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Summary. – A novel coronavirus, known as severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), enters into the host cells through an interaction between its surface spike protein (S-protein) and 
the angiotensin-converting enzyme 2 receptors, leading to coronavirus disease 2019 (COVID-19). Using 
effective S-protein inhibitors may reduce the virulence of the virus. Molecular docking was performed 
to evaluate the binding affinity of 97 phenolic compounds (phenolics) with the SARS-CoV-2 S-protein 
receptor-binding domain (RBD). Molecular dynamics (MD) simulation was carried out to assess the 
stability of interactions between top-ranked compounds and S-protein RBD. Pharmacokinetics and tox-
icity of top-ranked inhibitors were also studied. Furthermore, the essential residues involved in ligand 
binding, based on the degree of each amino acid in the ligand-amino acid interaction (LAI) network for 
S-protein, were identified. Molecular docking and MD simulations were performed utilizing the AutoDock 
and Discovery Studio Client version, respectively. The LAI network was analyzed using the Cytoscape 
software. Pharmacokinetics and toxicity of top-ranked compounds were studied using bioinformatics 
webservers. It was estimated that nine of the studied phenolics can bind to the SARS-CoV-2 S-protein at 
the nanomolar scale with a considerable estimated energy of binding (∆G binding < -10 kcal/mol). Eight of 
them revealed stable docked pose after MD simulation. The results of the present study may be useful in 
the prevention and therapeutic perspectives of COVID-19. However, further in vitro and in vivo validation 
tests are required in the future.
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Introduction

A new coronavirus has emerged in Wuhan city, Hubei 
province, China, on January 7, 2020. The International 
Committee on Taxonomy of Viruses named it severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), and the 
associated disorder was called coronavirus disease 2019 
(COVID-19) by the World Health Organization (WHO). In 
addition, human-to-human transmission of the virus 
was early demonstrated in Guangdong, China (Chan et 
al., 2020; Dai et al., 2020; Wong et al., 2020). Several clini-
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cal symptoms have been reported for COVID-19, such as 
pneumonia (Shi et al., 2020), fever (Chacón-Aguilar et al., 
2020), headache, nausea (Li and Huang, 2020), cough, fa-
tigue (Wujtewicz et al., 2020), and loss of taste and smell 
(Gautier and Ravussin, 2020).

It is necessary to discover effective vaccines and/or 
drugs to overcome this nasty pandemic (Gupta and Shah, 
2021). Although vaccines provide long-term immunity 
against COVID-19 (Izda et al., 2020), there are still certain 
limitations in this regard. According to previous reports, 
the effectiveness of vaccines depends on different factors 
including the patient's age (Campillo et al., 2020), human 
genetics, and immune response, which varies in different 
ethnicities (Ozkan, 2020). Moreover, preparing vaccines in 
large enough amount for all recipients around the world 
is complicated and has not been achieved yet (Kumar et 
al., 2021). Besides, the mRNA-based vaccines need to be 
kept at extremely cold temperatures (between -80°C and 
-60°C), which is not easy to access in many health centers 
(Meo et al., 2021). Thus, the availability of vaccines for 
COVID-19 is limited, and therefore, there is an urgent need 
to discover effective drugs against SARS-CoV-2 to reduce 
the mortality rate of patients affected with COVID-19 in 
a short-term treatment approach (Izda et al., 2020, 2021).

SARS-CoV-2 infects host cells through an interac-
tion between its surface glycoprotein, known as spike 
protein (S-protein), and the angiotensin-converting 
enzyme 2 (ACE2) located on the membrane of several 
organs cells such as lungs, kidney, heart, intestines, and 
arteries (Donoghue et al., 2000; Hamming et al., 2004; Xu 
et al., 2020). Considering the essential role of S-protein 
in the pathogenesis, transmission, and the virulence of 
SARS-CoV-2, using potential S-protein inhibitors may 
reduce COVID-19 mortality and morbidity (Hall and Ji, 
2020). Thus, S-protein inhibitors may be considered for 
therapeutic goals in the future. In the present study, in 
silico virtual screen approaches were performed, includ-
ing molecular docking and molecular dynamics (MD) 
simulations, to estimate the binding affinity of 97 herbal 
phenolic compounds (phenolics) to the receptor-binding 
domain (RBD) of S-protein. AutoDock software was used 
to perform molecular docking analysis as one of the fast-
est methods for drug discovery (Huang and Zou, 2010). 

Phenolics are natural antioxidants having one or more 
aromatic rings with at least one hydroxyl group. They are 
mostly found in fruits, vegetables, legumes, cereals, nuts, 
medicinal plants, spices, and several beverages such as 
tea and grape juice (Escarpa and Gonzalez, 2001; Palma 
et al., 2002; Naczk and Shahidi, 2006; Garcia-Salas et al., 
2010; Guajardo-Flores et al., 2013; Ramírez-Jiménez et al., 
2014; Wang et al., 2015). Based on their basic structure, 
they are classified into several groups including simple 
phenolics (C6), benzoic acid (C6-C1), acetophenones (C6-C2), 

cinnamic acid (C6-C3), naphthoquinones (C6-C4), xanthones 
(C6-C1-C6), stilbenes (C6-C2-C6), flavonoids (C6-C3-C6), lignans 
and neolignans (C6-C3)2, hydrolyzable tannins (C6-C1)n, 
and lignins (C6-C3)n (Garcia-Salas et al., 2010). Many ben-
eficial functions have been reported for phenolics, such 
as antibacterial, anti-inflammatory, and antimutagenic 
activities (Garcia-Salas et al., 2010; Saranraj et al., 2019). 
Numerous studies have been published on the antiviral 
properties of several phenolic compounds. (Herrmann 
and Kucera, 1967; Serkedzhieva et al., 1986a,b; Serkedzhie-
va and Manolova, 1988; Abou-Karam and Shier, 1992; Nagai 
et al., 1995; Semple et al., 1999; Gonçalves et al., 2001; Likhit-
witayawuid et al., 2005; Sokmen et al., 2005; Cai et al., 2006; 
Dhiman, 2011; Xiong et al., 2012; Pang et al., 2014; Malik et 
al., 2016; Ma et al., 2018; Min et al., 2018; Seong et al., 2018; 
Nishide et al., 2019; Ikeda et al., 2020; Ulomskiy et al., 2020; 
Yin et al., 2014). Moreover, the antiviral activity of several 
flavonoids, the most abundant subclass of phenolics, has 
been experimentally confirmed against coronavirus infec-
tion (Russo et al., 2020). Therefore, we hypothesized that 
phenolics may exhibit inhibitory effects against the SARS-
CoV-2 S-protein. To examine this hypothesis, we designed 
a study based on molecular docking analysis to evaluate 
the binding affinity of several phenolic compounds to the 
SARS-CoV-2 S-protein RBD.

A total of nine studied phenolics were found to be 
top-ranked inhibitors of S-protein concerning their 
salient estimated energy of binding (∆G binding < -10 kcal/
mol) and inhibition constant (Ki). The Ki value of these 
compounds was estimated at the nanomolar scale (nM). 
Eight of the compounds showed a stable connection with 
the S-protein RBD after MD simulations and were con-
sidered as potentially effective S-protein inhibitors. The 
pharmacokinetic profiles and toxicological properties of 
top-ranked phenolics were also studied using bioinfor-
matics web tools.

Materials and Methods

S-protein RBD and ligand structure preparation. The 3-D 
structure of S-protein RBD was obtained from the Research 
Collaboratory for Structural Bioinformatics database (https://
www.rcsb.org) (PDB ID: 6M0J) as a Protein Data Bank (PDB) 
file by the criteria of x-ray resolution = 2.45 Å (Lan et al., 2020). 
Chain E and chain A in the 6M0J file corresponded to the 
S-protein RBD and ACE2, respectively. The chain E, with the 
length of 194 residues was selected for the molecular docking 
operation. Energy minimization (EM) of the S-protein RBD was 
performed using Swiss-PDB viewer version 4.1.0 (http://www.
expasy.org/spdbv) before the molecular docking procedure. 
The EM was performed by using the GROMOS96 force-Field. 
In this approach, all calculations are made in a vacuum status, 
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with no reaction field (Artimo et al., 2012). A total of 97 phenolics 
were considered as candidates for interaction with the SARS-
CoV-2 S-protein. Several factors were considered for selecting 
a set of 97 phenolics in this study. Being herbal was the most 
important criteria for ligand selection due to their low toxicity, 
as well as their availability (Benalla et al., 2010). In addition, 
having high molecular mass, as well as demonstrated antiviral 
property in previous studies were also considered as the next 
important features of the components. We hypothesized that 
high molecular mass allows the compound to cover the surface 
of the S-protein RBD as much as possible. Of note, we did not 
choose all the ligands of high molecular mass compounds 
with a known antiviral property showed in previous studies, 
because then we would lose many phenolics. However, several 
studied phenolics had a high molecular mass such as vitisin 
A (PubChem ID: 16131430), vitisin A (PubChem ID: 135430431; 
pyranoanthocyanin) and theaflavins. Among 97 studied 
compounds, a total of 29 plant-based ligands were selected 
from our previous studies, which were performed to examine 
their binding affinity to matrix metalloproteinase 8 (MMP-8) 
(Taherkhani et al., 2021) and MMP-13 (Taherkhani et al., 2020). 
The others were selected by text mining.

The 3-D Structures of all compounds (ligands) were obtained 
as a Structure Data File (SDF) file from the PubChem database 
(https://pubchem.ncbi.nlm.nih.gov). After that, the SDF formats 
were turned into the PDB file, using the cactus webserver (http://
cactus.nci.nih.gov/chemical/structure). All ligands were struc-
turally and geometrically optimized through EM, utilizing Hy-
perChem version 08.0.10 software. Moreover, ChemDraw Ultra 
version 12.0.2.1076 (http://www.cambridgesoft.com) was used to 
draw the two-dimensional structures of top-ranked inhibitors.

Molecular docking and molecular dynamics simulation. In the 
present study, the computational analyses were done using a 
windows-based operating system. The characteristics of the 
system were as follows: Installed memory, 32 GB; Processor, 
Intel Core i7; System type, 64-bit. Molecular docking studies 
were implemented utilizing the AutoDock version 4.0 (http://
autodock.scripps.edu). It is noteworthy that the AutoDock 
software uses the Lamarckian Genetic algorithm to predict 
the conformation of small molecules attached to the receptor. 
Moreover, AutoDock calculates the estimated free energy of 
binding (∆G binding) through the following formulas (Morris et 
al., 1998; Huey et al., 2007; Huey and Morris, 2008; Liu et al., 2016; 
Jayaraj et al., 2021):

∆G binding = G complex – (G protein – G ligand)
∆G binding = Intermolecular Energy + Total Internal Energy 
+ Torsional Free Energy – Unbound System's Energy

According to Lan et al. (2020), a total of 17 residues of the 
SARS-CoV-2 RBD are bound to 20 amino acids of ACE2. The inter-
acting amino acids in the RBD included K417, G446, Y449, Y453, 
L455, F456, A475, F486, N487, Y489, Q493, G496, Q498, T500, N501, 

G502, and Y505. In the AutoDock software, the grid box settings 
were as follows: spacing, 0.375 Å; X-dimension, 48; Y-dimension, 
100; Z-dimension, 52; X-center, -36.669; Y-center, 29.44; Z-center, 
4.183. In addition to the setting options in AutoDock, the num-
ber of ligand conformations was set as 50. For each of the top-
ranked inhibitors, the conformation with the lowest ∆G binding 
involved in a cluster with the highest frequency of models using 
a root-mean-square deviation (RMSD)- tolerance of 2.0 Å was 
selected to create the docked protein-ligand complex. To study 
the stability of interactions between top-ranked phenolics and 
S-protein RBD, MD simulations were implemented in a period 
of 1 nanosecond (ns) using Discovery Studio Client version 
16.1.0.15350. The MD simulation advanced settings were as fol-
lows: solvation model, explicit periodic boundary; cell shape, 
orthorhombic; minimum distance from the boundary, 10  Å; 
solvent, water; target temperature, 310 K; force field, CHARMm; 
and time step, 2 fs. Moreover, BIOVIA Discovery Studio Visual-
izer version 19.1.0.18287 was used to demonstrate interaction 
modes between top-ranked inhibitors and residues within the 
S-protein RBD, as well as their three-dimensional docked pose 
before and after MD simulations. 

Pharmacokinetic and toxicological properties. The pharma-
cokinetic features of the top-ranked inhibitors were predicted 
using the SwissADME web tool (http://www.swissadme.ch/). 
These characteristics included absorption, distribution, me-
tabolism, and excretion (ADME) of the compounds. Also, the 
PreADMET (https://preadmet.bmdrc.kr/) web-tool was used 
to evaluate the carcinogenicity of top-ranked phenolics in 
mouse and rat models, besides estimating the in vitro human 
etheragogo related gene (hERG) inhibition.

LAI network analysis. In the present study, a set of amino 
acids connected to each of the inhibitors with a Ki value at the 
nanomolar scale were identified from post-docking analysis 
using the BIOVIA Discovery Studio Visualizer 19.1.0.18287. 
Accordingly, a list of phenolics and their interacted residues 
was imported into the Cytoscape (3.7.2; www.cytoscape.org) 
to build an LAI network. The network was analyzed using the 
network analyzer tool to calculate the degree of all amino acids 
in the network.

Results and Discussion

Molecular docking and dynamics between the 
S-protein RBD and phenolic compounds

In the present study, computational protein-ligand 
docking was performed to evaluate the binding affinity 
between the RBD of S-protein in SARS-CoV-2 and 97 phe-
nolics. The docking results of all tested compounds in this 
study are presented in Supplementary Table 1. According 
to the results, a total of nine compounds with a ∆G binding 

less than -10 kcal/mol and a Ki value at the nM scale were 
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identified; these ligands were considered as top-ranked 
phenolics for inhibition of S-protein. The range of ∆G binding  

for the top nine S-protein inhibitors was determined be-
tween -11.99 and -10.05 kcal/mol for vitisin A (PubChem 
ID: 16131430) and amentoflavone (PubChem ID: 5281600), 
respectively. Therefore, it was estimated that all of the 
top-ranked inhibitors could strongly bind to the S-protein 
RBD. The details of docking results related to each of the 
top nine inhibitors analyzed in the current study are 
presented in Table 1. The details of interaction modes be-
tween each of the top nine phenolics and residues within 
the S-protein RBD, before and after MD simulations are 
presented in Table 2. Of note, all hydrogen bonds with a 
distance longer than 5 Å were not considered significant.

Pharmacokinetic and toxicological properties of top-
ranked inhibitors

The in silico prediction approach was used to evaluate 
the ADME and toxicity of the top-ranked S-protein inhibi-
tors, since traditional methods are time-consuming and 
costly (Yamashita & Hashida, 2004; Moda, 2007; Buzzi, 
2007; Afonso, 2008; Silva, 2008; de Amorim et al., 2018). Sev-
eral pharmacokinetic properties were studied using Swiss 
ADME, including gastrointestinal (GI) absorption, blood-
brain barrier (BBB) permeability, P-gp (P-glycoprotein) 
substrate, and cytochrome P-450 inhibition. The possible 
inhibition of human cardiac potassium channel hERG, 
besides carcinogenicity of the compounds in mice and 
rats, were considered as toxicological properties of the top 
nine inhibitors. According to the results, it was estimated 
that vicenin-2 and rutin have lower toxicity effects than 
the other top inhibitors. The ADME and toxicity results 
are presented in Table 3.

LAI network analysis

The LAI network contained 126 interactions between 
44 nodes. The nodes included 23 compounds with a Ki 
value at the nM scale, besides 21 interacting amino acids 
(Fig. 1). NetworkAnalyzer defined the degree of all amino 
acids in the network. Tyr453 was found to be the most 
interacting residue within the S-protein RBD (Fig. 2).

In the present study, virtual screening approaches 
were performed using the AutoDock tool and Discovery 
Studio Client to identify effective plant-based phenolics 
for inhibiting the S-protein located at the surface of SARS-
CoV-2. To the best of our knowledge, the present study is 
the first, in which an LAI network associated with the 
S-protein amino acids was built to determine the most 
essential amino acids involved in the ligand binding.

According to the docking results, vitisin A (PubChem 
ID, 16131430) illustrated the highest binding affinity to S-
protein with the ∆G binding and Ki value of -11.99 kcal/mol 
and 1.62 nM, respectively. The next top S-protein inhibitors 
ranked as follows: theaflavin-3,3 '-digallate, pyranoantho-
cyanidin (vitisin A, ID = 135430431), vicenin-2, hesperidin, 
astilbin, rutin, theaflavin, and amentoflavone. The two-
dimensional structures and sources of each of the top 
nine inhibitors are presented in Supplementary Table 2.

Hall et al. (2020) performed a molecular docking study 
of various available anti-viral medications against the S-
protein and main protease of SARS-CoV-2, known as 3CL, 
using Schrodinger® docking suits (Schrödinger Maestro, 
New York, NY, USA. Version 11.9.011, MMshare Version 
4.5.011, Release 2019–1, Platform Windows-x64). According 
to the results of the study by Hall et al. (Hall & Ji, 2020), 
Coenzyme A and Flavin Adenine Dinucleotide (also called 
adeflavin) revealed the best results for S-protein inhibi-

Table 1. Details of binding energies between SARS-CoV-2 spike protein RBD and top nine phenolic inhibitors

Ligand name
Final  

intermolecular energy  
(kcal/mol)

Final total 
internal energy 

(kcal/mol)

Torsional  
free energy 
(kcal/mol)

Unbound 
system's energy 

(kcal/mol)

Estimated free 
energy of binding 

(kcal/mol)

Vitisin A -10.53 -10.42 +5.37 -3.59 -11.99

Theaflavin-3,3'-digallate -11.56 -9.20 +6.26 -3.23 -11.26

Vitisin A (pyranoanthocyanin) -7.91 -7.32 +4.18 -0.09 -10.95

Vicenin-2 -9.82 -8.09  +4.77 -2.40 -10.73

Hesperidin -8.70 -8.17 +4.47 -1.95 -10.45

Astilbin -9.43 -5.23 +2.98 -1.30 -10.38

Rutin -7.23 -9.74 +4.77 -2.10 -10.1

Theaflavin  -9.12 -5.35 +3.28 -1.11 -10.09

Amentoflavone  -9.91 -4.21 +2.68 -1.38 -10.05

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; RBD, receptor binding domain.
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Table 2. Molecular interactions between the top nine phenolic inhibitors and residues incorporated in the receptor binding domain 
of spike protein before molecular dynamics and after molecular dynamics simulations

Ligand name Hydrogen bond  
(distance Å)

Hydrophobic 
interaction  
(distance Å)

Electrostatic 
(distance Å)

Miscella-
neous  

(distance Å)

Unfavorable 
(distance Å)

Vitisin A
(before MD)

Arg403 (4.41 non-classical);  
Gly496 (2.91 classical); Ser494* 
(3.54 classical)

Phe456 (6.63); Tyr489 
(5.40); Leu455* (5.85); 

Tyr449 (6.77, 7.17)

Arg403 (7.07) NA Phe490 (4.37)

Vitisin A
(after MD)

Ser494 (3.37 classical); Gln493  
(3.80 non-classical); Gly496  
(3.62 non-classical)

Leu455 (7.01) NA NA NA

Theaflavin-3,3'-
digallate 
(before MD)

Tyr453 (4.58 classical) Tyr505 (3.82, 4.71) Arg403 (6.26) Gln498 (4.99) Ser494 (4.82)

Theaflavin-3,3'-
digallate 
(after MD)

Asn501 (3.22 non-classical) NA NA NA NA

Vitisin A: 
pyranoanthocyanin 
(before MD)

Gly496 (3.50 non-classical);  
Arg403 (4.92 classical)

NA NA NA NA

Vitisin A: 
pyranoanthocyanin 
(after MD)

Tyr505 (4.77 classical); Gly496 
(3.16 classical); Arg403 (4.33 non-
classical); Ser494 (3.73 classical, 
4.97 non-classical); Gln493 (3.31 
classical)

Tyr605 (6.19) NA NA NA

Vicenin-2
(before MD)

Glu484* (4.76 classical, 4.97 clas-
sical); Ser494* (2.12 classical, 3.13 
classical); Gly496 (2.21 classical)

NA NA NA Phe490* 
(4.23, 5.78)

Vicenin-2
(after MD)

Glu484 (4.90 classical); Gln493 
(3.88 classical, 4.14 classical); 
Ser494 (2.90 classical)

NA NA NA Phe490* 
(4.90)

Hesperidin
(before MD)

Gln493* (4.28 classical); Glu484 
(4.28 classical, 4.62 classical)

Gln493 (3.95) NA NA NA

Hesperidin
(after MD)

Gln493 (4.70 classical); Tyr489  
(4.57 non-classical)

NA NA NA NA

Astilbin
(before MD)

Glu484* (4.36 classical); Ser494 
(3.18 classical, 3.96 classical); 
Tyr453 (4.63 classical)

NA NA NA Phe490 (5.29)

Astilbin
(after MD)

Glu484 (4.10 classical); Thr470  
(4.82 classical, 3.67 classical);

Phe490 (3.65, 5.77) NA NA NA

Rutin
(before MD)

Gly496* (2.77 classical) Tyr449 (6.45, 7.37); 
Tyr505 (5.94)

NA NA NA

Rutin
(after MD)

Ser494 (3.80 classical); Tyr453  
(4.84 classical); Tyr495 (3.70 non-
classical); Gly496 (4.35 classical, 
3.64 non-classical, 3.26 non-classi-
cal); Asn501 (3.68 classical)

Tyr495 (4.51); Phe497 
(4.22)

NA NA NA

Theaflavin
(before MD)

Leu492 (4.96 classical); Ser494* 
(2.84 classical)

Gln493 (4.09) NA NA NA

Theaflavin
(after MD)

Ser494 (4.35 classical); Tyr489  
(4.08 non-classical)

Leu455 (6.01); Tyr473 
(6.33)

NA NA NA

Amentoflavone 
(before MD)

Gly496 (3.40 non-classical);  
 Gln493 (4.46 non-classical); 
Glu484* (4.73 classical)

Tyr449 (5.57); Gln493 
(4.39)

NA Ser494 (4.51) NA

Amentoflavone  
(after MD)

Ser494 (3.38 classical); Glu484  
(4.40 classical)

NA NA NA NA

The asterisk (*) symbol represents interactions that were conserved after MD simulations. MD, molecular dynamics.
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Amin et al. (2020) performed a study to examine the 
binding affinity of hydroxychloroquine and chloroquine 
to SARS-CoV-2 S-protein. According to the results of the 
study by Amin et al. (2020), hydroxychloroquine and 
chloroquine demonstrated a potential inhibitory effect 
on S-protein with estimated binding energy of -7.28 and 
-6.30 kcal/mol, respectively. The authors suggested that 

Fig. 1

Ligand-amino acid interaction network of spike protein obtained from the docking results Hexagons represent phenolics, while 
circles reflect amino acids

tion with docking scores of -11.55 and -11.089  kcal/mol, 
respectively. Moreover, Nicotine Adenine Dinucleotide 
(NADH) revealed a higher binding affinity to 3CL protease, 
with a docking score of -11.016 kcal/mol. Notably, Hall et 
al. (Hall and Ji, 2020) used the modeled structure of SARS-
CoV-2 S-protein. The homology modeling was performed 
using the ModBase database (Pieper et al., 2014).
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Fig. 2

Degree diagram
The x-axis represents the name of amino acids within the spike 
protein receptor-binding domain. The y-axis represents the degree 
of each amino acid.
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their results may provide insights into the molecular 
mechanism of hydroxychloroquine and chloroquine as 
potential treatments for COVID-19.

The antiviral activity of some of the top-ranked in-
hibitors in this study has been confirmed by previous 
experimental studies. Huang et al. (2008) identified viti-
sin A to be an anti-inflammatory agent that can inhibit 
influenza A (H1N1) virus-induced chemokine (C-C motif) 
ligand 5 production through down-regulating Akt- and 
STAT1-related signal pathways. Vitisin A is a natural 
tetramer phenol purified from Vitis vinifera roots with 
anticancer, antioxidant, and antiapoptotic properties 
(Sung et al., 2009). According to the docking results of the 
present study, vitisin A (PubChem ID: 16131430), formed 
three hydrogen bonds with Arg403, Ser494, Gly496, five 
hydrophobic interactions with Tyr449, Leu455, Phe456, 
Tyr489, one electrostatic interaction with Arg403, and one 
unfavorable interaction with Phe490. Furthermore, the 
number of interactions between vitisin A and residues 
within the S-protein RBD decreased after MD simulation: 
it demonstrated three hydrogen and one hydrophobic 
interaction with Leu455, Gln493, Ser494, and Gly496.

de Oliviera et al. (2015) performed a study using plaque 
reduction assay, MTS assay, flow cytometry analysis, and 
confocal microscopy observations to evaluate the anti-
herpes simplex virus-1 (HSV-1) activity of theaflavin poly-
phenols including theaflavin, theaflavin-3-monogallate, 
theaflavin-3'-monogallate, and theaflavin-3,3'-digallate. 
The authors reported that theaflavin polyphenol com-
pounds exhibited an anti-HSV-1 effect in Vero and A549 
cell lines. In addition to the results of the study by de Oliv-
iera et al. (2015), treating the cell lines with theaflavin-3,3'-
digallate 1 h before HSV-1 infection, inhibited more than 
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99% of viral production at a concentration of 50 μM (de 
Oliviera et al., 2015). Moreover, Chen et al. (2005) reported 
a significant inhibitory effect of theaflavin-3,3'-digallate 
on SARS-CoV 3CLPro with the half-maximal inhibitory con-
centration (IC50) = 9.5 µM. According to the docking results 
of the present study, theaflavin-3,3'-digallate exhibited a 
high affinity of binding to SARS-CoV-2 S-protein with the 
∆G binding and Ki value of -11.26 kcal/mol and 5.57 nM, re-
spectively. Theaflavin-3,3'-digallate formed one hydrogen 
bond with Tyr453, besides two hydrophobic interactions 
with Tyr505, one electrostatic interaction with Arg403, 
one miscellaneous interaction with Gln498, and one 
unfavorable interaction with Ser494. The number of in-
teractions between theaflavin-3,3'-digallate and residues 
within the S-protein RBD decreased after MD simulation: 
it only demonstrated one hydrogen bond with Asn501. 
Theaflavin-3,3'-digallate is a polyphenol compound found 
in black tea with antioxidant activity (Lin et al., 1999). 

Han et al. (2015) demonstrated that rutin and its sev-
eral derivatives had anti-viral activity against tobacco 
mosaic virus and cucumber mosaic virus at the concen-
tration of 500 μg/ml. According to docking results of the 
present study, rutin revealed a high affinity of binding 
to SARS-CoV-2 S-protein with the ∆Gbinding and Ki value of 
-10.1 kcal/mol and 39.46 nM, respectively: it demonstrated 
one hydrogen bond with Gly496, and three hydrophobic 
interactions with Tyr449 and Tyr505. Moreover, the 
number of interactions between rutin and residues 
within the S-protein RBD increased after MD simulation: 
it demonstrated seven hydrogen and two hydrophobic 
interactions with Tyr453, Ser494, Tyr495, Gly496, Phe497, 
and Asn501. Rutin was found in various plants such as 
tea, apple, buckwheat, and passionflower (Ganeshpurkar 
and Saluja, 2017).

Ma et al. (2001) reported that amentoflavone had anti-
respiratory syncytial virus activity with the IC50 = 5.5 μg/ml. 
According to the docking results we estimated that amen-
toflavone can robustly bind to SARS-CoV-2 S-protein with 
the ∆G binding and Ki value of -10.05 kcal/mol and 42.89 nM, 
respectively: it performed three hydrogen bonds with 
Glu484, Gln493, Gly496, two hydrophobic interactions with 
Tyr449, Gln493, and one miscellaneous interaction with 
Ser494. After the MD simulation, amentoflavone formed 
two hydrogen bonds with Glu484 and Ser494 within the 
S-protein RBD. Several pharmacological activities have 
been reported for amentoflavone, including antioxidant 
(Arwa et al., 2015), anti-inflammatory (Abdallah et al., 2015), 
anticancer (Ndongo et al., 2015), antiviral (Coulerie et al., 
2013), and anti-Candida Albicans effects (Hwang et al., 2012). 
Calophyllaceae, Clusiaceae, Cupressaceae, Euphorbiaceae 
are rich sources of amentoflavone (Yu et al., 2017).

It is noteworthy that in a previous study, Taherkhani et 
al. (2021) reported considerable binding affinity of rutin 

and amentoflavone with the MMP-8 which is upregu-
lated in several disorders such as dental caries (Imran et 
al., 2019), periodontal disease (de de Morais et al., 2018), 
acute/chronic inflammation (Van Lint and Libert, 2006), 
animals with experimental autoimmune encephalomy-
elitis (Armstrong and Ernst, 1999), humans and animals 
with experimental bacterial meningitis (Leib et al., 2000; 
Leppert et al., 2000), and cancer progression and invasion 
(Moilanen et al., 2002). 

Kim et al. (2020) performed a study to examine the an-
tiviral activity of several chemical compounds extracted 
from Elaeocarpus sylvestris against varicella-zoster virus 
(VZV) and human cytomegalovirus (HCMV) production 
in vitro. According to the results of the study by Kim et 
al. (Kim et al., 2020), quercetin and isoquercitrin demon-
strated antiviral activity against both VZV and HCMV, 
besides not having any significant side effects. According 
to the results of our study, it was estimated that isoquer-
citrin has a high affinity of binding to S-protein RBD with 
the ∆G binding and Ki value of -8.52 kcal/mol and 567.08 nM, 
respectively. 

It is noteworthy that among all interaction modes 
between ligands and proteins, salt-bridges, π – π stack 
pairing, and π-charge pairing are the most stabilizing 
hydrogen, hydrophobic, and electrostatic interactions, 
respectively (Muthusamy et al., 2016). According to the re-
sults, the following stabilizing interactions were observed 
before MD simulations: vitisin A (PubChem ID: 16131430) 
demonstrated four π – π stack pairing interactions with 
Tyr449 (6.77 Å, 7.17 Å), Phe456 (6.63 Å), and Tyr489 (5.40 Å). 
Furthermore, vitisin A formed a π-charge pairing interac-
tion with Arg403 (7.07 Å). Theaflavin-3,3'-digallate showed 
a π-charge pairing interaction with Arg403 (6.26 Å). Ru-
tin illustrated two π – π stack pairing interactions with 
Tyr449 (6.45 Å, 7.37 Å). Amentoflavone formed a π – π stack 
pairing interaction with Tyr449 (5.57 Å). Furthermore, the 
following important interactions were noticed after MD 
simulations: vitisin A (PubChem ID: 135430431; pyranoan-
thocyanin) demonstrated a π – π stack pairing interaction 
with Tyr505 (6.19 Å). Astilbin formed a π – π stack pairing 
interaction with Phe490 (5.77 Å). The two-dimensional im-
ages of interaction modes between the top nine inhibitors 
in this study and residues within the S-protein RBD before 
and after MD simulations are shown in Fig. 3.

Among the top 9 inhibitors which were ranked based 
on their ∆G binding, we found that the docked pose between 
theaflavin-3,3'-digallate and the S-protein RBD is not 
very stable due to the absence of any stable interaction 
between theaflavin-3,3'-digallate and the residues within 
the S-protein RBD. Moreover, only one interaction (a non-
classical hydrogen bond) was found between theaflavin-
3,3'-digallate and S-protein RBD after MD simulation, 
and therefore, this compound could not be considered 
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Fig. 3

Receptor ligand interac-
tions: left, before MD simu-
lations, and right, after MD 
simulations for (A) vitisin 
A (PubChem ID: 16131430), 
(B) theaflavin-3,3'-digallate, 
(C) vitisin A (PubChem ID: 
135430431, pyranoantho-
cyanin), (D) vicenin  2, (E) 
hesperidin, (F) astilbin, (G) 
rutin, (H) theaflavin, and 
(I) amentoflavone within 
the spike protein receptor-

binding domain
MD, molecular dynamics.



 MORADKHANI, S. et al.: IDENTIFYING POTENTIAL INHIBITORS FOR SARS-CoV-2 S-PROTEIN  297

Fig. 3

Continued.

as an effective S-protein inhibitor. Besides, the docked 
pose of other top-ranked inhibitors including vitisin A 
(PubChem ID: 16131430), vitisin A (PubChem ID: 135430431; 
pyranoanthocyanin), vicenin  2, hesperidin, astilbin, 
rutin, theaflavin, and amentoflavone were observed to 
be stable. Vitisin A (PubChem ID: 16131430), vicenin  2, 
hesperidin, astilbin, rutin, theaflavin, and amentoflavone 
revealed at least one stable interaction with the residues 

of S-protein RBD after MD simulation. Although vitisin 
A (PubChem ID: 135430431; pyranoanthocyanin) did not 
demonstrate any stable interaction with the S-protein 
RBD, it demonstrated six hydrogen (four classical and 
two non-classical hydrogen-bonds) and one hydrophobic 
interaction (a π – π stack pairing) with the residues within 
the S-protein RBD after MD simulation. Therefore, these 
phenolic compounds are suggested to be potentially ef-
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fective inhibitors of SARS-CoV-2 S-protein and may block 
the connection between S-protein and ACE2, leading to 
disruption of the viral life cycle. Fig. 4 demonstrates the 
three-dimensional docked pose of top-ranked inhibitors 
before and after MD simulations.

Moreover, structural analysis revealed that the con-
densation, polymerization, and glycosylation of phenolics 
resulted in lower estimated ∆G binding. Accordingly, the 
following points are noteworthy:
a) In the case of condensation: theaflavin-3,3'-digallate 

is formed from the condensation of a flavan-3-ols (e.g., 
catechin and epicatechin) and gallate residue. Accord-
ing to the results of this study, theaflavin-3,3'-digallate 
bonded with S-protein RBD more tightly than catechin 
and epicatechin did.

b) In the case of polymerization: vitisin A is tetramer 
resveratrol and revealed a higher binding affinity to 
S-protein RBD as compared with the resveratrol. 

c) In the case of glycosylation: vicenin 1, vicenin 1, vice-
nin 2, and vicenin 3, which are diglycosylated apigenin 
compounds, demonstrated a better interaction with 
S-protein RBD compared with the apigenin.
We had a certain limitation in our study. MD simulation 

is well-known as a time-exhausting process (Shen and 
Yang, 2018). We performed MD simulation for nine of the 
ligand-protein complexes by using only a windows-based 
operating system due to the lack of a supercomputer for 
the research team, which took several weeks to carry out 
MD simulations. We believe that calculating MD simula-
tion in greater time scales leads to more authentic results, 
although it needs more robust processors.

Conclusions

In conclusion, we aimed to identify plant-based pheno-
lics for possible SARS-CoV-2 S-protein inhibition. Based 
on the results of the docking score, the range of ∆G binding 
for the top nine inhibitors varied from -11.99 to -10.05 
kcal/mol. After MD simulations, it was revealed that the 
docked pose of vitisin A (PubChem ID: 16131430), vitisin A 
(PubChem ID: 135430431; pyranoanthocyanin), vicenin 2, 
hesperidin, astilbin, rutin, theaflavin, and amentoflavone 
is stable, suggesting that these compounds can tightly 
bind to the SARS-CoV-2 S-protein which is essential for 
entering the virus into the host cells. Therefore, it may 
be hypothesized that these phenolics are effective in 
combating the SARS-CoV-2 life cycle and may be consid-
ered as drug candidates for COVID-19. In addition, it was 
demonstrated that Tyr453 was the most potent residue 
in the inhibition of SARS-CoV-2 S-protein. Accordingly, 
computational drug design and discovery could focus 
on the blocking of Tyr453 to diminish the transmission 

Fig. 4

Docked pose: left, before MD simulations, and right, after MD 
simulations for (A) vitisin A (PubChem ID: 16131430), (B) theaflavin-
3,3'-digallate, (C) vitisin A (PubChem ID: 135430431; pyranoan-
thocyanin), (D) vicenin  2, (E) hesperidin, (F) astilbin, (G) rutin, 
(H) theaflavin, and (I) amentoflavone within the spike protein 

receptor-binding domain
MD, molecular dynamics.
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of SARS-CoV-2. Considering the sources of the top-ranked 
compounds in this study, we hypothesize that the daily 
intake of several dietary plants and vegetables such as 
citrus fruits, black tea, and red grape may reduce the viru-
lence of COVID-19. Although our findings need validation 
using wet-lab experiments, they provided knowledge 
about the inhibition of SARS-CoV-2 S-protein using phe-
nolic compounds and could be used in providing study 
designs in the future.
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Table S1. Estimated free energy of binding and inhibition constant for 97 flavonoids after docking  
with spike protein receptor binding domain

PubChem ID Ligand name Estimated free energy of binding  
(kcal/mol) Inhibition constant

16131430 Vitisin A -11.99 1.62 nM

135403795 Theaflavin 3.3'-digallate -11.26 5.57 nM

135430431 Vitisin A -10.95 9.33 nM

442664 Vicenin-2 -10.73 13.53 nM

10621 Hesperidin -10.45 21.90 nM

119258 Astilbin -10.38 24.52 nM

5280805 Rutin -10.1 39.46 nM

135403798 Theaflavin -10.09 40.27 nM

5281600 Amentoflavone -10.05 42.89 nM

71623698 Prodelphinidin C2 -9.64 86.33 nM

442428 Naringin -9.37 136.46 nM

441765 Malvin -9.37 135.50 nM

29231 Keracyanin -9.32 148.50 nM

5089687 Prodelphinidin B3 -9.16 193.07 nM

44257662 Vicenin 1 -9.15 195.21 nM

169853 Procyanidin C1 -9.01 247.06 nM

185958 Vicenin 3 -8.87 314.42 nM

5318767 Nicotiflorin -8.72 405.09 nM
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PubChem ID Ligand name Estimated free energy of binding  
(kcal/mol) Inhibition constant

442439 Neohesperidin -8.68 430.57 nM

5280804 Isoquercitrin -8.52  567.08 nM

5388496 Punicalin -8.51 575.45 nM

11250133 Procyanidin B1 -8.45 636.23 nM

5281675 Orientin -8.35 755.91 nM

5281377 Genistin -8.12 1.13 uM

442543 Theasinensin A -8.09 1.18 uM

13644663 Vicenin 1 -8.03 1.30 uM

5280459 Quercitrin -7.89 1.64 uM

5280441 Vitexin -7.86 1.72 uM

196402 α-Viniferin -7.82 1.86 uM

5280704 Apigenin-7-glucoside -7.76 2.04 uM

5486172 Puerarin -7.66 2.43 uM

134715108 Procyanidin A1 -7.56  2.86 uM

107905 Epicatechin gallate -7.52 3.06 uM

5353915 Quercetin-3-rhamnoside -7.48 3.29 uM

107971 Daidzin -7.18 5.48 uM

443651 Petunidin 3-glucoside -7.12 6.04 uM

65064 Epigallocatechin gallate -7 7.42 uM

5281728 Epsilon-Viniferin -6.96 7.90 uM

443654 Peonidin-3-glucoside -6.88 9.04 uM

145937 Eckol -6.83 9.91 uM

443648 Pelargonidin 3-glucoside -6.83 9.87 uM

132944 Selligueain A -6.71 12.03 uM

6438825 Broussochalcone A -6.65 13.43 uM

16129869 Punicalagin -6.64 13.54 uM

629440 Hemileiocarpin -6.51 16.91 uM

5281605 Baicalein -6.44  19.15 uM

14033983 Karanjachromene -6.31 23.78 uM

5281814 Wighteone -6.28 25.01 uM

5490139 Alpinumisoflavone -6.17 29.85 uM

439533 Taxifolin -6.08 35.00 uM

162807 Glyceollin I -5.97 41.88 uM

5320945 Rhamnazin -5.93 45.01 uM

100633 Karanjin -5.9  47.31 uM

5281654 Isorhamnetin -5.89  47.94 uM

9817274 Sappanone A -5.89 48.30 uM

480774 Glabrene -5.84 52.08 uM

5281855 Ellagic acid -5.83 53.53 uM

159287 Malvidin -5.72  64.63 uM

439246 Naringenin -5.67 70.37 uM

124052 Glabridin -5.66 70.73 uM

Table S1. Continued 1
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PubChem ID Ligand name Estimated free energy of binding  
(kcal/mol) Inhibition constant

5280343 Quercetin -5.62 76.05 uM

5281255 Isobavachalcone -5.59 79.27 uM

969516 Curcumin -5.57 82.44 uM

5281672 Myricetin -5.55 85.24 uM

16212782 Fisetinidin chloride -5.55 84.80 uM

114829 Liquiritigenin -5.53 88.13 uM

164762 Leuco-fisetinidin -5.52 90.65 uM

122850 Aromadendrin -5.51 91.20 uM

5280445 Luteolin -5.5 93.28 uM

5281607 Chrysin -5.43 104.57 uM

9064 Catechin -5.39 111.68 uM

5280544 Herbacetin -5.37  115.40 uM

5318998 licochalcone a -5.36 118.70 uM

443639 Epiafzelechin -5.35 119.09 uM

5281616 Galangin -5.31 128.43 uM

5280863 Kaempferol -5.3 130.91 uM

638278 Isoliquiritigenin -5.3  50.32 uM

65084 Gallocatechol -5.3 131.38 uM

639665 Xanthohumol -5.27 138.19 uM

1203 Epicatechin -5.25 141.93 uM

5280443 Apigenin -5.24 145.05 uM

5281707 Coumestrol -5.21 151.18 uM

5281708 Daidzein -5.15 168.99 uM

68245 Delphinidin chloride -5.07 190.63 uM

14309735 Xanthogalenol -5.01 213.41 uM

5280961 Genistein -5.01 213.31 uM

129648 Glycinol -4.99  220.95 uM

68077 Tangeretin -4.96 229.69 uM

10207 Aloe emodin -4.91 250.84 uM

5280378 Formononetin -4.84 283.55 uM

3220 Emodin -4.83 288.31 uM

1548910 Cis-Resveratrol -4.76 324.12 uM

445154 Resveratrol -4.3 709.97 uM

370 Gallic acid -3.91 1.35 mM

359 Phloroglucinol -3.29 3.87 mM

64982 Baicalin -1.72 55.17 mM

5317050 Geranin A 1 NA

Table S1. Continued 2
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Table S2. Two dimensional structures and the main sources of top nine phenolic inhibitors of SARS-CoV-2 spike protein RBD

PubChem ID Ligand name Two dimensional Structure Source Reference

16131430 Vitisin A The CDX and the JPG file has been sent 
separately: It could not be pasted here

Vitis vinifera roots (1)

135403795 Theaflavin 3.3 ‘-digallate The CDX and the JPG file has been sent 
separately: It could not be pasted here

Black tea (2)

135430431 Vitisin A (pyranoanthocyanin) The CDX and the JPG file has been sent 
separately: It could not be pasted here

Vitis vinifera roots (1)

442664 Vicenin 2 The CDX and the JPG file has been sent 
separately: It could not be pasted here

Aerial parts of urtica 
circularis

(3)

10621 Hesperidin The CDX and the JPG file has been sent 
separately: It could not be pasted here

Citrus fruits (4)
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PubChem ID Ligand name Two dimensional Structure Source Reference

119258 Astilbin The CDX and the JPG file has been sent 
separately: It could not be pasted here

Rhizome of smilax china L (5)

5280805 Rutin The CDX and the JPG file has been sent 
separately: It could not be pasted here

Vegetables and and 
beverages

(6)

135403798 Theaflavin The CDX and the JPG file has been sent 
separately: It could not be pasted here

Black tea (7)

5281600 Amentoflavone The CDX and the JPG file has been sent 
separately: It could not be pasted here

Selaginella 
tamariscina, cupressus  
funebris,ginkgo  
biloba, and hypericum 
perforatum

(8)

SARS-CoV-2, Severe acute respiratory syndrome coronavirus 2; RBD, receptor binding domain.

Table S2. Continued
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