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ABSTRACT

Coronaviruses caused an outbreak pandemic disease characterized by a severe acute respiratory distress syndrome
leading to the infection of more than 200 million patients and the death of more than 4 million individuals. The
primary treatment is either supportive or symptomatic. Natural products have an important role in the develop-
ment of various drugs. Thus, screening of natural compounds with reported antiviral activities can lead to the
discovery of potential inhibitory entities against coronaviruses. In the current study, an in-silico molecular dock-
ing experiment was conducted on the effects of some of these natural antiviral phytoconstituents, (e.g., procya-
nidin B2, theaflavin, quercetin, ellagic acid, caffeoylquinic acid derivatives, berginin, eudesm-1β, 6α, 11-triol and
arbutin), on the crystal structure of SARS-CoV-2 main protease (PDB ID: 6w63) using AutoDock-Vina software.
Many of the docked compounds revealed good binding affinity, with procyanidin B2 (–8.6 Kcal/mol) and thea-
flavin (–8.5 Kcal/mol) showing a better or similar binding score as the ligand (–8.5 Kcal/mol). Molecular
dynamics simulations were carried out at 100 ns and revealed that procyanidin B2 forms a more stable complex
with SARS-CoV-2 main protease than theaflavin. Procyanidin B2, theaflavin, and 4,5-dicaffeoylquinic acid were
evaluated for toxicity by ProTox-II webserver and were non-toxic according to the predicted LD50 values and safe
on different organs and pathways. Additionally, these phytoconstituents showed good ADME properties and
acceptable lipophilicity, as evaluated using WLOGP. Amongst the tested compounds, procyanidin B2 showed
the highest lipophilic value. It is worth mentioning that these natural inhibitiors of SARS-CoV-2 main protease
are components of green and black tea that can be used as a supporting supplement for COVID patients or as
potential nuclei for further drug design and development campaigns.

KEYWORDS

Coronavirus; natural products; SARS-CoV-2 main protease; molecular docking; molecular dynamics; tea

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

DOI: 10.32604/phyton.2022.018239

ARTICLE

echT PressScience

mailto:dean@pharma.asu.edu.eg
mailto:oeldahshan@pharma.asu.edu.eg
http://dx.doi.org/10.32604/phyton.2022.018239


1 Introduction

Coronavirus pandemic (also known as coronavirus disease 2019, COVID-19), is an outbreak pandemic
disease caused by a severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infecting more than
200 million people and causing the death of more than 4 million individuals worldwide [1]. While its
common symptoms resemble those of common cold including cough, fever, and breath shortness, its
complications can be fatal including pneumonia and acute respiratory distress syndrome [2,3].

The primary method of COVID-19 transmission is through small droplets produced by coughing or
sneezing of an infected individual. Thus, wearing face masks and maintaining social distancing are
recommended preventive measures [4]. Coronavirus pandemic has created a global socio-economic
recession forcing millions of people to stay at home. The vaccination campaigns are intended to elevate the
immunity of most of the population, yet the primary treatment is still either supportive or symptomatic [5].

Natural products represent fertile soil having different classes of compounds [6] and can develop
inhibitors into successful drug candidates to treat such life-threatening pandemic. Some natural
compounds were tested against various CoV species and revealed potential inhibitory activities with
IC50 values of 12 to 143 nM. These compounds include lycorine, silvestrol, 7-methoxycryptopleurine,
homoharringtonine, tylophorine and ouabain. In addition, plant extracts from Lycoris radiate, Rheum
officinale and Polygonum multiflorum showed potential effects against SARS-CoV [7]. Rolta et al. [8]
reported that both emodin and artemisinin inhibited the binding of SARS-CoV-2 spike protein to
ACE2 receptor via a molecular docking approach with good binding affinities. Additionally, they
predicted that the compounds tested are non-carcinogenic and non-toxic using in-silico toxicity studies.
Amongst phytoconstituents of Rheum emodi evaluated in-silico for binding affinity to RNA-binding
domain active sites of SARS-CoV-2, aloe-emodin, anthrarufin and alizarin form stable complexes (at
50 ns), showed good binding affinities and followed drug-likeness properties [9]. A recent molecular
docking study investigated more than two thousand flavone analogs against coronavirus main protease
and revealed that 371 of the tested analogs showed low docking scores and well-predicted potency [10].
A similar study revealed the potential inhibition of curcumin (−9.2 kcal/mol) and salvianolic acid
A (−9.7 kcal/mol) on SARS-CoV Mpro [11].

Thus, the search for natural antiviral compounds can be a clue for dealing with such pandemic for the
meantime, and since coronavirus is an RNA virus that is encapsulated within a viral envelope. This
encapsulated genome contains eleven genes that encode the viral proteins and peptides [12], and relies on
a chymotrypsin-like main protease (also known as Mpro and 3CLpro) for the processing of many
proteins that are eventually translated from the viral RNA to allow these proteins to function properly
[13]. Thus, finding new molecules with high molecular affinity to inhibit such protease can effectively
cause interruption of the steps of viral replication by preventing the cleavage of the non-structural
poly-proteins into small fragments and thus, represents a global challenge nowadays.

This can be accomplished through molecular docking that represents a way for predicting the preferred
orientation of one molecule with regard to another when they are bound together forming a stable complex.
Such orientation allows the anticipation of the association or binding affinity between such molecules
[14–16]. The binding of biological molecules plays a major regulatory role in their signaling pathway
causing either up-regulation or down-regulation in their signaling cascade. Therefore, docking represents
a very powerful tool for predicting both the strength and type of signal produced [17,18]. Additionally,
the high expenses and long duration required for the identification and isolation of natural products have
guided the researchers to design small molecules-based libraries having molecules that mimic the natural
products with improved stability and the least predicted toxicity [19]. Molecular docking is now
commonly used in pharmaceutical drug design and in the elucidation of major fundamental biochemical
processes.
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Thus, the aims of the current study were to (1) search among reported antiviral natural compounds for
potential inhibitory activity against coronavirus main protease enzyme via a molecular docking study, and
(2) elucidate their different binding affinities and stabilities via molecular dynamics. Furthermore, the
toxicity of the selected phyto-constituents was studied in-silico on different organs and pathways as well
as ADME/physicochemical properties and drug-likeness activities. This was in an attempt to find a
supporting supplement to the patients or find a high-affinity molecule that can be the core for the
synthesis of drug candidates against coronavirus.

2 Experimental

2.1 Molecular Docking Study
All screened compounds were imported and converted to 3D structures as SDF format via Open Babel

[20], considering the different tautomers for each ligand with the appropriate protonation state at pH 7.
All structures were then prepared for docking through converting them to the PDBQT format via
AutoDock Tools [21]. The PDB file of the SARS-CoV-2 Main Protease co-crystallized with an inhibitor
was obtained from the Protein Data Bank [22] (PDB ID: 6w63).

The protein was prepared by removing water molecules, adding hydrogen atoms, typing all atoms with
Gasteiger charges, removing the co-crystallized, and finally saving the prepared protein in the PDBQT
format to be ready for docking. The different protonation states of Histidine and Arginine amino acids
were considered in the docking experiment.

Molecular docking was carried out using AutoDockVina [23]. Rotatable bonds of the ligands were
assigned while the binding site residues were considered rigid during the docking calculations. The
search box was set to have a center of −18.093, 18.097 and −26.884 for the X, Y and Z coordinates,
respectively. The box side and grid spacing were set to 16 Å and 0.375 Å, respectively. The docking
parameters were set to the default settings. The co-crystallized ligand was also re-docked to ensure the
accuracy of the docking protocol. Standard exhaustiveness and randomized seed numbers were used. The
output poses and log files were then inspected to determine the best docking poses and the nature of
formed interactions. Root Mean Square Deviation (RMSD) between the docked and co-crystallized ligand
was measured using DockRMSD software (https://jcheminf.biomedcentral.com/articles/10.1186/s13321-
019-0362-7).

2.2 Molecular Dynamics Study
The main protease protein of SARS-CoV-2 (PDB ID: 6W63) was subjected to two runs of molecular

dynamics simulations with the docking top-ranked two ligands, procyanidin B2 and theaflavin. The
simulations were carried out at the NPT (constant number of molecules, pressure, and temperature)
ensemble. Open MM setup utility [24] was used for the system preparation through cleaning up the
protein-ligand complex file and adding missing atoms. Missing hydrogen atoms were added at pH 7.0,
and then the complex was immersed in a cubic water box with a padding distance of 1 nm along each
axis of the complex molecule. NaCl molecules were added at a concentration of 0.15 Molar. The protein
molecule and water molecules were described using the AMBER 14 force field [25] and TIP3P-FB
model [26], respectively. Small molecules were parametrized using the generalized amber force field
(GAFF) [27]. OpenEye toolkits 2019.4 was used for generating the GAFF parameters by assigning
ELF10 charges using the canonical AM1-BCC charging method of OpenEye toolkits [28]. The Particle
Mesh Ewald (PME) method [29] was used for calculating long-range electrostatics assigning 0.0005 as
the error tolerance for truncating the Ewald summation. A 1.2 nm cut-off was assigned for both the PME
direct space interactions and Lennard-Jones interactions. The length of all bonds that involve a hydrogen
atom, and the water molecules, involving their bond length and angles, were constrained. Langevin
integrator with 2 fs step size, 310 K temperature, and 1 ps-1 friction coefficient was used for integration
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of force equations. Monte Carlo barostat [30] was used for maintaining pressure coupling assigning a
constant temperature of 310 K, a constant pressure of 1 atm, and a pressure update every 25 steps (50 fs).
The dynamics simulations were carried out using the OpenMM 7.4.2 application layer [24]. The
simulation started with energy minimization with energy convergence criteria of 10 kJ/mole, then
500,000 steps (1 ns) of equilibration, and finally 50,000,000 steps (100 ns) for production. Trajectory
reporting was set to one snapshot per 10,000 steps resulting in 5,000 snapshots in the final trajectory file.
ProDy python library [31,32] was used for calculating protein RMSD, RMSF and radius of gyration.
RMSD trajectory analysis and hydrogen bonds utilities of VMD were used for calculating Ligand RMSD
and number of hydrogen bonds to the protein, respectively [33]. Figures were generated using matplotlib
python library [34].

3 Results and Discussion

The elevating trends of people mobility for the purpose of urbanization or even migration have led to the
spread of viruses among them. Treating viral infections with conventional drugs has been associated with
many side effects and resistance cases for the microbes have been elevated, which triggered scientists to
search for natural products [35].

Nature has provided us with a variety of compounds [36,37], that showed potential antiviral and
antioxidant activities [7,38]. The current study indicates compounds having prominent antiviral activity,
thus they were selected due to these reported activities. Tea polyphenols have many beneficial health
effects, including antiviral activity. Theaflavin and procyanidin showed anti-influenza B virus activity
[39]. Green tea catechins exhibited virucidal activity against influenza virus subtypes including A/H1N1,
A/H3N2 and B virus [40]. Tea polyphenols also inhibited enterovirus 71 (EV71) replication, where they
potently inhibited replication of E-lokV71 and reduced the titer of infectious progeny virus by 95% [41].
The new quinic acid derivatives isolated from the root and stem of Erycibe obtusifolia displayed potent
in-vitro anti-respiratory syncytial virus effect [42]. In addition, quercetin and its derivatives displayed
strong antiviral activity against arbovirus Mayaro compared to ribavirin [43]. Quercetin inhibited the
synthesis of hepatitis B antigen compared to lamivudine [44]. Also, quercetin has shown clinical efficacy
in the treatment of virus C infection and experimentally inhibited other RNA and DNA viruses such as
hepatitis B, poliomyelitis, influenza, measles, and smallpox [45].

An in-silico molecular docking study was carried out by these selected nature compounds on the crystal
structure of COVID-19 main protease (Table 1).

Table 1: Some natural compounds with reported antiviral activities, their percentages in plants and their
docking score against COVID-19 main protease

No. Plant Compound name Structure Compound
% in plant

Docking
score*

Reference

1 Camellia
sinensis

Procyanidin B2 0.722 mg/g −8.6 [46]

(Continued)

1092 Phyton, 2022, vol.91, no.5



Table 1 (continued)

No. Plant Compound name Structure Compound
% in plant

Docking
score*

Reference

2 Theaflavin 2.1 μmol/g −8.5 [47]

3 Kalimeris
yomena

4,5-
Dicaffeoylquinic
acid

17.64
μmol/g

−8.4 [48]

4 Methyl 4,5-di-O-
caffeoyl quinate

23.47
μmol/g

−8.1 [48]

5 Methyl 3,4-di-O-
caffeoyl quinate

10.84
μmol/g

−7.8 [48]

6 Camellia
sinensis

Quercetin 1.8 mg/g −7.6 [49]

7 Erycibe
obtusifolia

Methyl 3,5-di-O-
caffeoyl quinate

NR −7.5 [42]

(Continued)
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At first, a pose retrieval experiment was conducted, for the validation of the vina docking software, by
redocking the co-crystallized ligand into the main protease binding site. RMSD between the co-crystallized
and the docked poses was 0.963 Å. This RMSD value, which is less than 2 Å, gives a validation on the use of
vina as our docking software. Additionally, the docked pose kept the same hydrogen bonding interactions
with the same residues as the co-crystallized ligands, Gly143 and Glu166. The superposition and binding
interactions of the co-crystallized and the docked poses are shown in Fig. 1.

Table 1 (continued)

No. Plant Compound name Structure Compound
% in plant

Docking
score*

Reference

8 Camellia
sinensis

Ellagic acid 0.15 to
4.46 mg/g

−7.3 [50]

9 Bergenia
crassifolia

Berginin 4.62 mg/g −7.1 [51]

10 Bergenia
crassifolia

Arbutin 0.54 mg/g −6.3 [51]

11 Phellinus
ignarius

Eudesm-1β, 6α,
11-triol

NR −6.2 [52]

Note: *The ligand showed a docking score of −8.5 Kcal/mol. Compounds are numbered in ascending order for their docking scores. NR: Not reported.

Figure 1: Superposition of the co-crystallized (cyan) and the docked (violet) poses inside the main protease
binding site (PDB ID: 6w63). The docking validation showed an acceptable RMSD value of 0.963 Å (<2 Å).
Both poses are keeping the same hydrogen bonding interactions (cyan dashed lines) with Gly143 and Glu166
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Inspection of ligand interactions with COVID-19 main protease, revealed numerous hydrophobic
residues in the protease moiety such as His 41, Gly 143, Glu 166, His 163 and many others. Among the
tested compounds, procyanidin B2 presented the best docking score (a little lower than the co-crystallized
ligand), the binding affinity of which to the enzyme was through hydrogen bonds with Ser 144 and Glu
166 moieties, Pi-Pi interaction with His-41 amino acid and some polar interactions. The binding mode of
procyanidin B2 is shown in Fig. 2A. Theaflavin followed procyanidin B2 in docking score (equal to the
ligand). The binding affinity of theaflavin was through different polar, hydrophobic interactions, H-bonds
with both His 41 and Gln 189 moieties (Fig. 2B). 4, 5-dicaffeoylquinic acid came after theaflavin in the
docking score, even though it showed the most interactions with the enzyme with six H-bonds with Arg
188, His 163, Ser 144, Asn 142, Cys 44 and Met 48 moieties, one Pi-Pi interaction with His-41 and
many other polar and hydrophobic interactions, as shown in Fig. 2C.

Figure 2: 2D (left column) and 3D (right column) binding diagrams of procyanidin B2 (A), theaflavin
(B) and 4,5-dicaffeoylquinic acid (C)
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Molecular dynamics (MD) simulations were carried out to compare the binding stability of the
compounds, procyanidin B2 (Complex 1) and theaflavin (Complex 2), inside the main protease binding
site. The radius of gyration (Rg) of Complex 2 showed higher fluctuation than Complex 1 (Fig. 3A). This
can be attributed to a conformational change that took place in this complex and can also be observed in
the slightly higher root mean square deviation (RMSD) of the backbone atoms of this complex (Fig. 3B)
reflecting the protein structure stability during the simulation time. It reached stability for the two MD
runs with the highest RMSD for Complex 2. The per residue root mean square fluctuation (RMSF) of the
two MD runs is shown in Fig. 3C, as a measure of protein residue conformational change and stability.
Low RMSF of the binding site residues, <2Å, was shown during the simulation time for both protein
complexes indicating their relatively strong binding to their respective bound ligands.

Figure 3: Radius of gyration (Rg) of the protein molecules (A), RMSD of the protein backbone atoms (B),
and per residue RMSF for the protein residues (C) in the two MD runs are shown (green: Complex 1
(Procyanidin B2), blue: Complex 2 (Theaflavin). The binding site amino acids are highlighted with a red
background, depicting low RMSF, <2Å, showing the binding stability of the ligands

1096 Phyton, 2022, vol.91, no.5



Ligand RMSD analysis showed that theaflavin had the most deviation from its starting pose indicating
its weaker binding to the protein (Fig. 4A). Procyanidin-B2 showed the lowest RMSD during the simulation
which reflects its better binding. Fig. 4B depicts the number of hydrogen bonds formed between each ligand
and the protein. Both compounds show a relatively high number of formed hydrogen bonds with the protein
indicating their strong binding, with a relatively higher number with theaflavin.

In the pursuit of identifying the pharmacokinetic properties of the top 3 ranked compounds, we
calculated the ADME/physicochemical properties using Swiss ADME online server (https://www.nature.
com/articles/srep42717) and reported them in Table 2. As concluded from Table 2, the three compounds
showed good ADME properties. The high Topological Polar Surface Area (TPSA) of the three
compounds can be attributed to the high number of polar groups, like hydroxyl groups, present in the
compounds. This high TPSA can affect GI absorption and Brain Blood Barrier crossing as depicted in
Table 2. The lipophilicity was also measured using WLOGP which showed an acceptable lipophilicity,
with Procyanidin B2 having the highest value among the three compounds. These compounds are not
substrates for CYP inhibition which indicates their good predicted metabolic and excretory profiles.

Figure 4: RMSD of each ligand (A) and number of hydrogen bonds formed between each ligand and the
respective protein complex (B) (green: Complex 1 (Procyanidin-B2), blue: Complex 2 (Theaflavin))

Table 2: ADME/physicochemical properties measured for the three compounds Procyanidin B2, Theaflavin,
and 4,5-dicaffeoylquinic acid. Please (always) indicate the meaning of the abbreviations

Property Procyanidin B2 Theaflavin 4,5-dicaffeoylquinic acid

Molecular weight (MW) 578.52 548.49 500.45

Number of heavy atoms 42 40 36

Number of aromatic heavy atoms 24 23 12

Fraction of sp3 carbons 0.2 0.21 0.24

Number of rotatable bonds 3 2 9
(Continued)
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Drug likeness for the three compounds was also predicted using Lipinski, Ghose, Veber, Egan, and
Muegge rules for drug likeness (Table 3). All rules were violated by the three compounds mainly due to
their high polarity because of the presence of polar hydroxyl groups. This also contributed to a high
number of hydrogen bond donors and acceptors present in the compounds which led to the violation of
Lipinski’s rule. PAINS and BRENK alerts were also detected for the three compounds. PAINS alert is an
indication of the presence of a chemical group that often gives false positive results in high-throughput
screens. BRENK alert indicates a fragment with possible toxicity, chemical reactivity, or metabolic
instability. The catechol group is predicted as the group responsible for these two alerts. However, this
cannot be confirmed without biological evaluation. As a result, we encourage that this point of
modification be investigated in future medicinal chemistry projects for the development of SARS-CoV-
2 main protease inhibitors.

Table 2 (continued)

Property Procyanidin B2 Theaflavin 4,5-dicaffeoylquinic acid

Number of hydrogen-bond acceptors (HBA) 12 11 11

Number of hydrogen-bond donors (HBD) 10 8 6

Topological polar surface area (TPSA) 220.76 197.37 191.05

WLOGP 2.35 1.86 1.84

Gastrointestinal absorption Low Low Low

Blood brain barrier permeant No No No

P-glycoprotein substrate No No Yes

CYP1A2 inhibitor No No No

CYP2C19 inhibitor No No No

CYP2C9 inhibitor No Yes No

CYP2D6 inhibitor No No No

CYP3A4 inhibitor Yes Yes No

Table 3: Drug-Likeness properties measured for the three compounds Procyanidin B2, Theaflavin, and 4,5-
dicaffeoylquinic acid

Procyanidin B2 Theaflavin 4,5-dicaffeoylquinic acid

Lipinski #violations 3 3 3

Ghose #violations 2 2 1

Veber #violations 1 1 1

Egan #violations 1 1 1

Muegge #violations 3 3 3

Bioavailability Score 0.17 0.17 0.11

PAINS #alerts 1 1 1

BRENK #alerts 1 1 3

Leadlikeness #violations 1 1 2
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Toxicity of the studied compounds was predicted by ProTox-II webserver (https://academic.oup.com/
nar/article/46/W1/W257/4990033). Predicted LD50 for Procyanidin B2, Theaflavin, and 4,5-
Dicaffeoylquinic acid were calculated to be 2500, 2500, and 5000 mg/kg. The predicted toxicity class for
the three compounds was Class VI. The toxicity classes were decided by the ProTox-II webserver
depending on the toxic doses as per the following criteria: Class I: fatal if swallowed (LD50 ≤ 5), Class
II: fatal if swallowed (5 < LD50 ≤ 50), Class III: toxic if swallowed (50 < LD50 ≤ 300), Class IV:
harmful if swallowed (300 < LD50 ≤ 2000), Class V: may be harmful if swallowed (2000 < LD50 ≤
5000), Class VI: non-toxic (LD50 > 5000). Therefore, the three compounds are predicted as non-toxic
which indicates their promising safety profile. Fig. 5 depicts the toxicity radar charts for the three
compounds Procyanidin B2, Theaflavin, and 4,5-Dicaffeoylquinic acid, showing their toxic potential on
different toxicity organs and pathways. Both Procyanidin B2 and 4,5-Dicaffeoylquinic acid showed
predicted immunotoxicity. However, the three compounds were predicted to be safe on the other organs
and pathways.

Figure 5: (Continued)
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Figure 5: The toxicity radar charts for Procyanidin B2 (A), Theaflavin (B), and 4,5-Dicaffeoylquinic acid
(C) illustrating the confidence of positive toxicity results compared to the average of each class
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It is worth mentioning that the highest eight compounds in docking score and binding affinity to the
enzyme (procyanidin B2, theaflavin, different caffeoylquinic acid derivatives, quercetin and ellagic acid)
are components of green and black tea [39,53,54]. Chen et al. [55] have reported that some black tea
components such as tannic acid, 3-isotheaflavin-3-gallate and theaflavin-3,3-digallate have shown
inhibitory activities on SARS-CoV 3CLpro having IC50 values of 3, 7 and 9.5 μM, respectively.
Epigallocatechin gallate, gallocatechin-3-gallate and epicatechin gallate are components of tea phenolics
and were reported to be able to in-silico bind strongly to SARS-CoV main protease catalytic residues
[56]. These results were further confirmed by Jang et al. [57]. 3-O-Caffeoylquinic acid and methyl 3,5-di-
O-caffeoyl quinate showed better binding to SARS CoV-2 Mpro as compared to remdesivir [58]. Ravi
[59] reported that the hot aqueous fruit pulp extract of Cassia fistula rich in Procyanidin B2 can be used
to allievate COVID patients based on a molecular dynamics study. Moreover, Mesli et al. [60] reported
that methyl-1, 4, 5-tri-O-caffeoyl quinate showed stronger affinity than the docked ligand of
ACE2 enzyme receptor of COVID. Furthermore, Nguyen et al. [61] reported that quercetin inhibited
SARS-CoV main protease in-vitro with an IC50 value of 73 µM. These results agree with our results,
highlighting the importance of natural product supplements as those in tea for the inhibition of coronaviruses.

4 Conclusions

Coronavirus has led to a global health and economic burden which requires a quick provision of
potential treatments. Natural products are considered a safe and available repository for potential dug
target modulators. In this endeavor, this study presented an in-silico approach investigating the potential
inhibition of SARS-CoV-2 main protease utilizing a natural products database with reported antiviral
activities, implementing molecular docking and dynamics simulations. We are suggesting some natural
products, present in green and black tea, to be a supporting supplement, or a nucleus for further drug
design and development campaigns.
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