with a potential 
energy from −11.2 to −7.0 kcal/mol, which were most 
potent than hydroxychloroquine (−6.8 kcal/mol) and chlo-
roquine (−6.9 kcal/mol). It was found that withanolide 
exhibited the highest docking score of −11.2 kcal/mol 
(Table 2). As shown in Fig. 4, the molecular interactions 

Table 3  Docking scores and interaction modes of top hit selected antiviral compounds with COVID-19 RdRp enzyme

No Entry Score
Kcal/mol

Interactions

H-bond Hydrophobic Other

28 Aurantinidin −8.2 ARG553, TRP617, ASP618, TYR619, ASP760 π-Anion: ASP618, ASP760
87 Tomentin A −8.1 ASP618, ASP623, SER759, ASP760 π-Alkyl: CYS622, ALA688 π-Anion: ASP760
10 Somniferanolide −8.0 ARG555, THR687, ASN691, ASP760
31 Europinidin −7.9 TYR456, ARG555, THR556, SER759 π-Alkyl: ALA688 π-Cation: ARG555

π-Anion: ASP623
91 Scutellarein −7.8 ASN691 π-Sigma: SER682 π-Cation: ARG555

π-Anion: ASP623
29 Cyanidin −7.8 ASP452, TYR456, ARG555, THR556 π-Anion: ASP623
31 Herbacetin −7.7 ASN691, ASP760 π-Alkyl: ALA558

π-Sigma: SER682
π-Cation: ARG555
π-Anion: ASP623

45 Pedalitin −7.7 ASN691, SER681, SER682 π-Sigma: SER687 π-Cation: ARG555
π-Anion: ASP623

60 Silymarin −7.7 THR556, THR680, SER682, ASP760 π-Cation: ARG555
π-Anion: ASP623, ASP760

83 Herbacetin −7.7 ARG555, SER682, SER759 π-Cation: ARG555
π-Anion: ASP623

Fig. 5  Molecular interactions of aurantinidin with COVID-19 RdRp target (PDB ID: 7BV2)
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holding by withanolide in the active site resulted in the 
formation of five H-bond with amino acid residues, namely 
GLN281, ASN374, GLU376, HIS383, and ASP415. Fur-
themore, four hydrophobic interactions were observed, 
including two alkyl and π-alkyl interactions with PRO163, 
VAL380, TRP279, and HIS383 amino acid residues.

Meanwhile, the minimum binding energies of docked 
ligands to the RdRp enzyme indicated that 50 of them 
(−7.2 to −8.2 kcal/mol) could strongly inhibit target pro-
tein as compared to the standard drugs, favipiravir, and 
remdesivir with binding energy of −5.8 and −7.1 kcal/mol, 
respectively. The ligands were ranked according to their 
protein–ligand binding energies, and aurantinidin was found 
to be the the most active compound, with binding energy 

of −8.2 kcal/mol (Table 3). The interactions of aurantini-
din and COVID-19 RdRp established five hydrogen bonds 
(ARG553, TRP617, ASP618, TYR619, and ASP760) to the 
amino acid residues. Moreover, another interaction was also 
observed with ASP618 and ASP760 residues via π-anion 
interaction type (Fig. 5).

Transmembrane protease serine 2 (TMPRSS2) recep-
tor has been inhibited by 7 tested compounds; the bind-
ing score of these compounds revealed that they are most 
active as compared to standard drugs camostat (−7.6 kcal/
mol) and nafamostat (−7.7 kcal/mol) as shown in Table 4. 
Silibinin with a binding affinity score of −8.4 kcal/mol 
showed significant inhibitory activity against target recep-
tor. The interactions between silibinin and residues in 

Table 4  Docking scores and interaction modes of active compounds with COVID-19 TMPRSS2 receptor

No Compound Score
Kcal/mol

Interactions

H-bond Hydrophobic Other

59 Silibinin −8.4 VAL280, HIS296, THR393, GLY439 π-Alkyl: VAL278, VAL280, 
CYS281, CYS297

Alkyl: VAL280, LEU302
60 Silymarin −8.4 VAL280, HIS279, GLN438, GLY464 π-Sigma: VAL280

Amide-π Stacked: CYS437
π-Alkyl: CYS465

16 (18R)-Withaphysalin F −8.4 HIS296, SER441
87 Tomentin A −8.0 CYS297, SER436 π-Alkyl: CYS465 π-Cation: HIS296
89 Mimulone −8.0 VAL280, GLN438, SER441 π-Cation: HIS296

π-Sulfur: CYS465
12 Limonin −7.9 HIS296, GLY462, GLY464 Amide-π Stacked: TRP461
2 Withanolide −7.9 HIS279, THR393 Alkyl: VAL280

Table 5  Docking scores and interaction modes of top hit selected antiviral compounds with COVID-19  PLpro target

No Entry Score
Kcal/mol

Interactions

H-bond Hydrophobic Other

10 Somniferanolide −8.6 ARG166, SER170, GLN174, GLU203 π-Alkyl: TYR207
Alkyl: VAL202

16 (18R)-Withaphysalin F −8.3 GLU161, TYR268 π-Sigma: TYR264
78 Inophyllum P −8.2 TRP106, ALA288 π- π Stacked: TRP106

π-Alkyl: LYS105, ALA288
π-Cation: LYS105

1 Withanolide J −8.2 ARG166, TYR207, LYS232 Alkyl: MET206
79 Inophyllum C −8.1 ALA288, LEU289 π- π Stacked: TRP106

π-Alkyl: LYS105, ALA288, LEU289
π-Cation: LYS105

89 Mimulone −8.1 GLU161, ASP164 π-Sigma: TYR264
π-Alkyl: TYR264
Alkyl: PRO247, PRO248

π-Cation: LYS157

14 Soulattrolide −8.1 LYS157 π- π Stacked: TYR264
π-Alkyl: PRO248

77 Inophyllum B −8.0 ARG166, SER170 π- π Stacked: TYR171
π-Alkyl: VAL202

16 Absinthin −8.0 GLU167, TYR264
6 Withasomniferanolide −7.9 LYS157, TYR268 Alkyl: LYS157
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TMPRSS2 were shown in Fig. 6. This compound binds 
with VAL280, HIS296, THR393, and GLY439 residues 
of receptor through H-bond. Four amino acid residues 
VAL278, VAL280, CYS281, and CYS297 were formed 
π-alkyl interaction type, whereas two alkyl interactions 
were also established between VAL280 and LEU302 resi-
dues and silibinin.

The results of the binding score energy of the same 
selected compounds for papain-like protease  (PLpro) 

protein are presented in Table S2, and 195 compounds 
were scored higher than disulfiram (−4.1 kcal/mol). There-
fore, somniferanolide appeared as the most active inhibitor 
for target protein. The binding site interaction between 
somniferanolide and 6WX4 happens at TYR207 and 
VAL202 via π-alkyl and alkyl, respectively. Furthermore, 
four H-bonds were also observed between this compound 
and  PLpro residues including ARG166, SER170, GLN174, 
and GLU203 (Fig. 7) (Table 5).

Fig. 6  Molecular interactions of silibinin with COVID-19 TMPRSS2 residues (PDB ID: 7MEQ)

Fig. 7  Molecular interactions of somniferanolide with COVID-19 PL.pro residues (PDB ID: 6WX4)

1653Structural Chemistry (2022) 33:1645–1665



1 3

Ta
bl

e 
6 

 D
oc

ki
ng

 sc
or

es
 a

nd
 in

te
ra

ct
io

n 
m

od
es

 o
f s

el
ec

te
d 

m
ul

tit
ar

ge
t i

nh
ib

ito
rs

 o
f C

O
V

ID
-1

9

Ta
rg

et
  

re
ce

pt
or

s
D

oc
ki

ng
 sc

or
es

 
an

d 
in

te
ra

ct
io

ns
M

ul
ti-

ta
rg

et
 in

hi
bi

to
rs

W
ith

an
ol

id
e

(1
8R

)-W
ith

ap
hy

sa
lin

 F
Li

m
on

in
M

im
ul

on
e

6L
U

7
(K

ca
l/m

ol
)

−
8.

6
−

8.
6

−
8.

7
−

8.
5

In
te

ra
ct

io
ns

H
-b

on
d

LY
S1

37
, A

SN
23

8,
 L

EU
28

6,
 

LE
U

28
7

A
RG

40
, T

Y
R

54
, G

LU
55

, 
PH

E1
81

A
RG

13
1,

 L
Y

S1
37

, L
EU

28
7

TH
R

19
9,

 A
SN

23
8

H
yd

ro
ph

ob
ic

A
lk

yl
: L

EU
28

6
A

lk
yl

: L
EU

28
6,

 L
EU

28
7

A
lk

yl
: V

A
L1

71
, A

LA
19

4;
 

π-
si

gm
a:

 L
EU

27
2

1O
86

(K
ca

l/m
ol

)
−

11
.2

−
11

.2
−

10
.9

−
11

.0
In

te
ra

ct
io

ns
H

-b
on

d
A

SN
70

, A
RG

12
4,

 G
LU

14
3,

 
A

LA
35

6
G

LN
28

1,
TH

R
28

2,
 A

LA
35

4,
 

H
IS

51
3

H
IS

35
3,

 S
ER

35
5,

 T
Y

R
39

4,
 

H
IS

41
0,

 H
IS

51
3

A
LA

35
6,

 G
LU

38
4,

 H
IS

38
7,

 
H

IS
51

3
H

yd
ro

ph
ob

ic
A

lk
y:

 V
A

L5
18

; π
-a

lk
yl

: H
IS

35
3,

 
PH

E5
12

, H
IS

51
3

A
lk

y:
 H

IS
35

3,
 V

A
L3

80
; π

-a
lk

yl
: 

H
IS

35
3,

 H
IS

38
3

π-
π 

T-
sh

ap
ed

: H
IS

35
3;

 π
-c

at
io

n:
 

H
IS

35
3

π-
al

ky
l: 

H
IS

35
3,

 H
IS

38
3,

 
TY

R
52

3,
 H

IS
51

3,
 P

H
E5

27
; π

-π
 

T-
sh

ap
ed

: T
R

P3
57

; π
-s

ig
m

a:
 

PH
E4

57
7B

V
2

(K
ca

l/m
ol

)
−

7.
5

−
7.

4
−

7.
4

−
7.

5
In

te
ra

ct
io

ns
H

-b
on

d
A

RG
55

3,
 A

RG
55

5,
 A

SN
69

1,
 

SE
R

75
9

A
RG

55
5,

 T
H

R
68

7,
 A

LA
68

8
LY

S5
45

, T
H

R
68

7,
 A

LA
68

8,
 

A
SN

69
1,

 S
ER

75
9

A
RG

55
3,

 A
SP

76
1

H
yd

ro
ph

ob
ic

A
lk

yl
: C

Y
S6

22
π-

al
ky

l: 
A

LA
68

8
A

lk
yl

: L
Y

S5
51

, A
RG

55
5;

 
π-

ca
tio

n:
 L

Y
S5

51
; π

-a
ni

on
: 

A
SP

61
8,

 A
SP

76
0

7M
EQ

(K
ca

l/m
ol

)
−

7.
9

−
8.

4
−

7.
9

−
8.

0
In

te
ra

ct
io

ns
H

-b
on

d
G

LN
27

6,
 H

IS
30

7
H

IS
29

6,
 S

ER
44

1
H

IS
29

6,
 P

RO
30

1,
 G

LY
43

9,
 

SE
R

44
1

VA
L2

80
, S

ER
43

6,
 G

LN
43

8,
 

SE
R

44
1

H
yd

ro
ph

ob
ic

A
lk

yl
: V

A
L2

80
, P

RO
30

1
A

lk
yl

: P
RO

30
1

A
lk

yl
: V

A
L2

75
, V

A
L2

78
, 

VA
L2

80
, L

EU
30

2;
 π

-π
 

T-
sh

ap
ed

: H
IS

29
6;

 π
-c

at
io

n:
 

H
IS

29
6;

 π
-s

ul
fu

r: 
C

Y
S4

65
6W

X
4

(K
ca

l/m
ol

)
−

7.
6

−
8.

3
−

7.
7

−
8.

1
In

te
ra

ct
io

ns
H

-b
on

d
G

LN
27

6,
 H

IS
30

7
G

LU
16

1,
 T

Y
R

26
8

A
RG

16
6,

 L
Y

S2
32

G
LU

16
1,

 A
SP

16
4

H
yd

ro
ph

ob
ic

A
lk

yl
: L

EU
18

5,
 L

EU
19

9;
 

π-
al

ky
l: 

TY
R

20
7

π-
si

gm
a:

 T
Y

R
26

4
π-

al
ky

l: 
IL

E2
22

A
lk

yl
: P

RO
24

7,
 P

RO
24

8;
 π

-a
lk

yl
: 

TY
R

26
4;

 π
-c

at
io

n:
 L

Y
S1

57
; 

π-
si

gm
a:

 T
Y

R
26

4

1654 Structural Chemistry (2022) 33:1645–1665



1 3

Worth mentioning, among docked compounds, witha-
nolide, (18R)-withaphysalin F, limonin, and mimulone 
showed the highest binding affinity as compared to the 
selected drugs in this study. The binding scores and inter-
action modes of these compounds with target receptors 
are presented in Table 6. Therefore, the stability of witha-
nolide complexes with each  Mpro and ACE receptors of 

COVID-19 were further analyzed using MD simulations 
for 100-ns duration.

In silico ADMET prediction

In silico ADMET analysis of the target phytochemicals is 
presented in Table 7. The obtained results were compared 

Table 7  In silico predicted ADMET results of selected phytochemicals

a Molecular weight in g/mol
b Topological polar surface area in Å.2
c  Aqueous solubility in log mol/L
d Predicted apparent Caco-2 cell permeability in  10–6 cm/s
e Acute toxicity according to the globally harmonized system (GHS) of classification and labeling of chemicals
f Predicted  LD50 in mg/kg

Compounds MolWta TPSAb HBD HBA log P log Sc Caco2d log BB Rot Acute tox.e pLD50
f Ames

Silymarin 482.441 155.14 5 10 2.3627 −3.204 0.435 −1.207 4 IV 2000 No
Limonin 470.518 104.57 0 8 3.1374 −4.379 0.952 −0.841 1 III 244 No
Withanolide 470.606 96.36 2 6 3.4954 −5.127 0.831 −0.315 2 III 300 No
Withasomnilide 470.606 96.36 2 6 3.4954 −5.209 0.834 0.022 2 II 7 No
(18R)-withaphysalin F 484.589 105.59 2 7 2.8318 −4.973 0.812 −0.422 1 II 7 No
Mimulone 408.494 86.99 3 5 5.7451 −3.817 0.651 −1.034 6 IV 2000 No
Silibinin 482.441 155.14 5 10 2.3627 −3.204 0.435 −1.207 4 IV 2000 No
Tomentin A 442.508 116.45 4 7 4.5348 −3.502 −0.366 −1.388 5 IV 2000 No
3-HDH-withanolide F 488.621 124.29 4 7 2.738 −5.209 0.668 −0.9 2 II 34 No
Somniferanolide 468.59 96.36 2 6 3.4155 −5.108 0.897 −0.347 2 II 34 No
Aurantinidin 287.247 114.29 5 6 2.9089 −2.968 −0.881 −1.612 1 V 3919 No

Fig. 8  In silico predicted toxicity parameters with ProTox-II
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with the literature [89], as well as referring to Lipinski’s 
rule of five (LRO5) [90]. The first parameter observed 
was Mol.Wt., where all compounds met the LRO5 crite-
ria, which were ≤ 500 g/mol. Then compounds silibinin 

and silymarin showed TPSA values of more than 140  A2, 
exceeding the criteria in LRO5 [91]. The number of hydro-
gen donor and acceptor groups of all compounds meets 
the LRO5 criteria, with no more than 5 and 10 groups, 

Fig. 9  a 1O86-withanolide structures at a 1 ns, b 10 ns, c 20 ns, d 50 ns, 
and e 100 ns MD run, giving a visual impression of the sequence of 
events and the dynamics of the process. b 6LU7-withanolide structures 

at a 1 ns, b 10 ns, c 20 ns, d 50 ns, and e 100 ns MD run, giving a visual 
impression of the sequence of events and the dynamics of the process
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respectively. One compound exceeded the LRO5 criteria 
for the log P-value: compound mimulone with log P of 
5.75, although this value was still within the optimal range 
of Chander et al. [92, 93]. All compounds showed ideal 
log S values, although all of them were not in the optimal 
range of CaCo2 values. Only withasomnilide compounds 
were in the range of Log BB values from Chander et al. 
[92, 93], although they all met the criteria for the num-
ber of Rot below 15. Finally, there are four compounds 
(3-HDH-withanolide F, somniferanolide, withasomnilide, 
and (18r)-withaphysalin F) which were predicted to have 
high toxicity with an  LD50 value of less than 50 mg/kg 
and were included in class II of the globally harmonized 
system of classification of labeling of chemicals (fatal if 
swallowed) [94], although all compounds did not showed 
potential as mutagens by the Ames test.

Further analysis of the target toxicity of each compound 
with ProTox-II is presented in Fig. 8. Some of the targets 
observed were potential carcinogenicity (carcino), immu-
notoxicity (immuno), and cytotoxicity (cyto); disrupting 
nuclear receptor signaling pathways on aryl hydrocarbon 
receptor (nr_ahr), androgen receptor ligand-binding domain 
(nr_ar_lbd), estrogen receptor alpha (nr_er), and estrogen 
receptor ligand-binding domain (nr_er_lbd), as well as 
interference with stress response pathways to mitochon-
drial membrane potential (sr_mmp) and tumor suppressor 
p53 (sr_p53). The results obtained were varied, with the 
most potential toxicity targets shown by aurantinidin with 

five targets in the probability range between 0.61 and 0.92. 
On the other hand, two compounds had the least poten-
tial toxicity targets (one target): mimulone and somnifer-
anolide. However, the probability of somniferanolide (0.94) 
was much higher than mimulone (0.67). In addition, the 
 pLD50 of somniferanolide (34 mg/kg) is also much lesser 
than mimulone (2000 mg/kg), so the potential for toxic-
ity of mimulone was lower than somniferanolide and other 
compounds. Meanwhile, the most reported target of toxicity 
was the immunotoxicity shown by nine compounds (except 
mimulone and aurantinidin). Overall, ADMET results exhib-
ited that all tested compounds possessed the drug-likeness 
properties. However, some compounds such as limonin, 
withanolide, tomentin A, and aurantinidin showed more 
ideal ADME properties, while the mimulone exhibited lower 
toxicity potential.

Molecular dynamics simulation

The molecular interactions and the solvent conditions 
around the protein influence the conformational stability 
of the protein–ligand interaction. Compounds with higher 
molecular interaction and docking scores have been reported 
to fail to bind to the protein in experimental results in vari-
ous cases. Therefore, a long-range MD simulation of 100 ns 
was performed on docked complex in order to investigate the 
dynamics, conformational stability, and structural stability 
of protein–ligand complex. The best-docked pose with the 
highest binding affinity was utilized as the starting structure 
for the 100-ns molecular dynamics simulation run. The best 

Fig. 10  The RMSD of solvated protein backbone and complex dur-
ing 100  ns MD simulation (1O86-withanolide complex (green) and 
6LU7-withanolide complex (brown)), and unbound 1O86 (black), 
unbound 6LU7 (blue)

Fig. 11  RMSD of withanolide with 1O86 (black) and 6LU7 (gray) 
during the simulation of 100 ns
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pose output is employed to build up this method in a high-
throughput manner for studying the binding mechanism of 
the complex (ligand–protein) under clearly defined water 
environments. The different structures represented in Fig. 9a, 
b give a visual impression of the sequence of events and the 
dynamics of the process, during 1, 10, 20, 50, and 100-ns 
MD simulation runs. To examine the structural stability, MD 
data was processed by calculating the RMSD. Complexes of 
1O86 and 6LU7 with withanolide formed stable conforma-
tion after ~60 ns and ~85 ns, respectively, with an appropri-
ate RMSD value of 2.65 and 2.91 Å, respectively, as seen in 
the RMSD plot (Fig. 10). The most acceptable RMSD value 
range is < 3.0 Å, as the lower RMSD value indicates supe-
rior stability of the system [94]. This finding shows that the 
withanolide develop a stable protein–ligand combination. 
The drop in the RMSD value of protein–ligand complexes 

reflects a conformational alteration in the protein second-
ary structure due to ligand binding. Moreover, in order to 
understand the conformational dynamics of withanolide in 
an aqueous environment, the RMSD of withanolide was also 
examined (Fig. 11). We observed that the conformational 
dynamics of withanolide in both the proteins (1O86 and 
6LU7) remains stable in an aqueous solvent. However, on 
comparison of RMSD values, it was evident that in witha-
nolide-1O86 complex, withanolide remains more stable than 
withanolide-6LU7 complex, and it was spatially occupied in 
the active site.

To examine the average flexibility and fluctuation of indi-
vidual amino acids, the RMSF of protein and complexes 
was plotted from a 100-ns MD trajectory (Fig. 12). Sev-
eral times during the ligand-bound state, the fluctuations 
of the residues in the protein could be found in the RMSF 

Fig. 12  The RMSF values of solvated a unbound 1O86 (black), 1O86-withanolide complex (green), and b unbound 6LU7 (blue), 6LU7-witha-
nolide complex (brown) plotted vs amino acid numbers

Fig. 13  Superimposed structure 
of a unbounded 1O86 (red) and 
1O86 after simulation (green) 
and b unbounded 6LU7 (blue) 
and 6LU7 after simulation 
(pink)
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plot. The average RMSF values of 1.481 and 1.936 Å were  
observed for complexes 1O86-withanolide and 6LU7- 
withanolide, respectively. The findings show that ligand–protein 
interaction brings protein chains closer and reduces the gap 
between them, represented in Fig. 13. The superimposed 
structures (Fig. 13) are obtained by Chimera 1.15 software 
using Tool-Structure comparison followed by MatchMaker 
feature. MatchMaker (or command matchmaker) performs a 
fit after automatically identifying which residues should be 
paired. Pairing uses both sequence and secondary structure, 

allowing similar structures to be superimposed. For evalu-
ating and comparing protein structures, RR distance maps 
represent the average distance and standard deviation for all 
amino acid pairings between two conformations. The RR 
distance maps are represented in Fig. 14, which plots pat-
terns of spatial interaction [95, 96]. The white diagonal on 
the map shows the 0 distance between two residues, while 
the red and blue elements represent residue pairings with the 
greatest distance variances in the two conformations. The 
lowest radius of gyration (Rg) value of ~23.47 and ~21.04 Å 

Fig. 14  RR distance map displaying patterns of spatial interactions of proteins a 1O86 and b 6LU7, showing the average distance and standard 
deviation for all amino acid pairs

Fig. 15  Radius of gyration (Rg) a unbound 1O86 (black), 1O86-withanolide complex (green), and b unbound 6LU7 (blue) and 6LU7-witha-
nolide complex (brown) during 100 ns simulation
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was observed for 1O86-withanolide and 6LU7-withanolide 
complexes, respectively. Along the simulation time, Rg for 
the protein–ligand combination decreased, indicating that 
the structure became more compact (Fig. 15).

Grid-search on 17 × 19 × 18 and 14 × 18 × 16 grids, 
rcut = 0.35 for 1O86 and 6LU7, respectively, revealed the 
interactions of ligand with protein via hydrogen bonds, 
which were plotted against time (Fig. 16). On calculating 
hydrogen bonds between ligand (36 atoms) and proteins 
(6007 and 3038 atoms for receptors, 1O86 and 6LU7, 
respectively), 835 donors and 1663 acceptors were found 
for 1O86-withanolide complex, while 435 donors and 853 
acceptors were found for the 6LU7-withanolide complex. 
The average number of hydrogen bonds per timeframe was 
observed to be 0.662 and 0.775 out of 694,302 and 185,528 
possible for 1O86-withanolide and 6LU7-withanolide 
complexes, respectively. It can conclude that the interac-
tions between ligand–protein substantially enhanced the 
number of H-bonds. Figure 17 shows the solvent acces-
sible surface area (SASA) values changed due to binding 
of the ligand to the protein. The average number of SASA 
of 1O86-withanolide complex reduced to 222  nm2 from 
224  nm2 for unbounded 1O86; similarly, SASA of 6LU7-
withanolide complexes reduced to 132  nm2 from 137  nm2 
for unbounded 6LU7. The reduced SASA values of protein 
upon ligand binding indicate that the surface of the protein 
exposed to the aqueous solvent was reduced due to ligand 

binding. It also suggests the alteration of conformation in the 
protein structure and reduction in pocket size with increased 
hydrophobicity around it [97].

Binding free energy by MM/PBSA methods

The binding free energy of the simulated complex was com-
puted to revalidate the inhibitor affinity predicted by docking 
simulation studies for the 1O86-withanolide complex and 
6LU7-withanolide complex. Binding free energies were cal-
culated utilizing the final 30 ns of MD trajectories. The MM-
PBSA techniques were used to compute the total nonpolar, 
polar, and non-bonded interaction energies (electrostatic 
interaction and Van der Waals) for both complexes, which 
are presented in Table 8.

The binding energy of 1O86-withanolide complex and 
6LU7-withanolide complex was calculated to be −58.743 
and −44.311  kJ/mol, respectively. The van der Waal 
energy of both the complexes, when compared was found 
that 6LU7-withanolide complex (−44.597 kJ/mol), had 
less binding affinity while 1O86-withanolide complex 
(−94.473 kJ/mol) showed strong binding affinity. In both 
withanolide complexes, the electrostatic energy has con-
siderable moderate values. In both withanolide complexes, 
polar solvation and SASA energy showed moderate influ-
ence on binding energy. The binding energy shows the com-
plexes stability, and 1O86-withanolide complex was found 

Fig. 16  Number of average hydrogen bonding interactions between a 1O86-withanolide complex and b 6LU7-withanolide complex during 
100 ns simulation
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to be more stable comparatively and could be used as a 
potential inhibitor.

Conclusion

In conclusion, the current study exhibited that several phy-
tochemicals are accomplished for the inhibition of various 
targets of COVID-19. Among them, withanolide, (18R)-with-
aphysalin F, limonin, and mimulone were active against mul-
tiple targets. Furthermore, compounds such as limonin, with-
anolide, tomentin A, aurantinidine, and mimulone showed 
more ideal ADMET properties among the compounds with 
the best docking results. Molecular dynamic simulation of 
100 ns run revealed that both the protein–ligand complexes 
possess stable conformation but protein 1O86 forms a slightly 
more stable complex with withanolide than protein 6LU7-
withanolide complex. Our findings in this study could be a 

good starting point for carrying out more in vitro and clinical 
studies to obtain potential drug candidates for the treatment 
of COVID-19 in the near future.
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Fig. 17  Solvent accessible surface area (SASA) analysis for a unbound 1O86 (black), 1O86-withanolide complex (green), and b unbound 6LU7 
(blue) and 6LU7-withanolide complex (brown) during 100 ns simulation time

Table 8  Free binding energy 
calculations of 1O86-
withanolide and 6LU7-
withanolide complexes

1O86-withanolide complex 6LU7-withanolide complex

Binding energy (kJ/mol) −58.743 ± 29.001 −44.311 ± 61.091
van der Waal energy (EvdW) (kJ/mol) −94.473 ± 32.637 −44.597 ± 36.592
Electrostattic energy (Eelec) (kJ/mol) −19.547 ± 4.694 −30.803 ± 15.171
Polar solvation energy (DG polar) (kJ/mol) −66.448 ± 5.368 −34.146 ± 95.549
SASA energy (kJ/mol) −25.037 ± 4.301 −19.946 ± 6.001
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