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ABSTRACT

The main protease (MP™) of SARS-CoV-2 is responsible for the cleavage of viral replicase polyproteins
1a and Tab into their mature form and is highly specific and exclusive in its activity. Many studies
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have targeted this enzyme by small molecule inhibitors to develop therapeutics against the highly

infectious disease Covid-19. Our diet contains many natural antioxidants which along with providing
support for proper growth and functioning of the body, pose additional health benefits. Present in-sil-
ico analysis depicted that natural antioxidants like sesamin, ellagic acid, capsaisin, and epicatechin
along with galangin, exhibited significant binding at the catalytic site of the MP™® enzyme. They inter-
acted with excellent efficiency with the chief active site residue Cys145 and thus seem to possess the
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remarkable potential to act as drug candidates for the treatment of Covid-19. Such dietary compounds
can be easily administered orally with least toxicity related concern and thus yell for urgent exhaustive

research to develop into efficient therapies.

Introduction

Covid-19, the ongoing pandemic has exposed the world to
extreme vulnerability. SARS-CoV-2 (Severe acute respiratory
syndrome coronavirus 2), the causative agent of corona virus
disease comprises a single stranded RNA genome of 30kb.
The two essential polyproteins translated from first ORF
(Open Reading Frame) of its genome namely 1a and 1ab are
significant contributors to viral replication mechanism (Jin
et al., 2020a). The main protease (MP™) of SARS-CoV-2, also
known as 3CLP™, together with papain like proteases, pro-
cess these polyproteins to non-structural mature forms. The
MP'™, process on around 11 sites for cleavage in the polypro-
tein 1ab, a 790 kDa replicase enzyme, to makes it functional.
The leading MP™ recognition sequence for cleavage in poly-
protein is L-Q | (S, A, G) (| indicates the site of cleavage) and
recent researches suggest that the cleavage specificity of
MP™ is exclusive and is not found in any human protease
(Zhang et al., 2020). Hence, targeting MP™ for the develop-
ment of therapeutics seems to be a highly promising
approach. Structural inhibition of MP™ at active site can give
rise to an extremely selective treatment with least damage
to human host (Joshi et al., 2020). Recently, Jin et al., in their
in-vitro and crystallography analysis reported significantly
effective inhibition of MP™ by a synthetic antineoplastic
agent, carmofur, which forms covalent bonds with Cys145
residues at the active site of the enzyme (Jin et al., 2020a).

Natural antioxidants like lignans, polyphenols and capsia-
cinoids, usually found in oil seeds, fruits and vegetables com-
prise a vital part of our daily diet, and possess exceptional
pharmacological properties (Pandey & Rizvi, 2009; Pathak
et al, 2014; Rosa et al., 2002). Presence of numerous accept-
ors, donors, hydrophobic and aromatic functional groups in
these compounds leadingly contribute to their medicinal
effects (Diniz do Nascimento et al., 2020; Tsao, 2010) .

Utilization of such natural compounds to develop MP™
targeted therapies against the dreaded disease like Covid-19
can stretch effective outcomes with least toxicity. Along with
this oral administration of such therapeutics through regular
diet will in turn increase the ease of treatment.

Hence, the present in-silico analysis deals with in depth
evaluation of effective structural inhibition potential of nat-
ural antioxidants against the main protease MP™ of SARS-
CoV-2 and hence can be developed into effectual treatment
against the prevalent deadly disease, Covid-19.

Method

To evaluate our hypothesis, we performed pharmacophore
modeling of several natural antioxidants present in regular
diet with a native inhibitor carmofur of MP™ (PDB id: 7BUY)
by using PharmaGist webserver tool (Pinto et al, 2019;
Schneidman-Duhovny et al., 2008a, 2008b). This tool predicts
the pharmacophoric features of a molecule essential to
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interact with receptor of interest based on multiple flexible
alignment of molecules provided as input (da Costa et al,
2019; Schneidman-Duhovny et al., 2008a). The 5 top scoring
compounds having substantial overlap with the reference
compound were selected for molecular docking with main
protease MP™ (PDB ID 7BUY), to evaluate their structural
inhibition potential against the enzyme (Ramos et al.,, 2019;
Vale et al,, 2020). Raccoon VS Autodock software (http://auto-
dock.scripps.edu/resources/raccoon) was used to perform
molecular docking analysis (Forli et al., 2016). The 3D struc-
tures of protein and ligands were prepared using AutoDock
Tools. Gasteiger charges were added to the ligands. Kollman
charge of —149.064 was added to the protein structure.
Polar hydrogens were added and non polar hydrogens were
merged. The grid parameter file was generated with number
of grid point in X,Y and Z direction as 126,126 and 126
respectively. The grid centre was set to —26.479, 12.595, and
58.704 along X, Y and Z axis. The grid spacing was selected
as 0.475 A to cover the whole protein. The docking param-
eter file was generated by utilizing Lamarckian GA docking
parameters as number of GA runs 10, population size = 150,
maximum number of evaluations as 2500000, gene mutation
rate of 0.02, number of generations as 27000, and cross over
rate of 0.8 (Morris et al., 1996, 1998). The 3D protein and
ligands structure files and parameter files were then sub-
jected to Raccoon VS Autodock software to perform multiple
dockings of the considered natural compounds with the
main protease MP™ enzyme. Selective filtering of the com-
pounds based on Lipinski's rule of 5 was also done by the
software where all the compounds passed the crieteria with
out any violation (Lipinski et al., 2001).

Further, to analyse the effectiveness of interactions of
these compounds with the important active site residue
Cys145, C145G mutation was incorporated in the protein
structure by using SDM (Site Directed Mutator) webserver
tool and then again molecular docking of the 5 lead mole-
cules with the mutated C145G MP™ protease was performed
by using same parameters (Pandurangan et al., 2017). Site
directed mutator works on analysing the changes that occur
in stability and functionality of protein upon replacement of
amino aicds and transform them into substitution probabil-
ities. It also generates the energy minimized mutated protein
structure  which was utilized for docking analysis
(Pandurangan et al., 2017).

The efficacy of interactions was evaluated based on the
changes observed in predicted binding energies and hydro-
gen bonds formed, with the active site residues of MP™
along with the predicted inhibition constant (Ki value) in the
molecular docking analysis. The Ki value or the inhibition
constant is in fact the dissociation constant of docked
enzyme inhibitor complex. The smaller the value of Ki the
lower will be the probability of dissociation and hence
higher will be the inhibiton. It is calculated as
Ki = exp(deltaG/(R*T)) where deltaG is the free energy of
binding, R is the gas constant (1.987 cal K"'mol™") and T is
the temperature (298.15K) (Morris et al., 1998).

Further the docking interaction poses were generated by
using Pymol, Discovery studio visualizer 2019 and LigPlot

software where Pymol exhibited the 3D ligand binding cav-
ities, Discovery Studio displayed different types of interac-
tions including weak and strong hydrogen bonding
interactions between the natural compounds and MP™
enzyme residues whereas Ligplot revealed only the strongest
hydrogen bonds formed depending on the standard criteria
(McDonald & Thornton, 1994).

Results

Our results depicted that natural antioxidants, sesamin, gal-
angin, ellagic acid, capsaicin and epicatechin, which are usu-
ally found in various dietary sources (Table 1) contain
numerous pharmacophoric features (Table 2) that are rele-
vant for their application as drug like compounds.

Alignment of these antioxidant compounds over the
native inhibitor (carmofur) displayed significant overlap and
similarity (Figure 1). Several features of these compounds
which were found to match with the reference inhibitor
have been denoted in Table 3. Thus, such similarities made it
evident that these 5 natural antioxidants can act as active
inhibitors of MP™,

Further validation of this assumption by performing
molecular docking of MP™® with these compounds gave
exceptionally significant negative binding energies of —8.93,
—6.47, —7.9, —7.16 and —6.68 kcal/mol for sesamin, galangin,
ellagic acid, capsaicin and epicatechin respectively which
were significantly higher than the binding energy of carmo-
fur (Table 4). The binding of these compounds with MP™ dis-
played effective interactions and formation of hydrogen
bonds with Leu141, Gly143, Ser144, Cys145, His164, His164,
Glu166, Arg188, GIn189, Thr190 and GIn192 residues (Table 4
and Figure 2) where four out of 5 compounds i.e. sesamin
ellagic acid, capsaicin and epicatechin, were found to be spe-
cifically enclosed within the active site while galangin was
laid in close vicinity of active site. Additionally, interactions
like van der waals, pi-pi T shaped, pi-alkyl, pi sulphur, pi-
sigma, pi donor hydrogen bonds and carbon hydrogen
bonds in turn facilitated the proper positioning and contact
of these compounds with the active site residues and
strengthened our analysis to a much greater extent (Figure 2).
The strongest hydrogen bonding interactions were analysed
also using standard criteria (Supplementary Figure 1).

Furthermore, the in-silico incorporation of mutation
C145G in the MP® enzyme by site-directed mutagenesis
mildly increased the stability of enzyme with a positive
change in AG (AAG) value of 0.2 but decreased the solvent
accessibility form 24.3% of wild type to 16.4% of mutant
type. Moreover, the molecular docking of the mutant MP™
enzyme with the 5 lead hit compounds displayed significant
differences in binding energies and interactions with respect
to the binding energies and interaction observed with the
wild type MP™ (Table 4, Figure 2, Table 5, Figure 3,
Supplementary Figure 1, Supplementary Figure 2). This
revealed that Cys145, which is an important active site resi-
due and contribute significantly for catalytic activity of
enzyme, was effectively interacting with the considered nat-
ural inhibitors thus proving that these inhibitors will pose
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Table 1. Dietary sources of the top 5 lead natural molecules.

S.no. Molecule Dietary source Structures

1 Sesamin Sesame (Sesamum indicum) seed

2 Galangin Lasser galangal (Alpinia officinarum), Honey HO (@]

3 Ellagic acid Raspberries (Rubus idaeus),
strawberries (Fragaria ananassa),
cherries (Prunus avium),
blackberries (Rubus fruticosa),
and walnuts (Juglans regia)

4 Capsaicin Chilli pepper (Capsicum annuum) HO
\
o
HN
—0

5 Epicatechin Green tea (Camellia sinensis), apple (Malus domestica) OH

)

OH
HO HO

Table 2. Pharmacophore features of the considered natural molecules by PharmagGist.
S.no. Molecule Atoms Features Spatial Features Aromatic Hydrophobic Donors Acceptors Negatives Positives
1 Sesamin 44 9 9 2 1 0 6 0 0
2 Galangin 30 1 8 3 0 3 5 0 0
3 Ellagic acid 28 14 10 2 0 4 8 0 0
4 Capsaicin 49 16 15 1 10 2 3 0 0
5 Epicatechin 35 14 9 2 1 5 6 0 0
6 Carmofur* 34 1 1 1 5 2 3 0 0

*Native active site inhibitor used as reference for pharmacophore modelling.
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Figure 1. Alignment pose of A) sesamin (red) B) galangin (mauve) C) ellagic acid (yellow) D) capsaicin (orange) E) epicatechin (green) upon the reference com-

pound carmofur (blue).

Table 3. Overlapping pharmacophore features of considered natural compounds with the native inhibitor carmofur.

S.no. Score Features Spatial features Aromatic Hydrophobic Donors Acceptors Negatives Positives Molecules
1 6.02432 3 3 1 0 0 2 0 0 Carmofur-sesamin
2 7.53452 4 4 1 0 0 3 0 0 Carmofur-galangin
3 7.53153 4 4 1 0 0 3 0 0 Carmofur-ellagic acid
4 7.55099 8 8 1 5 1 1 0 0 Carmofur-capsaicin
5 7.51928 4 4 1 0 1 2 0 0 Carmofur-epicatechin
Table 4. Docking results of the lead hits with SARS CoV-2 main protease.
Binding energy Interaction energy Inhibition constant No. of
S.no. Molecules (kcal/mol) (kcal/mol) (Ki value) H-bonds Residues involved in H-bonding
1 Sesamin —8.93 —10.21 285.02nM 4 Ser144, Cys145, GIn189, GIn192
2 Galangin —6.47 —9.24 18.23uM 3 Glu166 (1), GIn192(2)
3 Ellagic acid -79 -11.17 1.62uM 5 His164, Cys145, Glu166, Arg188, Thr190
4 Capsaicin —7.16 —-11.715 5.61uM 4 Glu166, GIn189, Thr190, GIn192
5 Epicatechin —6.68 —10.631 12.77uM 8 Leu41, Gly143, Cys145, His163,
His164, Glu166, GIn189(2)
6 Carmofur —-5.93 —7.564 4532 uM 4 Glu166, Arg188, Thr190, GIn192

(significant interaction with Cys145)

significant hinderance in the enzyme’s activity to perform
the cleavage of viral replicase polyproteins. An exceptional
reduction in negative binding energy was observed when
capsaicin was docked with mutant MP™, from —7.16 kcal/mol
for wild type to —5.7 kcal/mol for mutant type. In wild type
interaction, capsaicin formed 2 bonds, one alkyl and other
pi-alkyl bond, with Cys145 residue while in its interaction
with the mutant type it formed single hydrogen bond with
Gly145 that led to a large reduction in its binding potential
for the enzyme thus proving specific and effective inhibiting
potential of capsaicin against wild MP™ enzyme via Cys145
residue. Moreover, the reduction suffered by capsaicin was
significantly large compared to that suffered by reference
compound carmofur, where the binding energy of carmofur
with native enzyme was —5.93 Kcal/mol and with the mutant
type was —5.23 Kcal/mol. Sesamin, ellagic acid and epicate-
chin also suffered mild reductions in negative binding poten-
tials when interacted with the mutant type due to loss of
hydrogen bonding with Cys145 which was operative in

interaction with wild type enzyme (Figures 2 and 3). In con-
trast, galangin showed insignificant increase in negative
binding energy when interacted with the mutant type thus
displayed no mutation effect on its interactions with the
enzyme which can be beneficial in case of viral proteins
which frequently suffer point mutations.

Henceforth, our hypothesis of MP™ inhibition with poten-
tial considered natural compounds seems to be exceptionally
potent one and demands exhaustive further research to
develop effective natural treatment against Covid-19.

Discussion

SARS-CoV-2 main protease MP™ plays noteworthy role in reg-
ulating viral replication by cleaving and thus converting the
major replicase polyproteins 1a and 1ab into their mature
form. The high specificity of the enzyme for its cleavage site
and lack of similarity with the human proteases make it a
highly operative target for the treatment of corona virus
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Figure 2. 3D Docking pose and 2D interactions of A) sesamin (red) B) galangin (mauve) C) ellagic acid (yellow) D) capsaicin (orange) E) epicatechin (green) F) car-

mofur (blue) with wild type SARS-CoV-2 main protease (MP) (green).

disease-19. Structural inhibition of this enzyme due to the
binding of small molecule inhibitors in its active site have
been investigated by many researchers (Jin et al., 2020a;
Joshi et al., 2020; Zhang et al., 2020). Jin et al. identified an
effective inhibitor N3 which conveys mechanism-based inhib-
ition against MP™, by using in-silico approach and then
resolved the crystallographic structure of N3-MP™® complex
that exposed modification of Cys145 residue via addition of
vinyl group by N3. They further performed an exhaustive
analysis of over 10,000 compounds to analyse their structural
inhibition potential against MP® and discovered 7 potential
synthetic drug-like compounds (Jin et al., 2020b). In continu-
ation to this, additional studies were conducted for the
evaluation of structural interactions of one of the seven iden-
tified compounds, carmofur, with MP™°, Carmofur with 1C50
value of 1.82puM presented vigorous MP™ inhibition in in-
vitro studies. Determination of its complex with MP™ by crys-
tallography revealed interaction of the carbonyl group of car-
mofur with Cys145 residue. MP™ contain 2 protomers A and
B and thus forms a homodimer where each protomer has 3
domains and a long connecting loop between domain | and
Ill. The substrate interacting pocket is present at the interface
of domain | and Il which adjoin the catalytic dyad of Cys145
and His41. Carmofur covalently modifies the Cys145 residue
by forming C-S bond, further the fatty acid tail of the drug
extends and interact with His41, Met49, Tyr54, Met165 and
Asp187 (Jin et al,, 2020a). In the present study we found that
epicatechin with significantly high interaction and binding
energy lie in the same active site of the enzyme and formed

8 hydrogen bonds with residues Leu141, Gly143, Cys145,
His163, His164, Glu166, and GIn189. Other residues of MP™
including His41, Met49, Met165, Asn142, Ser144, Phe140,
His172, GIn192, Thr190, and Arg188 took part in van der
waals interactions, carbon hydrogen, pi-alkyl and pi-donor
hydrogen bonds with epicatechin thus proving it an effective
candidate for inhibition of MP™. Another considered antioxi-
dant sesamin with the highest binding energy among the
considered compounds interacted with MP™ to formed 4
hydrogen bonds with Ser144, Cys145, GIn189, and GIn192
and showed significant interactions with effective residues
His41, Met49, and Met165. Similarly, ellagic acid and capsa-
icin interactions with operative catalytic site residues of MP™
were extremely significant, this fact was not only evident by
the docking results with the wild type MP™ but was also
depicted by the reduction in the interaction energies con-
fronted by the docking complexes upon mutation at Cys145
residue. The mutation at C145 not only changed the binding
energies but also modified the interactions of the com-
pounds with the target enzyme. In case of sesamin and cap-
saicin though the number of hydrogen bonds formed with
the mutated MP™ was higher than that of native form but
the negative binding energies were significantly reduced
indicating reduction in stability of the bonds formed with
the mutated enzyme compared to the native form, this
makes it evident that the compounds were forming high sta-
bility complexes by interacting with Cys145 and are more
likely to inhibit the cleavage catalysis by the native enzyme.
By losing the hydrogen bond with C145, sesamin in case of
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Table 5. Docking results of lead hits with C145G mutated SARS CoV-2 main protease.

S.no. Molecules Binding Energy (Kcal/mol) No. of H bonds Residues involved in H bonds

1 Sesamin —8.66 5 His41, Ser144, GIn189, Thr190, GIn192,
2 Galangin —6.54 3 Glu166(1), GIn192(2)

3 Ellagic acid -7.7 4 His164, Glu166, Arg188, Thr190

4 Capsaicin —57 5 Leu141, Gly143, Ser144, Gly145, His164
5 Epicatechin —6.27 4 His164, Glu166, GIn189(2)

6 Carmofur —5.23 4 Thr190(2), GIn192(2)

Figure 3. 3D Docking pose and 2D interactions of A) sesamin (red) B) galangin (mauve) C) ellagic acid (yellow) D) capsaicin (orange) E) epicatechin (green) F) car-

mofur (blue) with C145G mutant SARS-CoV-2 main protease (MP™) (green).

mutated form C145G, formed hydrogen bonds with His41
and Thr190. Also, the transformation from pi-alkyl to pi-sul-
phur bond was noticed with residue Met165 which might be
a probable reason for reduction in docking energy. In case of
capsaicin, the alkyl bond with His163 formed upon inter-
action with native protein was transformed to pi-cation
bond, also the hydrogen bond with Glu166 in native struc-
ture was converted to van der waal’s interaction in mutated
structure, thus a high decrease in binding energy was
encountered. In contrary, no effect of mutation was noticed
on the interaction of galangin thus providing scope for a
consistent treatment for such a frequently mutating viral sys-
tem. Similar to galangin, ellagic acid interacted in the same
cavity in both native and mutated forms but the mutation at
Csy145 residue reduced one hydrogen bond which was
being formed by ellagic acid with Cys145 when interacted
with native form of enyme. This reduction in hydrogen bond
seems to be the only reason for the reduction of binding
enrgy and thus proves significant interaction of ellagic acid

with Cus145 showing the high potential of compond to pose
inhibition at the active site. Interaction of epicatechin with
Cys145 consisted three bond types including hydrogen
bond, pi-donor hydrogen bond and alkyl bond but mutation
on this residue posed significant change in the electronic
configuration of the compound and lead to reduction of 4
hydrogen bonds which were being formed with Cys145,
Leu141, Gly143 and His163 residues in native form of pro-
tein. Moreover Zhang et al., in their MP™ inhibitor analysis
developed an alpha-ketoamide inhibitor with enhanced
plasma half life and revealed its X-ray crystallographic struc-
ture in complex with MP™. Their crystallographic structure
displayed interaction of the ketoamide inhibitor with the
same active site residues including Ser1, His41, Met49,
Phe140, Gly143, Ser144, Cys145, His164, Glu166, Pro168, and
GIn189 (Zhang et al., 2020). Hence all the above facts prove
that natural antioxidants like sesamin, ellagic acid, capsiasin
and epicatechin can be considered as compelling inhibitors
of the principal target of SARS-CoV-2 (MP™) and thus can



deliver effective treatment to the highly infectious viral dis-
eases Covid-19, through special diet or can also be formu-
lated into drugs having least toxicity for oral administration.

Conclusion

Our in-silico analysis proved that natural antioxidants like
sesamin, ellagic acid, epicatechin and capsaicin can specific-
ally bind and interact with the most vital active site residue
Cys145 of SARS-CoV-2 main protease with great significance
and can inhibit its activity in an extreamely effective manner.
Such inhibition of main protease will profoundly down regu-
late the viral replication process and will fortunately contrib-
ute to fight the highly infectious mortal disease Covid-19.
Hence, further research in this concern is demanded to
develop an easy, safe and sound treatment against the cur-
rent viral pandemic.
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