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Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is an emerging virus 
responsible for the ongoing Coronavirus Disease 19 (COVID-19) pandemic. Despite the advent of 
COVID-19 vaccines, pandemic fatigue is still escalating as new SARS-CoV-2 variants emerge and 
vaccine shortages hit globally. Hence, drug repurposing remains an alternative strategy to combat 
SARS-CoV-2. For centuries, plants have served as natural reservoirs of pharmacologically active 
compounds with minimal cytotoxicity and promising antimicrobial and antiviral activities. In this light, 
the present study was undertaken to virtually screen 33 phytochemicals across various cultivars 
against the main protease (Mpro) and Spike (S) protein of SARS-CoV-2 using ADME analysis. 31 
phytochemicals obeying Lipinski’s rules were subjected to molecular docking using AutoDock Vina. 
Docking scores were determined by selecting the best conformation of the protein-ligand complex 
that exhibited the highest affi  nity. The study identifi ed withanone, licofl avone A, and silibinin to 
interact with the S protein at the hACE2-binding site with high binding energies. Similarly, myricitrin, 
withanone, naringenin, licofl avone A, and silibinin exhibited high binding affi  nities with the substrate-
binding pocket of Mpro between the domains I and II. Interestingly, licofl avone A, silibinin, and 
withanone interacted with both Mpro and S proteins in silico. Further, drug-likeness studies indicated 
withanone to be the most readily bioavailable phytochemicals among the three shortlisted ligands. 
Therefore, phytochemicals can be regarded as potential leads for developing inhibitors against this 
mysterious virus. In vitro investigations are further warranted to prove their antiviral effi  cacy.

ABSTRACT

ABBREVIATIONS
ADME: Absorption Distribution Metabolism Excretion; COVID-19: Coronavirus 

Disease-19; hACE2: Human Angiotensin-Converting Enzyme 2 Receptor; Mpro: Main 
Protease; NTD: N-terminal Domain (NTD); RBD: Receptor-Binding Domain (RBD); 
RBM: Receptor-Binding Motif; S protein: Spike Protein; SARS-CoV-2: Severe Acute 
Respiratory Syndrome Coronavirus-2; WHO: World Health Organization

INTRODUCTION
The past year has witnessed a severe collapse of the global healthcare system 

and downturned leading economies, disrupting livelihoods, impacting all trade 
sectors, every individual in every part of the world [1]. All these were repercussions 
following the emergence and widespread dissemination of the Severe Acute 
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), resulting from the outbreak 
of Coronavirus Disease 19 (COVID-19) pandemic. This enigmatic pathogen has been 
regarded as a re-emerging virus that seriously risks human life [2]. SARS-CoV-2 
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is an enveloped virus displaying characteristic crown-like 
projections on its surface. Structurally, the virus codes 
for four structural proteins, namely the Envelope (E), 
Membrane (M), Spike (S), and Nucleocapsid (N) proteins 
[3]. These proteins cumulatively aid viral entry into host 
cells, subsequent infection, replication, and assembly of 
virion particles. The fi rst outbreak of SARS-CoV-2 was 
reported in Wuhan, China, and since then, SARS-CoV-2 
has spread across 220 countries, infecting more than 184 
million people and resulting in over 3.9 million deaths [4]. 
Owing to its highly mutative positive-sense ssRNA genome, 
infection cycle, and the expansion of viral geographical 
range, variants of SARS-CoV-2 have also emerged during 
this pandemic [3]. This makes the present situation more 
intense, making the epidemiologists and researchers 
reiterate their line of action before the mutants unleash a 
wave of violent infections. Although six COVID-19 vaccines 
have been approved by the World Health Organization 
(WHO), their long-term effi  cacy against the upcoming 
SARS-CoV-2 variants remains a question. It is, therefore, 
the need of the hour to develop eff ective therapeutics 
against this deadly virus. Drug repurposing seems to be an 
alternative in this battleground as it bypasses the need for 
drug development, thereby reducing the drug discovery time 
frame. However, the existing repurposed drugs have been 
sidelined by the scientifi c community due to either lack of 
concrete evidence or associated side eff ects [5]. To overcome 
these shortcomings, naturopathic-based therapies have 
gained prominence among scientists. This involves using 
plant-derived formulations and herbal products that boast 
high target specifi city, boosting the immune system with 
minimal cytotoxicity. As such, plants are known to harbor 
a rich repository of secondary metabolites such as alkaloids, 
fl avonoids, terpenoids, tannins, saponins, and polyphenols 
with the ability to resist pathogens and boost host immunity 
[6]. These plant bioactives must therefore be investigated for 
their antiviral properties against the SARS-CoV-2. In recent 
times, bioinformatics has played an integral role in shaping 
scientifi c advancements by reducing the time and monetary 
costs imposed by experimental designs, execution, data 
analysis, lead selection, and laboratory-based trials. In this 
regard, molecular docking has proved to be an innovative 
algorithmic-based scientifi c tool for modeling and 
identifying characteristic interactions between the target 
protein and ligand/drug molecule in silico.

Several research groups have identifi ed phytochemicals 
exhibiting antiviral properties against poliovirus, infl uenza 
virus, dengue virus, and even the Human Immunodefi ciency 
Virus (HIV) by inhibiting either cell entry, attachment to a 
cell receptor, or viral replication [7]. Rhizome extracts of 
Curcuma longa (turmeric) have been shown to inhibit the 
activity of infl uenza A neuraminidases [8] and H5N1 avian 
infl uenza virus [9]. Carica papaya (papaya) demonstrates 
potential antiviral activity against Dengue virus with reduced 
thrombocytopenia and improved immunity during dengue 
fever [10]. In contrast, Zingiber offi  cinale (ginger) has proved 

to be eff ective against the human respiratory syncytial 
virus [11] and Chikungunya virus [12]. In silico studies have 
recently identifi ed potential antiviral drugs combating 
SARS-CoV-2 by targeting its structural proteins [13] or those 
involved in viral replication and assembly [14]. The crucial 
determinants of SARS-CoV-2 are its structural proteins, 
particularly the S protein that facilitates attachment to the 
host cells via the human Angiotensin-Converting Enzyme 
2 (hACE2) receptor [15]. It lays the principle foundation for 
SARS-CoV-2 infection as it mediates the process of virion 
attachment and entry. The S protein contains two subunits, 
the S1 and S2; further distinguished into various functional 
domains. The S1 subunit includes the N-Terminal Domain 
(NTD) and the Receptor-Binding Domain (RBD), which 
houses the Receptor-Binding Motif (RBM). In the process of 
virus attachment, the S protein undergoes conformational 
changes resulting in endosome-mediated entry into the 
host cells [3]. Any amino acid substitutions (mutations) in 
the S protein can result in SARS-CoV-2 variants with an 
enhanced affi  nity towards the hACE2 receptor. Therefore, 
the S protein of SARS-CoV-2 becomes the primary target for 
abrogating viral attachment to human cells.

Another unique determinant of SARS-CoV-2 is its main 
protease (Mpro), or chymotrypsin-like protease (3CLpro) 
that controls the replication complex by catalyzing the 
cleavage of polyproteins translated from viral RNA, giving 
rise to functional viral proteins [16]. It also participates in 
the deubiquitination of cellular proteins and ISG15 removal, 
thereby causing immune suppression in the host cells [17]. 
Hence, Mpro seems to be an attractive antiviral target holding 
the key to replication machinery in SARS-CoV-2. Considering 
the quintessential role of S protein and Mpro in SARS-
CoV-2 biology and virulence, this study was undertaken to 
screen phytochemicals against these target proteins. Using 
ADME analysis coupled with in silico docking analysis, we 
investigated the possible interactions between the S protein 
and Mpro of SARS-CoV-2 with 33 test phytochemicals based 
on their binding energies and docking scores. This adds to 
the volume of existing literature, thereby harnessing the 
antiviral potential of plant-derived secondary metabolites 
in combating SARS-CoV-2. Nevertheless, further bench-
based investigations are warranted to substantiate these 
fi ndings for their large-scale utility and viability.

MATERIALS AND METHODS
Sources of ligands and viral target proteins

33 phytochemicals were selected for this study based 
on the previously published scientifi c literature on plant-
derived antivirals [7,18]. The three-Dimensional (3D) 
structures of the ligands were retrieved from the PubChem 
database in SDF format. PubChem is a database that harbors 
the 3D structures and chemical information of organic 
compounds [19]. The downloaded SDF fi les were converted 
to PDB format using PyMOL. The phytochemicals used in 
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the present study have been mentioned in table 1. Ribavirin, 
a guanosine analog that inhibits RNA/DNA replication 
[20], and ivermectin, an FDA-approved anti-parasitic 
drug and inhibitor of SARS-CoV-2 [21] were chosen as 
positive controls for this study against Mpro and S proteins, 
respectively. Similarly, two viral target proteins: Mpro and 
S protein were selected for docking studies. The Mpro and 
S protein crystal structures were retrieved in PDB format 
from RCSB PDB for the present study (www.rcsb.org). SARS-
CoV-2 Mpro bound to N3 inhibitor (PDB ID: 6LU7) and RBD 
of S protein complexed with hACE2 (PDB ID: 6M0J) were 
downloaded for in silico analysis.

ADME analysis

Phytochemicals were initially screened to eliminate 
the compounds violating Lipinski’s rule of fi ve [22]. 
The pharmacokinetic properties such as Absorption, 
Distribution, Metabolism, and Excretion (ADME) of the 
phytochemicals were determined using the SwissADME 
tool [23]. The phytochemicals in the PDB format were 
converted to standard SMILES format and uploaded to the 
SwissADME prediction tool (http://www.swissadme.ch). 
Pharmacological properties such as drug solubility (logS), 
Human Intestinal Absorption (HIA), and any carcinogenic 
traits were obtained from AdmetSAR (http://lmmd.ecust.
edu.cn/admetsar2). The work plan for this study has been 
presented in fi gure 1.

Ligand and receptor preparation

The downloaded 3D structures were checked for the 
presence of any improper bonds, side-chain anomalies, and 
missing hydrogens using PyMOL software [24]. The water 
molecules, complex molecules, ions, and protein ligands 
were also removed from the 3D structures. For simplifying 
docking analysis, polar hydrogens were then added along 
with gagster charges prior to docking. The optimized PDB 
structures of Mpro, RBD spike, and all phytochemicals were 
fi nally uploaded and converted to PDBQT format via the 
AutoDock-MGT Tool. 

Molecular docking, analysis, and visualization

Molecular Docking was carried out using AutoDock 
Vina 1.5.6, a graphical user interface used for predicting the 
receptor-ligand binding. AutoDock Vina is the successor of 
AutoDock 4 and is more robust, accurate, and user-friendly 
than its earlier version. Docking protocol was followed 
as described previously [25]. In the case of Mpro, targeted 
docking was performed with grid box dimensions 40 Å × 40 
Å × 40 Å with grid spacing 0.7 Å, whereas in the case of RBD, 
spike molecule grid box dimensions were set to 52Å × 86 Å 
× 40 Å and grid spacing 0.6 Å. The value of exhaustiveness 
was set at 24. Each docking experiment resulted in nine 
confi rmations with their respective binding affi  nity in 
kcal/mol. The ligand-binding pose with the lowest binding 
energy was recruited for further studies. To confi rm the 

fi delity of docking software, ligands were re-docked to the 
Mpro and S protein crystal structures. The protein-ligand 
interactions and PDB structures were viewed and analyzed 
in PyMOL molecular visualization tool [24] and LigPlot [26]. 
The phytochemicals found to interact with both the viral 
target proteins intensely were further discussed in our study.

Bioavailability radar

The drug-likeness of the shortlisted phytochemicals 
with binding energy lower than the controls were analyzed 
by considering six physiochemical properties and forming 
a bioavailability radar using the SwissADME tool (https://
www.swissadme.ch/). Six parameters were evaluated: 
ligand fl exibility, lipophilicity, polarity, saturation, size, 
and solubility. The pink-shaded regions defi ne the optimal 
values of the six parameters, and any deviation from them 
suggests the ligand not being orally bioavailable [23].

RESULTS AND DISCUSSION
The unprecedented outbreak of COVID-19 has created a 

global threat and prompted scientists worldwide to develop 
effi  cacious antiviral therapies with high target specifi city 
and minimal off -target eff ects. There is a pressing need 
to replace antiviral-based therapies due to many factors, 
including the emergence of resistance due to high mutation 
rates, virus latency, non-specifi city or compromised target 
specifi city, undesired side eff ects, poor outcomes in clinical 
setups. Moreover, poor drug compliance and untimely 
administration of antivirals are other signifi cant reasons for 
the failure of antiviral drugs. To the rescue, plant extracts 
harboring numerous bioactive phytochemicals have proved 
eff ective in combating human viral diseases [27]. Numerous 
studies have shown that these nature-derived products 
exhibit robust antiviral activity since they bind to critical 
viral proteins, impeding virus replication, even at nanomolar 
concentrations [28]. Most of these phytochemicals are 
produced by plants as secondary metabolites to fend off  
microorganisms and thus can be repurposed as potential 
drug candidates against SARS-CoV-2. The roots of plant-
based elixirs can be traced to Ayurveda, Siddha, and Unani, 
the ancient healthcare systems of India [6]. Their usage 
has been faithfully transmitted for ages between diff erent 
generations. However, general disagreements and ambiguity 
related to their use in the current scenario pertaining to the 
lack of knowledge regarding their mode of action persist. 
In this view, our study was aimed to screen phytochemicals 
and their possible role in targeting two essential proteins 
of SARS-CoV-2 using computational analysis. It is well 
known that the main protease Mpro is vital for polyprotein 
processing, and spike plays a crucial role in mediating viral 
attachment to host cells [29]. Because of their essential 
role in regulating the viral life cycle and absence of any 
human orthologs counterpart, the two viral proteins were 
considered attractive drug targets against the SARS-CoV-2. 



Gulati P, et al. (2021) J Biomed Res Environ Sci, DOI: https://dx.doi.org/10.37871/jbres1357 1124

Table 1: ADME analysis of 33 phytochemicals used in this study. The phytochemicals mentioned in bold letters were found to violate Lipinski’s rules.

S. No. Name of Phytochemical PubChem
ID

Molecular Weight
( < 500 Da)

Lipophilicity
(LogP < 5)

#H-bond acceptors
( < 10)

#H-bond donors
( < 5)

No. of 
Violations

1. α-Boswellic acid 637234 456.7 5.82 3 2 1

2. α-Camphorene 101750 272.47 5.63 0 0 1

3. α-Pinene 6654 136.23 4.29 0 0 0

4. Betaine 247 117.15 -3.67 2 0 1

5. β-Sitosterol 222284 414.71 6.73 1 1 1

6. Campesterol 173183 400.68 6.54 1 1 1

7. Camphor 2537 152.23 2.3 1 0 0

8. Carvacrol 10364 150.22 2.82 1 1 0

9. Caryophyllene oxide 1742210 220.35 3.67 1 0 1

10. Cembranoid diterpene 
lactone 5477673 330.42 3.36 4 1 0

11. Chrysanthenone 442463 150.22 2.2 1 0 0

12. Curcumin 969516 368.38 1.47 6 2 0

13. Diayangambin 167452 446.49 0.98 8 0 0

14. E-Guggulsterone 6439929 312.45 3.86 2 0 0

15. Procyanidin B2 122738 578.52 -0.26 12 10 3

16. Eugenol 3314 164.2 2.01 2 1 0

17. Gingerol 442793 294.39 2.14 4 2 0

18. Licofl avone A 5319000 322.35 2.2 4 2 0

19. Linalool 6549 154.25 2.59 1 1 0

20. Liquiritin apioside 10076238 550.51 -2.49 13 7 3

21. Myricitrin 5281673 464.38 -2.32 12 8 2

22. Myrrhanol A 42608309 460.73 4.91 3 3 1

23. Naringenin 932 272.25 0.71 5 3 0

24. Oleanolic acid 10494 456.7 5.82 3 2 1

25. Piperine 638024 285.34 2.39 3 0 0

26. Palmitic acid 985 256.42 4.19 2 1 1

27. Rosmarinic acid 5281792 360.31 0.9 8 5 0

28. Silibinin 31553 482.44 -0.4 10 5 0

29. Stigmasterol 5280794 412.69 6.62 1 1 1

30. Theobromine 5429 180.16 -0.52 3 1 0

31. Tinosporinone 42607646 342.34 1.19 6 0 0

32. Ursolic acid 64945 456.7 5.82 3 2 1

33. Withanone 21679027 470.6 2.75 6 2 0

ADME analysis identi ied 31 phytochemicals to 
obey Lipinski’s rules

Lipinski’s rule of fi ve was applied to all selected 
33 candidates to shortlist ligands based on their 
physicochemical properties and drug-likeness. These 
rules enlist various parameters for a chemical that should 
be satisfi ed before its declaration as an oral drug. It helps 
determine the compound's suitability as an active drug 
for oral consumption in humans [22]. These parameters 
require molecular weight to be less than 500 Da, the 
number of hydrogen bond acceptors and donors to be less 

than 10 and 5, respectively, and lipophilicity (log P), i.e., 
an octanol-water coeffi  cient to be less than 5 [22]. It has 
been well documented that molecules that fail to follow 
Lipinski’s rule have poor absorption and bioavailability in 
the body. Therefore, compounds that violated more than 
two parameters were ruled out, and other compounds were 
considered for further studies and analysis. Out of the 33 
phytochemicals evaluated; two compounds: procyanidin B2 
and liquiritin apioside, violated more than two parameters 
with very low lipophilicity and high numbers of H-bond 
donors and acceptors (Table 1). Henceforth, the remaining 
31 compounds were subjected to molecular docking.
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Figure 1 Workfl ow of the present study. Phytochemicals (ligands) were subjected to ADME analysis, followed by virtually screening against SARS-CoV-2 Mpro and 
S protein by molecular docking, and examining their drug likeness.

Phytochemicals exhibit a high binding af inity 
towards viral proteins

With the aim to inhibit viral replication and impede 
its attachment to host cells, we screened a series of 
phytochemicals to target the Mpro and S proteins, 
respectively. Molecules that could bind eff ectively to 
the substrate-binding pocket of Mpro or could sandwich 
between hACE2 receptor and S protein were speculated to be 
therapeutic leads. Recent computational investigations have 
scrutinized various phytochemicals that eff ectively bind Mpro 
and S proteins with high affi  nity [24,30]. To extend previous 
fi ndings, the 31 shortlisted phytochemicals were examined 
for their abilities to interact with the target proteins in 
silico. We employed AutoDock Vina to analyze the binding 
affi  nities, position, and conformation of ligands concerning 
the viral target proteins. Binding energy, measured in kcal/
mol, is the sum of intermolecular interactions between 
the test protein and ligands. It is inversely proportional to 
affi  nity, i.e., the lower the binding energy of a test ligand, 
the higher is its affi  nity for the protein [31]. The docking 
results showed multiple conformations of ligand (pose) with 
binding energies ranging from -9 kcal/mol (myricitrin) to 
-3.4 kcal/mol (betaine). It has been generally recommended 
that a binding affi  nity lesser than the upper threshold of 
− 6 kcal/mol be regarded as the cut-off  value for deciding 
a strong interaction between the ligand and target protein 

[24]. Among the 31 docked ligands, 18 compounds displayed 
a higher binding affi  nity towards Mpro than ribavirin (-6.1 
kcal/mol). Five compounds showed increased binding 
affi  nity more than ivermectin (-7.3 kcal/mol) for the S 
protein, while 15 compounds exhibited values lower than 
-6 kcal/mol. The binding energies of the test phytochemicals 
for Mpro and S protein have been depicted in fi gure 2.

Molecular docking and interactions of 
phytochemicals with SARS-CoV-2 Mpro

It has been well documented that Mpro is an essential 
protease of SARS-CoV-2 involved in virus replication, aiding 
post-translational polyprotein processing [32]. Thus, it 
has been utilized as an attractive drug target in numerous 
studies. The 3D structure of Mpro accommodates three 
regions: domain I and domain II consisting of a series of beta 
barrels, whereas domain III is composed of alpha-helices. 
The active site of Mpro is positioned between domain I and 
domain II fl anked by the His41-Cys145 catalytic dyad [33,34]. 
Catalytic dyad is found in various enzymes that utilize 
cysteine as the nucleophile deprotonated by the -NH group 
of histidine, leading to oxyanion hole formation. The latter 
is eventually stabilized by hydrogen bond donors: Gly143, 
Ser144, and Cys145 of Mpro [33]. Moreover, mutations in the 
catalytic dyad residues have been to abolish the activity of 
Mpro [35]. Thus, targeted docking was carried out wherein the 
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Figure 2 Binding energies of 33 ligands after molecular docking against Mpro and S protein of SARS-CoV-2.

docking region was centered on the respective coordinates 
at the interface between the two domains such that it 
encompasses the whole substrate-binding pocket of Mpro. 
Virtual docking revealed that most phytochemicals occupied 
similar positions within the active site, located between the 
domains I and II (Figure 3a). Amino acids Arg188, Gln189, 
Met49, Cys145, His41, His163, His164, and Met165 were 
predicted to be the critical residues of Mpro majorly involved 
in interactions with the test phytochemicals (Figure 3b).

Notably, myricitrin was best fi tted into the active site 
pocket of Mpro by two hydrogen bonds with Tyr54 and Asp187 
via the phenyl ring of the fl avonoid backbone (Figure 3b). 
The sugar residues also formed four hydrogen bonds with 
Leu141, Asn142, Ser144, and His163. Apart from this, it also 
interacted with Mpro through a plethora of hydrophobic 
bonds, including His41, Gly143, Cys145, His164, Met165, 
Glu166, Arg188, and Gln189. Similarly, licofl avone A was 
enveloped by 12 hydrophobic bonds, including Thr25, 
Thr26, His41, Met49, Leu141, Asn142, His163 Met165, 
Pro168, Arg188, Gln189, and Thr190 (Figure 3b). Moreover, 
the phenyl of ring of the fl avonoid backbone formed one 
hydrogen bond with Cys145 and Gly143 and two hydrogen 
bonds by Ser144. Also, both the phenyl ring and heterocyclic 
ring of naringenin were hydrogen-bonded with Leu141, 
Ser144, Gly143, Glu166, and Asp187. Likewise, numerous 
other phytochemicals were surrounded by a hydrophobic 
environment and hydrogen bonds that could stabilize 
their interactions with the binding pocket of Mpro. Briefl y, 
naringenin, withanone, silibinin, ursolic acid, oleanolic acid, 
rosmarinic acid, stigmasterol, and E-guggulsterone were 
reportedly stabilized by 8, 11, 9, 9, 9, 7, 8, and 4 hydrophobic 
bonds, respectively. In contrast, the latter phytochemicals 
showed 5, 3, 4, 3, 1, 7, 2, and 2 hydrogen bonds, respectively.

Myricitrin showed maximum affi  nity with the 
remarkable binding energy of -9 kcal/mol among all the 
test phytochemicals. Myricitrin is a glycosyloxyfl avone 
well known for its anti-infl ammatory and antioxidant 
properties [36]. Furthermore, Gao et al. reported the anti-
atherosclerotic and hypolipidemic eff ects of myrcitirin 
[37]. Pentacyclic triterpenoids such as α-boswellic acid, 
oleanolic acid, and ursolic acid also showed excellent 
binding energies (lower than -6 kcal/mol) with numerous 
interactions. The antiviral, antitumor and antimicrobial 
properties of triterpenoids have also been documented 
[38]. Oleanolic acid, present in olive oil, is also known for 
its immunomodulatory eff ects and is widely recognized in 
cancer prevention [39]. Also, E-guggulsterone derived from 
gum resin of Commiphora wightii, demonstrated superior 
binding due to numerous interactions with Mpro compared 
to ribavirin.

Interestingly, most phytochemicals that showed 
high affi  nity or low binding energies and intermolecular 
interactions towards Mpro were fl avonoids such as myricitin, 
naringenin, and licofl avone A. Their binding sites were 
consistent with ketoamide, a broad-spectrum inhibitor of 
Coronavirus, fl anked by the His-Cys catalytic dyad [40]. 
Therefore, fi ve lead compounds that showed a high binding 
affi  nity for Mpro with solid intermolecular interactions 
were myricitrin, withanone, licofl avone A, silibinin, and 
naringenin. Interestingly the majority of these compounds 
are fl avonoids. Thus, it can be speculated that compounds 
containing fl avonoids can serve as potent inhibitors of Mpro.

Molecular docking reveals high-af inity interaction 
between phytochemicals and S protein 

The prime phase in infection by SARS-CoV-2 is mediated 
by its S protein, aiding in recognizing the hACE2 receptor and 
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Figure 3 Visualization of molecular docking against SARS-CoV-2 Mpro. (a) Phytochemicals exhibiting strong interactions with Mpro. Domains I, II, and III of Mpro are 
labelled in blue, purple, and orange, respectively. All phytochemicals have been depicted in red. (b) Interactions of lead phytochemicals with SARS-CoV-2  Mpro. 
Dashed lines indicate hydrogen bonding and red arcs represent hydrophobic interactions. Green displays the catalytic dyad His41-Cys145. Ribavirin has been used 
as a control.
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subsequent fusion to the host cell membrane [15]. Moreover, 
the upcoming wave of infections has been closely related 
to the selection of SARS-CoV-2 variants due to amino acid 
substitutions in the S protein. Hence, targeting the S protein 
seems to be the most promising remedy for combating 
SARS-CoV-2 in the long run. The S protein of SARS-CoV-2 is 
a transmembrane homo-trimeric protein with two distinct 
domains. The S1 domain bears the RBD and binds to the host 
cell receptor, while the highly conserved S2 domain regulates 
viral fusion with the host cell membrane [41]. Thus, docking 
was targeted to strictly restrict phytochemicals around 
the hACE2 receptor-directing face of the RBD, such that 
the interactions between S protein and hACE2 receptor are 
disrupted. Virtual screening revealed that most ligands (18) 
exhibit binding affi  nities lower than -6 kcal/mol, with fi ve 
phytochemicals demonstrating binding energies superior 
to ivermectin (-7.3 kcal/mol) and multiple interactions 
with the RBD (Figure 2). These include α-boswellic acid, 
licofl avone A, oleanolic acid, ursolic acid, and withanone.

Similar to Mpro, interactions were predominantly 
stabilized by hydrophobic bonds with the RBD spike, 
followed by hydrogen bonds. Interestingly, hydrophobic 
bonds outnumbered the hydrophobic bonds in all cases, 
except with rosmarinic acid. Some of the critical residues 
on S protein that played a major role in interactions were 
Tyr505, Tyr495, and Arg408. Withanone displayed the 
highest affi  nity (-8.4 kcal/mol) with the nine interactions, 
while silibinin displayed the maximum interactions 
(eleven) on the S protein and hACE2 receptor interface. 
Briefl y, withanone formed hydrophobic bonds with Thr415, 
Gly416, Lys417, Tyr453, Leu465, and hydrogen bonds 
with Glu406 and Gln409 Thr415, and Arg401 (Figures 4a). 
Due to its binding position, withanone was found wedged 
between the hACE2 receptor and S protein. Hence, it can 
be considered as a probable candidate for disrupting the 
virus-host cell interactions. Moreover, our fi ndings are in 
agreement with the recent studies that regard withanone 
as a potential inhibitor of SARS-CoV-2 entry into host cells 
[42]. Withanone has been valued as an ancient medicinal 
herb in antistress therapy, memory enhancement, and nerve 
tonic with neuroprotective properties [43]. Its anticancerous 
properties have also been documented in the literature 
[44,45]. Hence, its potential application as an anti-COVID 
drug may be exploited to the core only after translating such 
in silico and bench-based research into clinical trials.

Although α-boswellic acid, oleanolic acid, and ursolic 
acid exhibited high affi  nities for the RBD, they were not 
taken into further consideration due to reduced binding to 
Mpro. Hence, we considered licofl avone A and silibinin as 
they exhibited excellent binding energies with numerous 
hydrophobic and hydrogen bonds (Figure 4b). Licofl avone 
A is known to cure gastric ulcers [46], while silibinin, 
a fl avolingin, has renowned antineoplastic activity, 
alleviates infl ammation, and induces apoptosis [47]. 
Licofl avone A was well fi tted into the hACE2-binding face 

via hydrophobic interactions with Arg403, Phe497, Tyr495, 
Tyr453, and Leu455 residues along with hydrogen bonding 
with Tyr505, Asn501, and Gly 496. Similarly, silibinin was 
also well accommodated in the RBD by forming multiple 
hydrophobic bonds with Asn501, Gln498, Gly496, Arg403, 
Tyr495, Tyr453, Leu455, and Lys417 and hydrogen bonds 
with Tyr449, Ser494, and Glu406. Multiple hydrogen bonds 
between phytochemicals and target protein can be regarded 
to enhance the stability of interactions. Numerous studies 
have elaborated on the role of hydrophobic interactions in 
protein-ligand interaction. Patil, et al. [48] demonstrated 
that hydrophobic interactions and hydrogen bonds at 
the drug target interface play a vital role in stabilizing 
the intermolecular interactions and signifi cantly impact 
drug effi  cacy. In the same direction, Freitas, et al. [49] 
highlighted the role of hydrophobic and hydrogen bonds 
in stabilizing the protein-ligand interactions in the proper 
orientation. Considering the high binding affi  nities and the 
myriad of hydrogen and hydrophobic bonds between the 
phytochemicals and S protein, it may help circumvent the 
menace of COVID-19. However, their ability to abrogate the 
hACE2-spike complex association needs further evaluation 
by in vitro investigations.

Bioavailability radar reveals withanone to be the 
most suitable phytochemical against Mpro and S 
protein 

The drug-likeness of three shortlisted phytochemicals 
viz. silibinin, licofl avone A, and withanone was predicted 
using physicochemical and ADME properties determined 
from SwissADME [23]. SwissADME is an authenticated web 
tool for predicting and evaluating the pharmacokinetics, 
drug-likeness, and medicinal chemistry friendliness of 
small molecules. Its logarithm is built on Lipinski's rule of 
fi ve [50] while presenting a user-friendly interface for non-
experts in computer-aided drug design [23]. To be estimated 
as drug-like, the red line of the compound under study must 
be fully included in the pink area. Based on the results, it 
was observed that all three phytochemicals obeyed the 
molecular size, bond fl exibility, and saturation parameters. 
We found only withanone to be orally bioavailable, fulfi lling 
all the necessary parameters by entirely fi tting in the pink-
shaded area (Figure 5). On the other hand, licofl avone A and 
silibinin showed slight deviations from the lipophilicity and 
polarity (topological polar surface area) parameters and 
thus represented a suboptimal physicochemical property for 
oral bioavailability (Figure 5). Nevertheless, our results add 
to the expanding literature in this avenue for repurposing 
phytochemicals as anti-SARS-CoV-2 molecules (Figures S1 
& S2).

CONCLUSION
The last two decades have witnessed the outbreak 

of emerging diseases, of which SARS-CoV-2 presently 
plagues humankind. Due to the rapid rate of mutations in 
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Figure 4 Visualization of molecular docking against SARS-CoV-2 S protein. (a) Phytochemicals exhibiting strong interactions with S protein.  hACE2 receptor and 
S protein are colored in green and blue, respectively. All phytochemicals have been depicted in red. (b) Interactions of lead phytochemicals with SARS-CoV-2  Mpro. 
Dashed lines indicate hydrogen bonding and red arcs represent hydrophobic interactions. Ivermectin has been used as a control.

Figure 5 Analysis of drug-likeness of licofl avone A, silibinin, and withanone using bioavailability radar. The pink-shaded zone is an estimated physicochemical 
space for oral bioavailability of the drug. LIPO (Lipophility): 0.7 < XLOGP3 < +5.0. SIZE: 150g/mol < MV < 500 g/mol. POLAR (Polarity): 20Å2 < TPSA < 130Å2. 
INSOLU (Insolubility):  0 < LogS (ESOL) < 6. INSATU (Insaturation): 0.25 < fraction Carbon sp3 < 1. FLEX (Flexibility): 0 < Number of rotatable bonds < 9.
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its RNA genome, it has become even more challenging to 
design potential therapeutic drugs against them. Hence, 
repurposing traditional bioactive phytochemicals seems 
to be an immediate alternative at our disposal [51]. In the 
present study, 33 phytochemicals were selected across 
various cultivars and virtually screened for targeting the 
Mpro and S proteins of SARS-CoV-2. These compounds were 
screened using Lipinski’s rule of fi ve and drug-likeness 
parameters. 31 compounds that obeyed Lipinski’s rules 
were subjected to molecular docking alongside ribavirin 
and ivermectin as controls. Several phytochemicals showed 
a high binding affi  nity for Mpro and S proteins individually, 
while only licofl avone A, silibinin, and withanone 
demonstrated high affi  nity for both the target proteins. Of 
the three phytochemicals, only withanone was found to be 
orally bioavailable, while licofl avone A and silibinin were 
sub-optimally bioavailable. Considering that plant extracts 
harbor several phytochemicals, they can be exploited to 
target this notorious virus in a multi-targeted approach that 
might have synergistic eff ects. Thus, the results obtained 
in the current study yield promising results in harnessing 
the ancient Indian knowledge of Ayurveda in treating 
human ailments, including SARS-CoV-2. Moreover, the 
rampant use of antibiotics in this COVID-19 era has led to 
a sudden “antibiotic rush” that can accelerate the pace at 
which resistance in bacterial pathogens evolves, severely 
compromises the global commitment to curb antimicrobial 
resistance and the incidence of secondary prevention 
infections in COVID-19 patients [52]. Thus, bioactive 
phytochemicals can prove to be the “wonder drugs” with 
multifaceted properties in this aspect as well. Until then, 
concrete evidence from in vitro and in vivo investigations is 
warranted to predict and validate the use of phytochemicals 
in clinical setups to defeat the ongoing COVID-19 pandemic. 
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