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Abstract: The sudden outburst of Coronavirus disease (COVID-19) has left the entire world
to a standstill. COVID-19 is caused by Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2). As per the report from the WHO, more than 4.5 million people have been
infected by SARS-CoV-2 with more than 3,00,000 deaths across the globe. As of now, there
is no therapeutic drug or vaccine approved for the treatment of SARS-CoV-2 infection.
Hence, the outbreak of COVID-19 poses a massive threat to humans. Due to the time taking
process of new drug design and development, drug repurposing might be the only viable
solution to tackle COVID-19. RNA-dependent RNA polymerase (RdRp) catalyzes SARS-
CoV-2 RNA replication, i.e. the synthesis of single-stranded RNA genomes, an absolutely
necessary step for the survival and growth of the virus. Thus, RdRp is an obvious target for
antiviral drug design. Interestingly, several plant-derived polyphenols have been shown to
inhibit enzymatic activities of RdRp of various RNA viruses including polio-virus type 1,
parainfluenza virus type 3, and respiratory syncytial virus etc. More importantly, natural
polyphenols have been used as a dietary supplementation for humans for a long time and
played a beneficial role in immune homeostasis. Therefore, we were curious to study the
binding of dietary polyphenols with RdRp of SARS-CoV-2 and assess their potential as an
effective therapy for COVID-19. In this present work, we made a library of twenty potent
polyphenols that have shown substantial therapeutic effects against various diseases. The
polyphenols were successfully docked in the catalytic pocket of RdRp of SARS-CoV and
SARS-CoV-2, and detailed studies on ADME prediction, toxicity prediction and target
analysis were performed. The study reveals that EGCG, quercetagetin, and myricetin strongly
bind to the active site of SARS-CoV-2 RdRp. Our studies suggest that EGCG, quercetagetin,
and myricetin can inhibit RdARp and represent an effective therapy for COVID-19.
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1. Introduction

An outbreak of Coronavirus disease (COVID-19) has caused a pandemic situation
across the globe. Although the outburst was first observed at Wuhan city in China, at present
more than 200 countries and territories around the world have witnessed the COVID-19
fatalities affecting all age groups. As of May 15, 2020, more than 4.5 million people have
been affected by the disease, with a fatality of 3,04,963 across the globe as per the WHO
report. Unfortunately, there is no clinically approved drug or vaccine for COVID-19 as of
now. The disease is caused by the Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2), a member of the Coronaviridae family of viruses and it belongs to the same
family Betacoronaviruses, like severe acute respiratory syndrome (SARS) and Middle East
respiratory syndrome (MERS) (1,2). The symptoms of SARS-CoV-2 infection include fever,
dry cough, shortness of breath, runny nose and sore throat (3). SARS-CoV-2 is a positive-
sense single-stranded RNA virus and its genome is around 29.7 kB long with twelve putative
open reading frames (ORFs) that encode different viral structural and non-structural proteins.
There are four structural proteins in SARS-CoV-2, namely spike (S), envelope (E),
membrane (M), and nucleocapsid (N), and all of them can potentially serve as an antigen for

neutralizing antibody preparation as potential therapeutics.

Another, potential drug target for SARS-CoV-2 is RNA-dependent RNA polymerase
(RdRp) which is a key component of the replication machinery of the virus to make multiple
copies of the RNA genome. RdRp in various coronaviruses are remarkably similar. For
example, the RdARp of SARS-CoV exhibits ~97% sequence similarity with that of SARS-
CoV-2. More importantly, there is no human polymerase counterpart that resembles the
sequence/structural homology with RdRp from coronaviruses, and hence, the development of
RdRp inhibitors could be a potential therapeutic strategy without risk of crosstalk with human
polymerases (4,5). Very recently, Yin et al. reported the crystal structure RdRp of SARS-
CoV-2 complexed with an antiviral drug, Remdesivir highlighting how the template-primer
RNA is recognized by the polymerase enzyme and the chain elongation is inhibited by
Remdesivir providing a basis for developing a wide range of effective inhibitors to overcome
from SARS-CoV-2 infection (6). RdRp has been found to be an effective drug target for
several RNA viruses, spanning from the hepatitis C virus, zika virus to coronaviruses (7-9).
The active site of RdARp is highly conserved and the catalytic domains contain two

consecutive aspartate residues in a beta-turn joining $15 and $16 (10). The general structure



of RdRp consists of 7 motifs (A to G) among them inner channel of catalytic sites represented

by motif A to C and they play a crucial role during the nucleotide addition cycle (11,12).

Epidemiological studies repeatedly suggested that consumption of bioactive
compounds (e.g. vitamins, phytochemicals, polyphenols, flavonoids, flavonols, and
carotenoids) has beneficial activity on human health and could minimize the risk of various
diseases starting from cancers to viral infections (13). Traditional natural compounds have
been consumed since ancient times as they exhibit less toxicity, low-cost availability,
minimum side-effects and are rich in therapeutic resources. Some of the previous findings
also suggest that naturally occurring compounds possess a wide range of antiviral properties
against RNA viruses including polio-virus type 1, parainfluenza virus type 3, and respiratory
syncytial virus by inhibiting their replication (14). In that context, Ahmed-Belkacem et al.
have screened more than forty potent natural flavonoids for their polymerase inhibition
activity using HCV-NSS5 strain and among the different flavonoids, quercetagetin showed
strong HCV replication inhibitory activity in vitro (15). Previously, song et al. reported that
green tea catechins, by disrupting the membrane of the influenza virus, inhibited
neuraminidase in the crude system (16). On a separate report, Takashi et al. reported that
EGCQG, a green tea polyphenol can inhibit the endonuclease activity of influenza A virus
RNA polymerase. EGCG is also reported to interfere with viral replication via modulating the
cellular redox environment (17,18). Therefore, the existing scientific evidence strongly
suggests that natural flavonoids/polyphenol can act against a variety of RNA viruses.
Because of the time-consuming process of new synthetic/semi-synthetic drug development,
drug repurposing of phytomolecules is an ideal alternative in this urgent situation as the latter
process is economical and scalable in a very short period of time. Hence, a comprehensive
understanding of their binding to SARS-CoV-2 RdRp can yield interesting findings that can
further be capitalized to develop COVID-19 drugs. Nevertheless, the apparent lack of
cytotoxicity of polyphenols at even significantly high concentrations makes them potential
antiviral drug candidates. In the present study, we selected twenty natural polyphenols with
reported or predicted binding affinity towards RdRp of different RNA viruses. The selected
library was then explored to assess the binding affinity of individual polyphenols towards
RdRp of SARS-CoV and SARS-CoV-2 by molecular docking. Among the selected
polyphenols, EGCG, myricetin, and quercetagetin were found to be successfully docked in

the active site of RdRp of both SARS-CoV and SARS-CoV-2 with a highly favourable



affinity for the binding pocket. Remdesivir and GTP (a physiological nucleotide) were taken

as positive controls to validate our results.
2. Methods
2.1 Molecular docking studies

2.1.1 Protein preparations. The crystal structures of SARS-CoV RdRp (PDB ID: 6NUR)
(19) and SARS-CoV-2 RdRp (PDB ID: 6M71) (20) were retrieved from the protein databank
(www.rcsb.org) (21). All the crystal structures were prepared individually by adding
hydrogen atoms and computing Gasteiger charge using the AutoDock v4.2 program (22). The
same process was repeated for both the proteins and subsequently saved as .pdbqt format in

preparation for molecular docking.

2.1.2 Ligand preparations. The SDF structures of GTP, remdesivir, apigenin, baicalein,
tricetin, luteolin, robinetin, fisetin, morin, datiscetin, 5-deoxygalangin, gossypetin, catechin,
genistein, EGCG, curcumin, kaempferol, isorhamnetin, myricetin, galangin, quercetin and
quercetagetin were retrieved from the PubChem database

(https://pubchem.ncbi.nlm.nih.gov/) (23). The compounds were converted into pdb format

and conformational energies of all the compounds were minimized by using UCSF Chimera

(24).

2.1.3 Docking studies using AutoDock Vina. The energy-minimized structure of all the
natural polyphenols, remdesivir, and GTP were docked with the receptor (RdRp of SARS-
CoV and SARS-CoV-2) using AutoDock Vina 1.1.2 (25). The ligand files were further saved
in PDBQT file format, a modified pdb format containing atomic charges, atom type
definitions for ligands, and topological information (rotatable bonds). A grid box (30 A x 30
A x 30 A) centered at (143, 143, 151) A and (121, 120, 125) A for the SARS-CoV RdRp,
SARS-CoV-2 RdRp respectively, was used in the docking experiments. After the receptor-
ligand preparation, docking runs were started from the command prompt. The lowest binding
energy and best-docked conformation were considered as the ligand molecule with maximum

binding affinity.

2.14 Protein-ligand interactions. LigPlot* was used to investigate protein-ligand

interactions for a given .pdb file containing the docked conformation (26). The LigPlot*
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program self-generated schematic 2D representations of protein-ligand interaction. The
output file represents the intermolecular interactions and their strengths, including hydrogen
bonds, hydrophobic contacts, and atom accessibilities. H-bonds are shown in green dotted

lines whereas residues involved in hydrophobic interaction are represented in red semicircle.

2.2 ADMET studies

The toxicity profile of remdesivir, EGCG, myricetin, and quercetagetin were predicted based
on their ADMET profile. The ADMET studies (absorption, distribution, metabolism,
elimination, and  toxicity) were  predicted  using the  pkCSM tool

(http://biosig.unimelb.edu.au/pkcsm/prediction) (27). The canonical SMILE molecular

structures of the above-mentioned compounds were retrieved from the PubChem database

(www.pubchem.ncbi.nlm.nih.gov).

2.3 Molecular target prediction

Natural compounds interact with a large number of proteins, enzymes, lipids. This interaction
plays a crucial role in elucidating the molecular mechanism of the small molecules. So, it is
important to identify the molecular targets for new molecules (28). Swiss Target Prediction

website (http://www.swisstargetprediction.ch/index.php) was logged on and canonical

SMILE molecular structures of remdesivir, EGCG, myricetin and quercetagetin were entered

in the search bar option and results were analyzed.

3. Results and discussion
3.1 Molecular docking analysis

3.1.1 The binding mode analysis and predicted binding affinity calculations of natural
polyphenols against the SARS-CoV RdRp. Molecular docking has become a reliable drug
discovery tool for selecting the potential lead compounds against a target protein. The
docking score provides the binding affinity and type of interactions between the drug and
target. The lower the value of the binding energy, the higher would be the efficacy of the
drug. We investigated twenty selected natural polyphenols (structure and their sources are
given in Table S1 in the Supplementary Information) for their potential binding to the
catalytic pocket of SARS-CoV RdRp (PDB ID: 6NUR) using molecular docking (Table 1).
Docking results, based on binding energy value (AG) of the top five natural polyphenols are
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mentioned in Table 2. Guanosine-5'-triphosphate (GTP), a physiologically relevant
nucleotide exhibited AG of -8.2 kcal/mol for SARS-CoV RdRp. Remdesivir was taken in our
study as a positive control as it is known to bind RdRp of SARS-CoV and SARS-CoV-2
(29,30). Remdesivir displayed the lowest binding energy -8.3 kcal/mol to RdRp of SARS-
CoV. Five natural polyphenols among the twenty selected ones exhibited significantly high
binding affinity towards SARS-CoV RdRp with AG for EGCG, myricetin, robinetin,
quercetagetin, and isorhamnetin being -8.2, -8.1, -7.9, -7.8, -7.8 kcal/mol respectively (see
Table 2). These five natural polyphenols were found to efficiently bind to the active site of

SARS-CoV RdRp and hence, can be anticipated to block the polymerase activity of RdRp.

Table 1. Binding energy (kcal/mol) of the natural polyphenols along with control compounds
against RdRp of SARS-CoV (PDB ID: 6NUR) and SARS-CoV-2 (PDB ID: 6M71)

Binding energy (kcal/mol)
S.No. | Compound name
Against SARS-CoV RdRp Against SARS-CoV-2 RdRp
B GTP -8.2 7.9
2. Quercetagetin 7.8 -6.9
3. Quercetin 7.7 -6.9
4. Galangin 7 63
5. Myricetin 8.1 7.2
6. Isorhamnetin 78 -6.7
7. Kaempferol 7.5 -6.7
8. Curcumin 213 -6.9
9. EGCG -8.2 -7.3
10. Genistein 7.1 -6.1
11. Catechin 7.4 6.2
12. Gossypetin 1.7 6.6
13. 5-Deoxygalangin 76 6.7
14. Datiscetein -7 63
15. Morin -1.5 -6.5
16. Fisetin 7.7 -6.8
17. Robinetin 7.9 -6.7
18. Luteolin 74 -6.4
19. Tricetin -7.6 -6.6
20. Apigenin -7 6.5
21. Baicalein 72 -6.5
22. Remdesivir 83 7.7

To find out the possible reasons for the differences in the binding energies, we

thoroughly analyzed the resulting complexes with the help of LigPlot* software. Table 2 and



Figure 1 show the potential interactions between remdesivir, GTP, EGCG, quercetagetin,
and myricetin with SARS-CoV RdRp upon successful docking. GTP was involved in six
hydrogen bond (H-bond) formation with RdRp residues Asp452, Arg553, Ala554, Thr556,
Asp618 and Asp623, Additionally, GTP forms seven hydrophobic interactions with Arg555,
Tyrd55, Arg624, Cys622, Lys621, Tyr619 and Asp760 of SARS-CoV RdRp. Remdesivir
forms six H-bonds with RdRp residues Arg553, Thr556, Cys622, Asp623, Arg624, Thr680
and twelve hydrophobic interactions with Val557, Tyrd456, Tyr619, Asp760, Asp618,
Lys798, Pro620, Lys621, Tyr455, Ser682, Ser681 and Ala558 as shown in Figure 1a. The
large number of interactions accounts for the stability of the remdesivir-RdRp complex

displaying the lowest binding energy of -8.3 kcal/mol.

EGCG which is the major polyphenol present in green tea and derived from leaves of
the plant called as Camellia sinensis, upon docking established four H-bond interactions with
Tyrd456, Arg555, Thr556, Thr680 and nine hydrophobic interactions with Arg553, Asp452,
Ala554, Tyrd55, Arg624, Lys621, Asp623, Ser681, Ser682 of SARS-CoV RdRp. These
interactions resulted in the lowest binding energy (-8.2 kcal/mol) for EGCG among all the
twenty natural polyphenols studied. Wherein myricetin was involved in five H-bond
interactions with Tyr456, Arg553, Arg624, Lys545, Thr680, and six hydrophobic interactions
with Arg555, Asp623, Thr556, Ser681, Ser682, Met542 amino acid residue of SARS-CoV
RdRp, this complex gave second-lowest binding energy of -8.1 kcal/mol. On the other hand,
robinetin formed five hydrogen-bonds with Thr680, Thr556, Tyr456, Arg553, Arg624 and
five hydrophobic interactions with Asp623, Met542, Arg555, Ser681, and Ser682 RdRp of
SARS-CoV and these interactions resulting in -7.9 kcal/mol binding energy (Figure Sla in
the Supplementary Information). Similarly, isorhamnetin formed six H-bond with Arg553,
Arg555, Arg624, Lys545, Tyrd456, Thr680 and seven hydrophobic interactions with RdRp
residues Asp623, Thr556, Met542, Val557, Ala558 Ser681, Ser682 (Figure S1b in the
Supplementary Information). Quercetagetin established six H-bond interactions with Arg553,
Arg555 Arg624, Lys545, Tyr456, Thr680 and five hydrophobic interactions Asp623, Thr556,
Met542, Ser681 and Ser682. Isorhamnetin and quercetagetin both formed six H-bond
interactions with the same set of (Arg553, Arg555, Arg624, Lys545, Tyrd456, Thr680) amino
acid residues of SARS-CoV RdRp with same binding energy -7.8 kcal/mol. In summary,
among the twenty selected polyphenols, five of them (EGCG, myricetin, robinetin,

isorhamnetin, and quercetagetin) show a strong binding affinity towards SARS-CoV RdRp,



with binding energies comparable to GTP, a native nucleotide and an experimentally

validated SARS-CoV-2 RdRp inhibitor, remdesivir.

Table 2: Ligand-amino acid interactions of top five scoring natural polyphenols against
SARS-CoV RdRp

Compound Binding | No. of non-
S. No. P energy covalent Involved amino acids
name . .
(kcal/mol) | interactions
R555, R553, T556, D452, A554, Y455,
1 EGCG -8.2 13 R624, K621, Y456, D623, S681, T680,
S682
o R553, R555, K545, D623, T556, T680,
2 Myricetin -8.1 11
Y456, S681, S682, M542, R624
.. D623, R624, M542, T556, Y456, R553,
3 | Robinetin 79 10 R555, T680, S681, $682
. R555, K545, T556, Y456, M542, S681,
4 Quercetagetin -7.8 11
D623, S682, T680, D624, R553
R553, R555, K545, T556, D623, M542,
5 Isorhamnetin 7.8 13 Y456, A558, V557, T680, S681, S682,
R624
Remdesivi V557, T680, Y456, D623, C622, Y619,
6 (gnr‘ltfsll)v 1 83 18 D760, D618, K798, P620, K621, Y455,
ontro R553, R624, T556, S682, S681, A558
GTP R553, A554, R555, Y455, D452, R624,
7 -8.2 13 T556, D623, C622, K621, Y619, D618,
(Control) D760
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Figure 1. Best-docked conformation of SARS-CoV RdRp complexed with (a) remdesivir, (b) GTP, (¢) EGCG, (d) quercetagetin, and (e) myricetin. Drug
molecules are shown in stick model (blue). Amino acid residues interacting with the ligands are highlighted in the inset.
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3.1.2 The binding mode analysis and predicted binding affinity calculations of natural
polyphenols against the SARS-CoV-2 RdRp. Herein, we investigated our natural
polyphenol library against RdRp of SARS-CoV-2 (PDB ID: 6M71) by molecular docking.
Best conformation of the natural polyphenols was docked against SARS-CoV-2 RdRp and
the resulting binding energies are shown in Table 1. The polyphenols exhibiting low binding
energy (top five) against RARp of SARS-CoV-2 are listed in Table 3. Control compounds,
GTP and remdesivir again exhibited the lowest binding energy of -7.9 and -7.7 kcal/mol
respectively against SARS-CoV-2 RdRp. Five polyphenols displayed significantly higher
binding affinity among the selected twenty natural polyphenols docked against SARS-CoV-2
RdRp, with binding energies of EGCG, myricetin, quercetagetin, quercetin and curcumin as -
7.3, -7.2, -6.9, -6.9, and -6.9 kcal/mol, respectively. Further 2D LigPlot representation of
RdRp and the above-mentioned five natural polyphenols reveal the stable network of

molecular interactions (Figure 2, Table 3).

For GTP-docked RdRp, the 2D LigPlot representation reveals ten H-bond with
residues Arg624, Thr556, Asp623, Asp760, Tyr619, Cys622, Lys621, Asp452, Ala554,
Arg553 and five hydrophobic interactions with Tyr455, Arg555, Asp761, Asp618, and
Pro620. This large number of interactions account for the high stability of the complex with
the lowest binding energy (-7.9 kcal/mol) among the series. Upon further analysis of the
docking result, we observed that remdesivir forms five H-bonds with residues Arg553,
Lys621, Cys622, Asp760, Glu811 and eight hydrophobic interactions with Trp800, Lys798,
Pro620, Tyr455, Arg624, Tyr619, Asp618, Asp761. Similarly, LigPlot-generated files
revealed that EGCG is forming four hydrogen bonds with Asp623, Tyr619, Lys621, Ser795
and five hydrophobic interactions with Cys622, Asp618, Met794, Pro620, Lys798. Moreover,
myricetin binding environment by LigPlot analysis displayed five hydrogen bonds with
Trp617, Trp800, Asp760, Glu811, Lys798 and five hydrophobic interactions with Asp618,
Tyr619, Cys622, Asp761, Phe812. However, quercetagetin LigPlot analysis revealed five
hydrogen bonds with Arg553, Arg555, Arg624, Thr556, Lys545 and three hydrophobic
interactions with Lys621, Asp623, Tyr455. Whereas LigPlot analysis for quercetin
established four H-bond interactions with Tyr619, Lys621, Asn691, Asp760 and four
hydrophobic interactions Pro620, Cys622, Asp623, Arg553 (Figure S2a in the
Supplementary Information). Curcumin formed two H-bond with Asp623, Ser795 and
significantly high number (twelve) of hydrophobic interactions with Met794, Lys798,
Asp618, Lys551, Lys621, Arg553, Tyrd55, Arg624, Aspl64, Phe793, Pro620, and Vall66
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(Figure S2b in the Supplementary Information). In addition to remdesivir, here we observed
that three dietary polyphenols (EGCG, myricetin and quercetagetin) have significant potential
to function as inhibitors of SARS-CoV-2 RdRp. Interestingly, the same three natural
polyphenols (i.e. EGCG, myricetin and quercetagetin) appeared as the top-three scoring
ligands for SARS-CoV RdRp (as highlighted in Table 1) as well suggesting that these set of
natural polyphenols are expected to inhibit the RdRp activity and thus blocking the
replication and preventing viral transcription. Many reports suggest polyphenols have low
systemic toxicity and they are highly beneficial for human health (31). EGCG, a green tea
polyphenol, has several pharmacological properties including antiviral activity (32,33).
Similarly, myricetin has also been found to act as an inhibitor of the SARS coronavirus
helicase (34). Quercetagetin also showed strong hepatitis C virus (HCV) replication
inhibitory activity in vitro (15). Hence, these investigations indicate promising potential for

the use of dietary polyphenols for the treatment of SARS-CoV-2 infection.

Table 3: Ligand-amino acid interactions of top five scoring natural polyphenols against
SARS-CoV-2 RdRp

Compound Binding | No. of non-
S. No. P energy covalent Involved amino acids
name . .
(kcal/mol) | interactions
D623, Y619, K621, S795, C622, D618,
1 EGCG -7.3 9
M794, P620, K798
L W617, W800, D760, E811, K798, D618,
2 Myricetin -7.2 10
Y619, C622, D761, F812
. Y619, K621, N691, D760, P620, C622,
3 Quercetin -6.9 8 D623. R553
i R553, R555, R624, T556, K545, K621,
4 Quercetagetin -6.9 8
D623, Y455
D623, S795, M794, K798, D618, K551,
5 Curcumin -6.9 14 K621, R553, Y455, R624, D164, F793,
P620, V166
Remdesivir R553, K621, €622, D760, E811, W800,
6 -1.7 13 K798, P620, Y455, R624, Y619, D618,
(Control)
D761
GTP R624, T556, D623, D760, Y619, C622,
7 (Control) -7.9 15 K621, D452, A554, R553, Y455, R555,
D761, D618, P620
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Figure 2. Best-docked conformation of SARS-CoV-2 RdRp complexed with (a) remdesivir, (b) GTP, (c) EGCG, (d) quercetagetin, and (e) myricetin. Drug
molecules are shown in stick model (blue). Amino acid residues interacting with the ligands are highlighted in the inset.
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3.2 Prediction of the absorption, distribution, metabolism, excretion, and toxicity

(ADMET) profile

In addition to testing the physiochemical efficiency of a given molecule to inhibit the target
protein, other parameters such as absorption, distribution, metabolism, excretion, and toxicity
(ADMET) of the inhibitor play a critical role on demonstrating the likelihood of success of a
drug. Utilization of in-silico ADMET profiling, in combination with in vivo and in vitro
predictions in the initial stage of the screening process, can significantly fasten the drug
discovery process by minimizing the number of potential safety problems. Hence, we
performed a detailed ADMET profiling to evaluate the drug likeliness of the three
polyphenols: EGCG, myricetin, quercetin that exhibited the highest score from the molecular

docking study along with the positive control remdesivir.

Human colon adenocarcinoma-2 cell line (Caco2) permeability and human intestinal
absorption (HIA) are key parameters to decide the total bioavailability of a drug. All the four
compounds (EGCG, myricetin, quercetagetin and remdesivir) showed comparatively low
Caco2 permeability potential (<8x10°® cm/s) and could be absorbed via the human intestine
(35). EGCG, myricetin, quercetagetin and remdesivir were predicted to be substrates of
permeability glycoprotein (P-glycoprotein) which is an efflux membrane protein. However,
remdesivir was predicted as a P-glycoprotein I inhibitor whereas EGCG as a P-glycoprotein
IT inhibitor. Hence, EGCG and remdesivir can regulate the physiological functions of P-

glycoprotein (see Table S2 in the Supplementary Information).

The distribution of a drug is regulated by many parameters such as lipid-solubility,
concentration in plasma and binding ability to plasma proteins, transport proteins, etc. The
volume of distribution at steady-state (VDss) suggests that remdesivir and EGCG had a lower
theoretical dose required for uniform distribution in the plasma than myricetin and
quercetagetin. Further, the degree of diffusion across the plasma membrane increases in the
following order remdesivir < EGCG < myricetin < quercetagetin (Table S3 in the
Supplementary Information) as measured by the fraction that is in the unbound state. The
predictions through the distribution of the drugs via the central nervous system and blood-
brain barrier suggest that these four compounds are poorly distributed to the brain and unable
to penetrate the central nervous system. However, the medium level of the lipophilicity of the

drugs suggests that they would have no negative impact on nervous system exposure.
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Cytochromes P450 (CYP) isozymes play crucial roles in drug metabolism. It has been
observed that remdesivir is a substrate of CYP3A4 and hence, can be efficiently metabolized
by CYP3A4. On the other hand, EGCG is CYP3A4 inhibitor, while myricetin and
quercetagetin inhibit CYP1A2 (Table S4 in the Supplementary Information). On a separate
note, polyphenols are predominantly metabolized in the small intestine and liver by the

conjugate formation of glucuronide, methyl sulfates in the urine and plasma (36).

Among the four compounds, none of them were predicted as the substrate of renal
organic cation transporter-2 (Renal OCT?2) as shown in Table SS in the Supplementary
Information. This indicates that these compounds are possibly cleared through other available
routes such as bile, breath, faces, and sweat. EGCG remains intact in the plasma and later
excreted via bile and metabolized by colon microflora. It is also expected that all the

compounds are absorbable via oral prescription.

We have also analyzed the toxicity profiles for EGCG, myricetin, quercetagetin as
well as remdesivir (see Table 4). The toxicity prediction from the Ames test (Salmonella
typhimurium reverse mutation assay) exhibited that all the compounds could be considered as
non-mutagenic agents. High toxicity was observed for all the compounds in Tetrahymena
pyriformis. Remdesivir and EGCG were shown to inhibit the human ether-a-go-go-related
gene II (hERG II). However, Remdesivir has been shown to induce hepatotoxicity, whilst
EGCG, myricetin, quercetagetin are not likely to be associated with hepatotoxicity. The
maximum recommended tolerated dose (MRTD) in human prediction shows that remdesivir,
myricetin, quercetagetin violate MRTD whereas natural polyphenol EGCG does not fall into
this category. EGCG, myricetin, quercetagetin do not possess high acute toxicity whereas
remdesivir regarded as high acute toxic compound as it falls under minnow toxicity.

Additionally, none of the compounds predicted to be associated with skin sensitization.

Table 4: Predicted toxicity profile of EGCG, myricetin, quercetagetin and remdesivir

Toxicity prediction
S.No. | Compounds name
Properties Predicted values
1 AMES toxicity No
Maximum tolerated dose (Human) 0.441 (log mg/kg/day)
hERG I inhibitor No
EGCG hERG 11 inhibitor Yes
Oral rat acute toxicity (LDso) 2.522 (mol/kg)
Oral rat chronic toxicity (LOAEL) 3.065 (log mg/kg_bw/day)
Hepatotoxicity No
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Skin sensitivity No
T. pyriformis toxicity 0.285 (ug/L)
Minnow toxicity 7.713 log mM
2 AMES toxicity No
Maximum tolerated dose (Human) 0.51 (log mg/kg/day)
hERG I inhibitor No
hERG II inhibitor No
Myricetin Oral rat acute toxicity (LDso) 2.497 (mol/kg)
Oral rat chronic toxicity (LOAEL) 2.718 (log mg/kg_bw/day)
Hepatotoxicity No
Skin sensitivity No
T. pyriformis toxicity 0.286 (ug/L)
Minnow toxicity 5.023 log mM
3 AMES toxicity No
Maximum tolerated dose (Human) 0.486 (log mg/kg/day)
hERG I inhibitor No
hERG II inhibitor No
Quercetagetin Oral rat acute toxicity (L.Dso) 2.537 (mol/kg)
Oral rat chronic toxicity (LOAEL) 3.185 (log mg/kg_bw/day)
Hepatotoxicity No
Skin sensitivity No
T. pyriformis toxicity 0.285 (ug/L)
Minnow toxicity 3.475 log mM
4 AMES toxicity No
Maximum tolerated dose (Human) 0.15 (log mg/kg/day)
hERG I inhibitor No
hERG II inhibitor Yes
Remdesivir Oral rat acute toxicity (L.Dso) 2.043 (mol/kg)
Oral rat chronic toxicity (LOAEL) 1.639 (log mg/kg_bw/day)
Hepatotoxicity Yes
Skin sensitivity No
T. pyriformis toxicity 0.285 (ug/L)
Minnow toxicity 0.291 log mM

3.3 Identification of target class for natural polyphenol via target prediction studies

The polyphenolic structural motif of dietary polyphenols allows them to serve as excellent

hydrogen bond donors which in turn helps them to strongly interact with various

biomacromolecules such as proteins. This interaction is a critical step in the regulatory role of

polyphenols on various key proteins involved in cellular physiology. The majority, if not all,

of the beneficial effect of polyphenols, can be explained via the functional consequence of

proteins it interacts with. Molecular target studies help us to predict therapeutic protein

targets for a given small molecule. Herein, we analyzed the predicted interacting

proteins/enzymes for myricetin, quercetagetin and EGCG. This study is particularly
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important in that context as we believe these polyphenols could target RdRp, an important
enzyme that catalyzes the RNA replication in SARS-COV-2. Notably, the molecular target
analysis suggests that all three polyphenols possess excellent properties of druggability and
they interact with a diverse class of proteins/enzymes. The top 25 target classes of EGCG,
myricetin, quercetagetin and remdesivir are represented in the pie-chart as shown in Figure
3. The detailed output table with the target, common name, UniProt ID, ChEMBL ID, target
class, probability and known actives in 2D/3D are listed in Figure S3-6 in the Supplementary

Information.
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Figure 3. Molecular target predictions for (a) remdesivir, (b) EGCG, (c) myricetin, (d)
quercetagetin obtained from swiss target prediction report. The frequency of the target classes
(top 25) is depicted in the pie chart.

4. Conclusions

At present, COVID-19 caused by the SARS-CoV-2 infection is a massive threat to global
health. During the SARS outbreak caused by SARS-CoV in 2003 ended up infecting 8094
and killing 774 people with a mortality rate of ~9.5%. Although the mortality rate in SARS-
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CoV-2 infection is lower than other similar viral infections, the extremely high number of
infections and death in a rather short period of time has triggered this alarming situation.
More importantly, there exists no specific vaccine or antiviral drug that can tackle this
COVID-19 pandemic. However, many clinical trials are being carried out for drugs as well as
vaccines against SARS-CoV-2. In this work, we performed a comprehensive molecular
docking study with twenty natural polyphenols with potential antiviral properties that may
inhibit the SARS-CoV-2 RdRp and prevent the RNA replication. We also looked at the
ADME prediction, toxicity prediction and target analysis to assess their druggability. The
obtained results strongly suggest that (-)-epigallocatechin-3-gallate (EGCG), myricetin and
quercetagetin have high binding affinity towards the RdRp of both SARS-CoV and SARS-
CoV-2 with favorable pharmacokinetics properties. As these polyphenolic compounds are of
natural origin and being consumed since ancient times, they do not possess any inherent
cytotoxicity. These bioactive compounds exhibit broad ranges of therapeutic properties.
Therefore, we believe that these three natural polyphenols can act as potential inhibitors for
RdRp of SARS-CoV-2. However, further in vitro and in vivo studies are recommended to

validate their efficacy against SARS-CoV-2 infection.
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Figure S1. Best-docked conformation of SARS-CoV RdRp complexed with (a) robinetin, (b)
isorhamnetin drug molecules are shown in stick model (blue). Amino acid residues
interacting with the ligands are highlighted in the inset.
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Figure S2. Best docked conformation of SARS-CoV-2 RdRp complexed with (a) quercetin,
(b) curcumin. Drug molecules are shown in stick model (blue). Amino acid residues
interacting with the ligands are highlighted in the inset.
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Known
Target Common UNIProt  coempl I Target Class Probability actives
name D

(3D/2D)
Matrix metalloproteinase 13 MMP13  P45452  CHEMBL280  Protease B ] 204
bl | :
Adenosine A2a receplor ADORA2A P29274 CHEMBL251 coupled receptor 529/0 &
' il | T +
Adenosine A3 receptor ADORA3 | PODMSE ~ CHEMBL256 .ot oDt 610/0 &
Adenosine A1 receptor ADORA1 | P30542 = CHEMBL226 Famiy AG protein- B ] e
coupled receptor =
Electrochemical 3
Sodium/glucose cotransporter 2 SLCSA2 | P31639  CHEMBLISS4 - ootoct .:l 25410 &
Transmembrane domain-containing protein TMIGD3 TMIGD3 PODMSS CHEMBL3712907 Unclassified protein .:l 33/0 &
Electrochemical &
Sodium/glucose cofransporter 1 SLC5A1 P13866 CHEMBL4979 transporter .:l 46/0 &
Phosphodiesterase 5A PDESA 076074 CHEMBL1827 Phosphodiesterase l:’ 119/0 &
ADAMA17 ADAM17  P78536  CHEMBL3708 Protease l:l 169/0 &
Serinefthreonine-protein kinase Aurora-B AURKB  Q06GD4 CHEMBL2185 Kinase I: 1310 &
Serinefthreonine-protein kinase Aurora-A AURKA 014965 CHEMBL4722 Kinase l:l 168/0 &
: o iad el I +
Adenosine A2b receptor ADORA2B P29275 CHEMBL255 coupled recaptor 5410 &
MAP kinase ERK2 MAPK1 | P28482  CHEMBL4040 Kinase l:] 21210 &
Coagulation factor 1X Fo P00740  CHEMBL2016  Protease l:| 1610 &
Matrix metalloproteinase 9 MMP2 P14780 CHEMBL321  Protease l:l 137/0 &
Matrix metalloproteinase 2 MMP2  P03253  CHEMBL333 Protease l: 15810 &
: - | o cunr. LI — 2
Endothelin receptor ET-B EDNRB  P24530  CHEMBLI78S _STWHCP0S 93/0 &
Endothelin receptor ET-A EDNRA | P25101  CHEMBL2sz FaniASPoen W 770 &

coupled receptor

Hexokinase type IV GCK  P35557 CHEMBL3820 Enzyme l:’ 8310 &
Endothelial lipase LIPG  QOYS5X9 CHEMBLS080 Hydrolase B ] s
Tyrosine-protein kinase receptor FLT3 FLT3  P36383 CHEMBL1974 Kinase .:l 3570 &
Beta-secretase 1 BACE1 P56817 CHEMBL4822 Protease I:] 52510 &
Protein kinase C alpha PRKCA = P17252  CHEMBL299  Kinase I:| 94/0 &
RAS guanyl releasing protein 3 RASGRP3 QIV61 ~CHEMBLISIg  Ofer c1tosolc b ] =
= - CDK5R1 Q15078 " 4,
Cyclin-dependent kinase 5/CDKS activator 1 ook | Sone3s  CHEMBL1S07600 Kinase .:l 370 &

Figure S3. SwissTargetPrediction report obtained using remdesivir as the query molecule.
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Target Common UNIPTOt  GneMBLID  Target Class Probability* actives

(3D/2D)

HERG KONH2 | 012800 cHEMBL240 oadegatedion N 21 &
Beta-secretase 1 BACE1 | P56317 = CHEMBL4S22  Protease _ 40/14 &
g";_ﬁ;:f;ﬁf:g;‘;;zm‘"a‘””"‘"-4*33‘3““'5‘”5 aPha- | oT3GAL3 | Q11203 CHEMBL3506076 Transferase D | 171 &
Alpha-(1,3)ucosyltransferase 7 FUT? | Q11130 CHEMBL3596077 Transferase _j 1711 &
Fucosyltransferase 4 FUT4  P22083 CHEMBL4996 Enzyme _:] 111 &
Apoptosis reguiator Bcl-2 BCL2  P10415  CHEMBLA4860  Other ion channel _:| 517 &
Matrix metalloproteinase 2 MMP2 | P0S253  CHEMBL333 Protease [ IR
Matrix metalloproteinase 14 MMP14 P50281 CHEMBL3869 Protease _:l 10/4 &
Microtubule-associated protein tau MAPT | P10636 CHEMBL1293224 Unclassified protein —:| 211 &
DNA (cytosine-5)-methyltransterase 1 DNMT1 | P26358  CHEMBL1993  Writer _:’ 111 &
DR Spaciicly hRcme s oepheryion Teg aoe DYRKIA = Q13627 CHEMBL2292 Kinase B
Beta amyloid A4 protein APP P05067 CHEMBL2487 Membrane receptor _:l 1312 &
MAP kinase p38 alpha MAPK14 Q16539  CHEMBL260  Kinase _:| 212 &
Telomerase reverse transcriptase TERT | 014746 = CHEMBL2916 Enzyme _:’ 6/2 &
6-phosphoglucenate dehydrogenase PGD  P52208 CHEMBL3404 Enzyme _:| 44 &
Hepatocyte growth factor receptor MET | P08581 CHEMBL3717 Kinase B | s
P-glycoprotein 1 ABCB1 | P08183  CHEMBL4302 m’:}g&“r‘“ _:’ 3700 &
asligr'\‘:‘,'b"e'?;s"”wa""acu"a'°’°f”a“5°"""°" L= start | pazz2a  cHemeLe101  Transcription factor | ||| | ] 11 &
Squalene monooxygenase (by homelogy) SQLE Q14534 CHEMBL3592 Enzyme _:l 119 &
GABA-A receptor. alpha-1/beta-2/gamma-2 SQSE’QE il?g% CHEMEL2095172 tﬁ:':‘“e?a‘ed on .:| 0/1 &

GABRG2 | P13507

Carbonic anhydrase Il CA3  P07451 CHEMBL2885 Lyase | 0/2 &
Matrix metalloproteinase 12 MMP12 | P39900 CHEMBL4393 Protease [ 4/6 &
Hypoxia-inducible factor 1 alpha HIF1A Q16665 CHEMBL4261 Transcription factor l:’ 0/6 &
Carbonic anhydrase II cA2 P00918  CHEMBL205 Lyase l:] 26/2 &
Carbonic anhydrase | CA1 P00915  CHEMBL261 Lyase l:] 2712 &

Figure S4. SwissTargetPrediction report obtained using EGCG as the query molecule.
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Common Uniprot

Known

Target ommon UnlProt  ChEMBLID  Target Class Probability* actives

(3D/2D)

Microtubule-associated protein tau MAPT  P10636 CHEMBL1293224 Unclassified protein _ 171 &
Lysine-specific demethylase 4D-like KOM4E | B2RXH2 CHEMBL1293226 Eraser [ 1/2 &
G-protein coupled receptor 35 GPR35  QOHC97 CHEMBL1293267 Egl'}“jgd“rgcggt’fr‘“' [ ] 2/4 &
DNA topoisomerase Il alpha TOP2A | P11388  CHEMBL1806  Isomerase _ 171 &
Xanthine dehydrogenase XDH  P47989  CHEMBL1929  Oxidoreductase I o2
Tyrosine-protein kinase receptor FLT3 FLT3  P36888 CHEMBL1974  Kinase [ 5/7 &
Insulin receptor INSR  P06213 CHEMBL1981 Kinase _ 171 &
Acetylcholinesterase ACHE | P22303  CHEMBL220  Hydrolase _ 327 &
Glyoxalase | GLO1 Q04760 CHEMBL2424 Enzyme ] 3/4 &
Myosin light chain kinase, smooth muscle MYLK = Q15746 CHEMBL2428  Kinase e — 111 &
Tyrosine-protein kinase SYK SYK  P43405 CHEMBL25S9 Kinase 7] 3/3 &
Multidrug resistance-associated protein 1 ABCC1 | P33527 = CHEMBL3004 Egggn:’e?"’e I
PI3-kinase p110-gamma subunit PIK3CG  P48736 = CHEMBL3267 Enzyme [—— 11 &
Beta-secretase 1 BACE1  P56817 = CHEMBL4822 Protease I
DNA-(apurinic or apyrimidinic site) lyase APEX1  P27695 CHEMBLS619 Enzyme — 111 &
NADPH oxidase 4 NOX4  QONPH5 CHEMBL1250375 Enzyme B 6/8 &
Vasopressin V2 receptor AVPR2  P30518  CHEMBL1790 Egg“)‘gd’*rgcggfr‘“' [ N 111 &
Aldose reductase AKR1B1 = P15121 = CHEMBL1900  Enzyme B | s
Monoamine oxidase A MAOA  P21397 CHEMBL1951 Oxidoreductase I | e
Insulin-like growth factor | receptor IGFIR = P08069 CHEMBL1957 Kinase I | 3/3 &
Cytochrome P450 19A1 CYP19A1 P11511 = CHEMBL1978  Cytochrome P450 _:| 3/18 &
Epidermal growth factor receptor erbB1 EGFR | P00533 CHEMBL203  Kinase [ R
Thrombin F2 PO0734  CHEMBL204  Protease B ) e
Carbonic anhydrase Il CA2 | P00918 = CHEMBL205 Lyase B ) s
Serinefthreonine-protein kinase PIM1 PIM1  P11309 CHEMBL2147 Kinase B 6/7 &

Figure S5. SwissTargetPrediction report obtained using myricetin as the query molecule.
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Known

Target Common URIprot  cheMBLID  Target Class Probability* ?:’cgv,zgs)
Serine/threonine-protein kinase PIM1 PIM1 | P11309 = CHEMBL2147 Kinase _ 717 &
Aldose reductase AKR1B1 = P15121  CHEMBL1900 Enzyme B | s
Microtubule-associated protein tau MAPT | P10636 CHEMBL1293224 Unclassified protein _:] 171 &
Lysine-specific demethylase 4D-like KDM4E | B2RXH2 CHEMBL1293226 Eraser - 1N 2/2 &
G-protein coupled receptor 35 GPR35 | QOHCS7 CHEMBL1293267 Egﬂg&fggﬁ‘"‘ T 1N 2/4 &
DNA topoisomerase Il alpha TOP2A  P11388  CHEMBL1806 Isomerase _:l 171 &
Xanthine dehydrogenase XDH  P47989 CHEMBL1929  Oxidoreductase - ERE
Tyrosine-protein kinase receptor FLT3 FLT3  P26888 CHEMBL1974 Kinase _:] 517 &
Insulin receptor INSR | P06213 CHEMBL1981 Kinase B 171 &
Acetylcholinesterase ACHE | P22303 CHEMBL220  Hydrolase - R’
Glyoxalase | GLO1 | Q04760 CHEMBL2424 Enzyme _:l 3/4 &
Myosin light chain kinase, smooth muscle MYLK | Q15746 CHEMBL2428  Kinase B | 171 &
Tyrosine-protein kinase SYK SYK | P43405 CHEMBL2599 Kinase - 1N 3/3 &
Multidrug resistance-associated protein 1 ABCC1 | P33527  CHEMBL3004 Eggap'gnzcr‘“’e - AR
PI3-kinase p110-gamma subunit PIK3CG = P48736 CHEMBL3267 Enzyme ] 3/1 &
Beta-secretase 1 BACE1 | P56817 CHEMBL4822 Protease B ] s«
DNA-(apurinic or apyrimidinic site) lyase APEX1  P27695 CHEMBL5619 Enzyme _:l 171 &
Death-associated protein kinase 1 DAPK1  P53355 CHEMBL2558  Kinase _:] 2/2 &
NADPH oxidase 4 NOX4  QONPH5 CHEMBL1250375 Enzyme - 6/8 &
Vasopressin V2 receptor AVPR2 | P30518 CHEMBL1790 Eg\'}ggd"r‘jcgg{ger‘“‘ B ] 1711 &
Monoamine oxidase A MAOA | P21397 CHEMBL1951  Oxidoreductase -
Insulin-like growth factor | receptor IGFIR  P08069  CHEMBL1957 Kinase -:l 413 &
Cytochrome P450 19A1 cyeroar  prst1 cHemeLiors cyochomersso [ ] v &
Epidermal growth factor receptor erbB1 EGFR  P00533 CHEMBL203  Kinase -:] 4128 &
Thrombin F2 PO0734  CHEMBL204  Protease | 6/3 &

Figure S6. SwissTargetPrediction report obtained using quercetagetin as the query molecule.
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Table S1. Chemical structure and natural source for the twenty polyphenols selected for the

current study.

Compound Common
S.No. | (PubChem CID Structure
No.) Sources
OH
gl
HO O w on
1 EGCG v Camellia
(65064) > sinensis
OH OH
0]
A@OH
OH
OH
OH
’ Myricetin HO o O Solanum
(5281672) O | OH lycopersicum
OH
OH O
OH
Quercetin HO o O OH .
3 (5280343) O | Alium cepa
OH
OH O
OH
o e e I
4 Q?;;;?ggg;m O | OH Citrus limon
HO OH
OH O
OH
OH
5 Robinetin HO 0 O Vaccinium
(5280647) O | OH corymbosum
OH
O
OH
6 Isorhamnetin HO o O o~ Solanum
(5281654) | lycopersicum
OH
OH O
O O
0] 0]
7 Curcumin d O h ~ O o Curcuma longa
(969516) HO oH
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Catechin HO o e
OH
OH
9 5-Deoxygalangin HO © l Spatholobus
(5393152) | oH subrectus
o
OH
10 Kaempferol HO O O lBrassica
(5280863) O | o er.acle_a var.
OH italica
OH O
HO (0]
Genistein O | .
11 (5280961) Colffea arabica
OH O OH
OH
. Apigenin HO o O Camellia
(5280443) | sinensis
OH O
HO
13 Datiscetin HO o O Datisca
(5281610) | cannabina
OH
OH O
14 Baicalein HO © i Oroxylum
(5281605) | indicum
HO
OH O
OH
Luteolin HO 0 O OH . .
15 (5280445) O | Piper nigrum
OH O
OH
OH
Tricetin O Eucalyptus
16 (5281701) OH globus

T

O
o~ )
T

O

o




17 Galangin HO © Alpinia
(5281616) | officinarum
OH
OH O
OH O OH
13 Gossypetin HO o OH Hibiscus
(5280647) | sabdariffa
OH
OH O
HO OH
9 Morin HO © O Psidium
(5281670) | guajava
OH
OH O
OH
20 Fisetin HO o O OH Malus
(5281614) | domestica
OH
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Table S2: Predicted absorption properties of remdesivir, EGCG, myricetin and quercetagetin

Properties Remdesivir EGCG Myricetin Quercetagetin
Water solubility 3.07 2.894 2915 -2.904
log mol/L
Caco2
permeability 0.635 -1.521 0.095 -1.488
Log 10 cm/s
Human intestinal 71.109 47.395 65.93 62.773
absorption (%)

Skin
permeability log -2.735 -2.735 -2.735 -2.735
Kp
P-glycoprotein

Yes Yes Yes Yes
substrate
P-glycoprotein T Yes No No No
inhibitor
P-glycoprotein II No Yes No No

inhibitor
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Table S3: Predicted

distribution properties

of remdesivir,

EGCG, myricetin and

quercetagetin

Properties Remdesivir EGCG Myricetin Quercetagetin
VDss (log L/kg) 0.307 0.806 1.317 1.424
Fraction unbound
(human) (Fu) 0.005 0.215 0.238 0.246
BBB permeability ) i ) )
(log BB) 2.056 2.184 1.493 1.664
CNS permeability 4.675 13.96 13709 3362
(log PS)
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Table S4: Predicted metabolic fates of remdesivir, EGCG, myricetin and quercetagetin

Properties Remdesivir EGCG Myricetin Quercetagetin
CYP2D6 substrate No No No No
CYP3A4 substrate Yes No No No
CYP1A2 inhibitor No No Yes Yes
CYP2C19 inhibitor No No No No
CYP2C9 inhibitor No No No No
CYP2D6 inhibitor No No No No
CYP3A4 inhibitor No Yes No No
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Table SS: Predicted excretion routes of remdesivir, EGCG, myricetin and quercetagetin

Properties Remdesivir EGCG Myricetin Quercetagetin
Total clearance
log ml/min/kg 0.198 0.292 0.422 0.307
Renal OCT?2 No No No o
substrate
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