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Identification of Alkaloids from Terminalia chebula as
Potent SARS- CoV-2 Main Protease Inhibitors: An In Silico
Perspective
Rajesh Ghosh+,[a] Vishnu Nayak Badavath+,[b] Snehasis Chowdhuri,*[a] and Anik Sen*[c]

Natural compounds in medicinal plants are best remedies for
different diseases and are important to develop new drugs.
This work was dedicated to understand the role of different
natural compounds of Terminalia Chebula, a well-known herbal
plant, in the treating of Covid 19. In this article, we have
investigated interactions of such natural compounds from
Terminalia Chebula with the main protease (Mpro) of the SARS-
CoV-2, which is a key component for cleavage of viral
polyprotein, and an important target for the development of
drugs towards COVID-19. We have performed molecular
docking study on 22 different molecules of Terminalia Chebula
and proposed that 7 of the natural compounds (triterpenoids

and sterols) interacts with a comparable or stronger interac-
tions than the inhibitor N3. Molecular dynamics simulations
(100 ns) revealed that 7 Mpro-Terminalia Chebula complexes are
stable, conformationally less fluctuated, slightly less compact,
and marginally expanded than ligand-free conformation of
Mpro. The intermolecular H-bonding and detailed MM/PBSA and
MM-GBSA analysis showed Daucosterol interaction to be the
most strong, whereas comparable interactions were observed
for Arjunetin, Maslinic acid, and Bellericoside. Our study
suggested that these natural compounds can act as potent Mpro

inhibitors for SARS-CoV-2, and may evolve as promising anti-
COVID-19 drugs in the near future.

Introduction

Since December 2019, the novel coronavirus (SARS-CoV-2) has
created an outbreak of respiratory disease worldwide and is a
successor of the two previous massive coronavirus outcomes,
severe acute respiratory syndrome coronavirus (SARS-CoV) in
2002–03, and Middle-East respiratory syndrome coronavirus
(MERS-CoV) in 2012.[1] The virus was named SARS-CoV-2[2–4] due
to a great similarity of the RNA genome with the SARS-CoV.
The acceleration of the spread of the virus was due to human-
to-human cough, sneeze, and touch from an infected person
i. e. through the common droplet infection.[4–6] The present
studies on such disease have been categorized into three
different groups (a) Vaccine development, (b) Designing new
drugs, and (c) Repurposing of drugs and here we have focused
on the third. The SARS CoV-2 Mpro is a member of homologous
cysteine proteases that are needed for viral replication.[7,8] It is a
two protomer homodimer in its active form and hRg as one
active site in each homodimer chain,[7,9] The structure of the

protomer of Mpro consists of three major domains. Domain I
and II contains amino acid residues 8–101 and 102–184,
respectively, and mostly consist of β-barrels. Domain III
contains amino acid residues 201–303 and mainly consists of α-
helices.[7] The catalytic site comprising of cysteine (Cys145) and
histidine (His41) amino acid moiety, is located at the cleft of
domain I and domain II.[7] The catalytic dyad His 41 and Cys145
present in the center of the site is responsible for forming
strong interactions with inhibitors.[10] The complete active sites
of MPro are the amino acid residues surrounding this catalytic
dyad. The active site consists of two subsites S1 and S2, where
the S1-subsite comprises the residues Phe 140, Gly 143, Cys
145, His 163, Glu 166, and His 172, and the residues Thr 25, His
41, Met 49, Met 165 and Gln 189 are for S2 -subsite,
respectively.[8]

The Mpro is one of the most important proteins for the virus
as it plays a key role in mediating viral replication and
transcription, and several studies have been performed to
target such proteins for the ‘b’ and ‘c’ groups.[7,11–20] As there
are no human proteases with a homolog of Mpro, it is an ideal
target for drug design as inhibitors are less likely to be toxic for
humans.[2] The details regarding the Mpro architecture and brief
mechanism are also discussed in earlier studies.[21–24] Natural
compounds obtained from medicinal plants are used in the
treatment of various diseases and also help in the development
of different drugs. It has shown important roles in disease
prevention and treatment in various diseases caused by
bacteria or viruses.[25] It has also been largely accepted that
numerous pharmacologically active drugs are derived from
natural resources, including medicinal plants, which show
lower side effects and are available in affordable prices too.[26,27]
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In recent times, the role of natural products has also been very
important for the development of drugs for the SARS-CoV
2.[28–31] A total of 51 different medicinal plants with very high
properties of anti-viral, antioxidant, and anti-inflammatory were
studied to check the activities on the SARS-CoV-2 by Upadhyay
et. al.[32] Their results showed the Mpro inhibitory activity of a
plethora of compounds from three different medicinal plants:
green and black tea (Camellia sinensis) and Haritaki (Terminalia
Chebula).[32]

In this article, we have focussed on the natural compounds
extracted from Haritaki or Terminalia Chebula, an important
traditional medicinal plant found in different parts of Asia,
especially in India. Haritaki belongs to the genus Terminalia,
which contains approximately 250 species that are distributed
throughout the globe. It possesses effective anti-bacterial and
anti-viral activity against various bacterial strains[33,34] and is well
known for treating various other diseases like gastrointestinal
and urinary tract diseases, fever, cough, diarrhoea, wound
infections, skin diseases, urinary tract infection, and candidiasis.
Terminalia Chebula consists of 131 natural compounds compris-
ing of 31 different tannins, 6 different phenolic carboxylic
compounds, 3 phenols, 19 different terpenoids, and triterpene
saponins, 7 flavonoids, 2 sterols, and other hydrocarbon-based
compounds.[35] We have performed a screening study on the 13
different terpenoids and triterpene saponins (TTS), 7 flavonoids,
and 2 sterols of the Terminalia Chebula to identify the inhibitory
effect on the Mpro of the SARS-CoV-2 through the molecular
docking analysis using Autodock software.[36] It is found that

seven compounds (five TTS and two sterols) of Terminalia
Chebula show high interaction with the protease while
compared to the inhibitor N3,[7] and other repurposed drugs.
Further Molecular Dynamics simulations were performed on
these 7 natural compounds to understand their affinity to be a
potential inhibitor for SARS-CoV-2 main protease Mpro. Our
results states, that the best interaction was observed for
Daucosterol, Arjunetin, and Bellericoside. A previous study by
Chowdhuri and co-workers, stated that N3 docked complex is
stabilized by multiple hydrophobic and hydrogen bond
interactions, and the pharmacokinetics analysis was performed
for the complex, which revealed that N3 showed hepatotox-
icity, which makes it carcinogenic for humans.[37] Our selected
natural compounds were extracted from the traditional Termi-
nalia Chebula medicinal plant and are well known for their
various remedies from ages, and such compounds have been
proven to be non-toxic for the human body.[38–40]

Result and Discussion:

Molecular docking studies

The 22 natural compounds from Terminalia Chebula (Figure 1)
were downloaded from PubChem database server and were
optimized with B3LYP/6-31G* basis set by using Gaussian 09
software.[41] Positive frequency confirmed that each optimized
structure corresponds to the global minimum. These optimized
structures were subjected to docking studies to identify the

Figure 1. The schematic structures of isolated natural compounds from Terminalia Chebula along with native N3.
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potent compounds, with the co-crystallized X-ray crystal
structure of main protease (Mpro) of the SARS-CoV-2, (PDB id:
6LU7) with native N3. The SARS-CoV-2 main protease (Mpro) is
very important for viral replication, and as it is dissimilar to
human proteases, can act as a perfect target for inhibitor
research.[7,8] Some known drugs under investigation for their
potential use of treatment of COVID-19, were also docked with
the protease for a comparison. The structures of the Remdesi-
vir, Favipiravir, Chloroquine, Hydroxychloroquine, and Niclosa-
mide were obtained from the PubChem Database.[42] The
natural compounds with higher free binding energy (kcal/mol)
and with good inhibitory constant (Ki) than N3-Mpro complex
were considered for further Molecular dynamics simulations
along with the native N3.

All the natural compounds studied in this work were well
accommodated in the active site of Mpro with good free binding
energy (kcal/mol) and inhibitory constant (Ki) when compared
with N3-Mpro complex and the repurposed drugs, given in
Table 1. The interaction of the best docked natural compounds
with the Mpro is given in figure 2. The number of hydrogen

bonding interactions for the seven different Mpro-natural
compounds of Terminalia Chebula complexes, including the
respective amino acids of Mpro involved in these hydrogen
bond, are also shown in table 2. The details of the hydrogen
bonding of the inhibitors for the specific atoms responsible for
the different hydrogen bonding interactions associated with
the amino acid residues of the Mpro are given in the supporting
information. It showed that the all the hydrogen bondings for
the inhibitors with the Mpro except for a single one for the
Arjunetin proved to be hydrogen bond acceptor.

Molecular Dynamics (MD) Simulation Studies

We have carried out a 100 ns MD simulation using GROMOS96
53a6[43] force field with GROMACS software[44] to investigate the
stability as well as the interactions of the 7 different Mpro-
natural compounds of Terminalia Chebula chosen from the 22
natural compounds which were docked against the Mpro due to
their high binding affinity (higher or comparable to the
inhibitor N3), as mentioned in Table-1. Several structural

Figure 2. Orientation and binding interaction of potent seven compounds (ArjunglucosideI, Arjunetin, Beta sitosterol, ChebulosideI, Maslinic acid,
Bellericoside, and Daucosterol) in the active site of Mpro (PDB: 6LU7). A. Superimposed of all the natural compounds in the active site of MPro ; B. The schematic
diagrams of the interactions of the seven different ligands with the amino acids in the protein.
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Table 1. The binding free energy and inhibitory constant of native N3, triterpenoids and saponins of Terminalia Chebula with Mpro.

S. No. Compound Inhibitory
Constant (Ki)

Free binding energy (kcal/mol) H-bonds
(bond length in Å)

N3 307.96 nM -8.88 Cys145 (1.91 Å)

Repurposed drugs

A Ebselen 18.66 μM � 6.45 Glu166 (2.18 Å), Cys145
B Favipiravir 378.76 μM � 4.67 –
C Remdesivir 676.24 nM � 8.42 Glu166-NH (2.09 Å),

Glu166-OH (1.92 Å)
D Chloroquine 7.27 μM � 7.01 Glu166 (2.04 Å),

Arg188 (1.78 Å)
E Hydroxychloroquine 3.80 μM � 7.39 His164 (1.88 Å), Ser144

(2.21 Å), Leu141 (1.69 Å)
F Niclosamide 2.66 μM � 7.60 Gly143(1.76 Å),

Cys145(2.16 Å),
Glu166 (2.068 Å)

Triterpenoids and their Saponins

1 Arjungenin 1.73 uM � 7.86 Gln189 (1.92), Thr26 (1.75)
2 Arjunolic acid 1.94 μM � 7.79 Gln192 (2.09), Thr190 (1.72)
3 Arjunic acid 644.15 nM � 8.45 Thr26 (1.96), Gln189 (1.81),

Glu166 (2.12)
4 Terminolic acid 2.08 μM � 7.75 Cys145 (2.15), Glu166 (1.95),

Gly143 (1.76), Met165 (1.68)
5 Arjunglucoside I 137.93 nM � 9.36 Thr26 (1.84), Asn142 (2.218),

Gln189 (1.97)
6 Arjunetin 41.18 nM � 10.08 Thr26 (2.09), Thr190 (1.73),

Gln192 (2.24), Arg188 (2.23),
Asn142 (2.20)

7 Chebuloside II 1.44 μM � 7.97 Glu166 (2.06), Asn142
(1.98), Thr26 (2.11)

8 Bellericoside 588.17 nM � 8.50 Thr26 (2.20), Glu166
(1.86), Arg188 (1.81)

9 Chebuloside I 271.75 nM � 8.96 Asn142 (2.13), His163
(2.22), Glu166 (1.95)

10 2α-Hydroxyursolic acid 795.73 nM � 8.32 Gly143 (2.05), Thr24 (1.97),
Thr25 (1.86)

11 2α-Hydroxymicromiricacid 705.45 nM � 8.39 Thr26 (1.77), Glu166 (2.20)
12 Maslinic acid 494.77 nM � 8.60 Gln192 (2.09), Thr190 (1.86)
13 Chebupentol 852.24 nM � 8.28 His164 (1.80) Thr26 (1.92),

Gln189 (1.96),

Flavonoids isolated from Terminalia Chebula.

1 Rutin 1.11 μM � 8.12 Asn142(2.10 Å), His164
(2.15 Å), Glu166 (1.93 Å),
Thr190 (2.06 Å), Gln189
(1.79 Å)

2 Quercetin 1.50 μM � 7.94 His164 (2.23 Å), Glu166
(2.12 Å), Asp187 (2.02 Å)

3 Luteolin 2.44 μM � 7.66 Glu166 (2.03), Gln192 (2.16),
Thr190 (2.06) and π-π interaction
with Tyr54

4 Isoquercitrin 729.80 nM � 8.37 Glu166 (2.11), His164 (2.17),
Asn142 (2.20), Asp187 (1.96)

5 Isorhamnetin/
3’-Methoxy quercetin

708.59 nM � 8.39 Glu166 (2.18), Gln192 (2.03),
Asp187 (2.14), and one
π-π interaction with Tyr54

6 Dillenetin/
3, 4-Dimethoxy
quercetin

2.04 μM � 7.76 Thr190 (2.03) and
one π-π interaction with His41

7 Pelargonidin 644.34 nM � 8.45 Glu166 (1.95), His164 (2.16),
Gln192 (2.18), Asp187 (2.14),
Thr190 (1.93)

Sterols isolated from Terminalia Chebula

1 β-Sitosterol 241.37 nM � 9.03 Thr26 (1.75 Å)
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properties like the Root Mean Square Deviation (RMSD) for the
complex stability, Root Mean Square Fluctuation (RMSF) for the
conformational fluctuations, the radius of gyration (Rg) for
understanding the structural compactness, and Solvent Acces-
sible Surface Area (SASA) were investigated using the MD
simulations. The RMSD of α-carbon atoms of the ligand-free
conformation of Mpro, and complexes of Mpro-N3, and seven
Mpro-natural compounds (Figure 3) were estimated in this study.
It is found that for the ligand-free conformation of Mpro the
RMSD maintained a constant value of ∼0.21–0.22 nm in the
initial 2 ns to 17 ns, which gradually increased to a value of
∼0.35 nm till 25 ns, and after that, a decrease of the value to

∼0.31 nm was observed till 65 ns and remained stationary
towards the end of the molecular simulation. The average
RMSD values of the seven different Mpro-natural complexes
along with Mpro-N3, and ligand-free conformation of Mpro are
given in Table 3. It has been observed that except Mpro-
Arjunglucoside I, all other Mpro-natural compound complexes
have comparable results with Mpro-N3. The RMSD pattern for
Mpro, Mpro-N3, and all other Mpro-natural compound complexes
are shown in figure 3. The RMSD shows slight fluctuations until
20 ns, but no such fluctuations were observed for the later part
(Figure 3). The total number of intermolecular hydrogen bonds
formed during the entire MD simulation was calculated in this

Table 1. continued

S. No. Compound Inhibitory
Constant (Ki)

Free binding energy (kcal/mol) H-bonds
(bond length in Å)

2 Daucosterol 402.16 nM � 8.73 Thr26 (2.07)

Table 2. Hydrogen bond interactions of identified potent natural compounds with the active site of SARS CoV-2 Mpro.

Natural compounds interaction with Mpro Number of H-bonds Amino acids of Mpro involved in H-bonding Hydrogen bond distance (Å)

Mpro-ArjunglucosideI 5 Thr190 2.3
Met165 2.4
Arg188 2.3,2.35
Thr26 2.35

Mpro-Arjunetin 3 Gln192 2.4
Thr190 2.45
Met165 2.45

Mpro-Beta sitosterol 2 Thr26 2.2
Thr24 2.5

Mpro-ChebulosideI 7 Thr26 2.2
Thr25 2.5
Cys145 2.5
Asn142 2.3
Glu166 2.2
Phe140 2.4
His163 2.1

Mpro-Maslinic acid 3 Thr25 2.2
His164 2.5
Cys145 2.5

Mpro-Bellericoside 4 Glu166 2.3
His164 2.3
Cys145 2.4
His41 2.2

Mpro-Daucosterol 1 Thr190 2.3

Table 3. Average values of the RMSD, RMSF, Rg, SASA, and the total number of intermolecular hydrogen bonds formed during MD simulation for different
systems.

System RMSD
(nm)

RMSF
(nm)

Rg
(nm)

SASA
(nm2)

Mpro (ligand free) 0.3090�0.0528 0.1937�0.0218 2.195�0.0219 151.4483�0.0234
Mpro-N3 0.2593�0.0425 0.1575�0.0239 2.1911�0.0215 155.3979�0.0321
Mpro-Arjunglucoside I 0.3680�0.0472 0.1532�0.0285 2.1962�0.0218 152.1000�0.0218
Mpro-Arjunetin 0.2541�0.0398 0.1552�0.0283 2.1968�0.0217 153.7193�0.0221
Mpro-Beta sitosterol 0.2463�0.0426 0.1451�0.0412 2.1979�0.0321 152.7391�0.0328
Mpro-Chebuloside_I 0.2741�0.0314 0.1565�0.0232 2.1966�0.0298 152.6999�0.0224
Mpro-Maslinic acid 0.2379�0.0384 0.1236�0.0216 2.1979�0.0291 152.2632�0.0219
Mpro-Bellericoside 0.2401�0.0411 0.1315�0.0223 2.1984�0.0215 152.8833�0.0232
Mpro-Daucosterol 0.2539�0.0374 0.1558�0.0243 2.1978�0.0214 152.9458�0.0227
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study as it can help to estimate the conformational stability of
the Mpro-natural compounds of Terminalia Chebula complexes
(Figure 4). It was observed that on average, 547 intermolecular
hydrogen bonds were present in the ligand-free conformation
of Mpro, whereas all other Mpro-complexes show a higher
number of hydrogen bonds which suggested the formation of
a stable complex. Furthermore, hydrogen bonds for the N3 as

well as the natural compounds with the Mpro have been plotted
with the 100-ns MD simulation as given in figure 5. The plots
indicated that for the N3, there were approximately 6 hydrogen
bonds till 60 ns but the lasr 40 ns only 3/4 hydrogen bonds
were observed. For the natural compounds, 5–8 hydrogen
bonds were observed for the entire 100 ns time frame except
for the Arjunetin, where it showed an increase in the average

Figure 3. The RMSD plots of identified potent compounds and native drug N3, along with ligand-free conformation of Mpro of SARS-CoV-2.

Figure 4. Calculated total number of hydrogen bonds for the ligand-free conformation of Mpro and complexed Mpro.
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number of hydrogen bonds from 4 to 5/6 after the first 30 ns
run. Arjunglucoside I, Bellericoside, and Chebuloside I have
shown an average number of Hydrogen bonds 6–8 during the
100 ns run whereas, on average 4–6 number of hydrogen
bonds were found in β-silostrerol, and Maslinic acid, and 3–5
number of hydrogen bonds are observed in Daucosterol.

The Root Mean Square Fluctuations (RMSF) of the α-carbon
atoms of ligand-free conformation of Mpro, Mpro-N3, and Mpro-
natural compounds are given in Figure 6. A slight fluctuation in
the range of 0.3 nm was observed for the domain, I and II. It
was also observed from the RMSF profiles that all the systems
experience more conformational fluctuations in domain III. For
the residues 45–60 in domain I, Mpro-natural compound
complexes and Mpro-N3 show lower fluctuations than the
ligand-free conformation of Mpro . The average RMSF value for
ligand-free conformation of Mpro was ∼0.194 nm, and that of
Mpro-N3 complex was ∼0.157 nm (Table 3). The Mpro-natural
compound complexes observed lower fluctuations, especially

in domains II, and III compared to the ligand-free conformation
of Mpro and Mpro-N3 complexes, as shown in figure 6.

The stability of the protein can also be understood by the
calculation of the radius of gyration (Rg). The calculated Rg
values for the ligand-free conformation of Mpro, and the Mpro-
natural compound complexes are given in figure 7, and table 3,
to assess the compactness of the complexes. The average Rg
value for Mpro and Mpro-N3 were observed to be identical with a
slight increase in case of Mpro-Natural compounds (Table 3). The
Mpro-natural compound complexes are thus slightly less
compact than that of ligand-free conformation of Mpro and
Mpro-N3 complex. The solvent-accessible surface area (SASA)
values were also calculated to assess the extent of expansion of
protein volume in each system (Figure 7 and Table 3). A little
expansion of the Mpro occurs upon interaction with the natural
compounds, as observed from the SASA values given in
figure 7 and Table 3.

Figure 5. The number of Hydrogen bonds of the N3 and the natural compounds with Mpro plotted along with the 100-ns MD simulation.
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MM-GBSA

The binding free energy of the complexes of the Mpro- natural
compounds along with the Mpro-N3 was calculated using the
MM-GBSA method. The MM-GBSA was calculated on the

coordinates of each complex after each 5 ns simulation run,
and 20 binding energies (100 ns) are given in figure 8. The
average binding energy values for each complex are given in
table 4. It is observed that Mpro-Daucosterol complex shows
higher binding free energy (� 57.81 kcal/mol) when compared

Figure 6. RMSF profiles of identified potent natural compounds along with ligand-free conformation of Mpro and Mpro-N3 complexes against the amino acid
residues of Mpro.

Figure 7. (A) The Rg plots of identified potent natural compounds along with ligand-free conformation of Mpro and Mpro-N3 complexes.(B) The SASA plots of
identified potent natural compounds along with ligand-free conformation of Mpro and Mpro-N3 complex.
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with Mpro-N3 complex (� 56.02 kcal/mol). For all other Mpro-
natural compound complexes, the average binding free energy
was a slightly lower than that of Mpro-N3 complex (Table 4 and
Figure 8). The higher MM-GBSA value (ΔGbind) for the Mpro-
natural compound complexes of Terminalia Chebula is mostly
contributed by the SASA and hydrophobic interactions. Our
calculations suggested that these seven natural compounds
obtained from the Terminalia Chebula can be allocated for
further studies for the development of natural compound-
based drugs for the treatment of SARS-CoV2.

MM/PBSA

The MM-GBSA relies on certain snapshots during the MD
simulation to calculate the absolute ligand binding interaction
of the natural compounds with the Mpro. Herein, we have also
calculated the binding free energies of the interactions using
the MM/PBSA method. It has been observed that all the seven
natural compounds show strong binding affinity to the Mpro

(Table 5), similar to the MM-GBSA calculations. Daucosterol
shows the highest binding free energy (� 67.32 kcal/mol). A

Figure 8. MM-GBSA binding free energy profiles of two Mpro-standard
complexes and seven Mpro-Terminalia Chebula complexes. The binding free
energy values of Mpro-N3 complex, Mpro-Arjunglucoside I, Mpro-Arjunetin,
Mpro-Beta sitosterol, Mpro-Chebuloside I, Mpro-Maslinic acid, Mpro-Bellericoside,
and Mpro-Daucosterol complex were represented throughout the entire
100 ns simulation trajectory.

Table 4. MM-GBSA values of the natural compounds along with Mpro-N3
and complexes. The standard deviation was reported as an error (�)

associated with free energy differences. Free energies are given in kcal/mol.

System Binding Free Energy (kcal/mol)

Mpro-N3 � 56.29�0.19
Mpro-ArjunglucosideI � 46.12�0.55
Mpro-Arjunetin � 48.18�0.24
Mpro-Beta sitosterol � 45.59�0.14
Mpro-ChebulosideI � 46.48�0.32
Mpro-Maslinic acid � 49.54�0.35
Mpro-Bellericoside � 47.32�0.19
Mpro-Daucosterol � 57.58�0.32

Table 5. The ΔGbind for the natural compounds complexes along with Mpro-
N3 were calculated using the MM/PBSA method. The standard deviation
was reported as an error (�) associated with free energy differences. Free

energies are given in kcal/mol.

Name Total Binding
Energy (ΔGbind)
in kcal/mol

Mpro-N3 � 66.65�7.31
Mpro-Arjunglucoside I � 41.51�6.48
Mpro-Arjunetin � 47.96�6.73
Mpro-β-sitosterol � 41.05�6.04
Mpro-Chebuloside I � 42.01�5.63
Mpro-Maslinic acid � 49.46�5.76
Mpro-Bellericoside � 47.32�4.94
Mpro-Daucosterol � 67.32�6.73

Figure 9. The calculated Molecular Electrostatic Potential surface for the identified potent 7 natural compounds. The red parts indicate hydrogen bonding
donor, the blue parts indicate hydrogen bond acceptors sites, and the π-interaction sites are given as green color, and yellow patches showed higher electron
density than the green sites. The surfaces shown correspond to an isosurface value of 0.03 electrons/a.u.3.
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very comparable binding energy was observed for the
Arjunetin, Maslinic acid, and Bellericoside with the N3 inhibitor.
While, Arjunglucoside I, β-sitosterol, and Chebuloside I show
lower binding affinity and thus may not act as effective
inhibitors. The reason behind such binding affinities is
displayed in table 5 and the supplementary information
(Table S2). It has been observed that the ligand-binding affinity
is mostly dominated by two parameters, (i) Van Der Waals
interaction (ΔGVDW) and the (ii) polar solvation energy (ΔGPB),
whereas the first one is favorable for the ligand interaction.
From the calculations we find that Van Der Waals energy were

observed in the sequence of Daucosterol>Maslinic acid>N3>
Arjunetin>Bellericoside>ChebulosideI>ArjunglucosideI>β-
Sitosterol, whereas the unfavourable polar solvation energy
(ΔGPB) is observed as Chebuloside I>Maslinic acid>Daucoster-
ol>Arjunetin>β-Sitosterol>ArjunglucosideI>N3>Bellerico-
side. These two dominated parameters, along with the electro-
static interactions (ΔGelec), and the non-polar solvation energy
(ΔGSA), revealed the highest binding energy for the Daucoster-
ol, and comparable binding energies for the N3, Arjunetin,
Bellericoside, and Maslinic acid (in the order of Daucosterol>
N3>Maslinic acid>Arjunetin>Bellericoside). The components

Table 6. The overall percentage of secondary structure elements of identified potent natural compounds along with ligand-free conformation of Mpro and
Mpro-N3 complexes.

Systems Structure (α-helix +β-sheet +β-
bridge+ Turn) (%)

Coil
(%)

β-sheet
(%)

β-bridge
(%)

Bend
(%)

Turn
(%)

α-helix
(%)

5-helix
(%)

3-helix
(%)

Mpro (ligand free) 58.0 28.0 25.0 2.0 13.0 10.0 21.0 0.00 1.0
Mpro-N3 58.0 28.0 26.0 1.0 12.0 9.0 22.0 0.00 2.0
Mpro-Arjunglucosi-
deI

59.0 28.0 26.0 2.0 12.0 9.0 22.0 0.00 1.0

Mpro-Arjunetin 59.0 29.0 26.0 2.0 11.0 9.0 22.0 0.00 1.0
Mpro- β- sitosterol 59.0 27.0 26.0 2.0 11.0 9.0 22.0 0.00 2.0
Mpro-ChebulosideI 61.0 27.0 26.0 1.0 10.0 10.0 22.0 0.00 2.0
Mpro-Maslinic acid 59.0 27.0 27.0 2.0 13.0 9.0 21.0 0.00 1.0
Mpro-Bellericoside 60.0 28.0 27.0 1.0 11.0 10.0 22.0 0.00 1.0
Mpro-Daucosterol 61.0 27.0 27.0 1.0 0.10 11.0 22.0 0.00 2.0

Figure 10. Analysis of Mpro secondary structure in different systems during 100 ns MD simulation. The secondary structure content of Mpro in (A) ligand free
conformation of Mpro, (B) Mpro-N3 system, (C) Mpro-Arjunglucoside I, (D) Mpro-Arjunetin, (E) Mpro- β-Sitosterol and (F) Mpro-Chebuloside I, (G), Mpro-Maslinic acid, (H)
Mpro-Bellericoside, and (I) Mpro-Daucosterol.
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of the MM/PBSA, ΔGVDW (Van Der Waals), ΔGelec (Electrostatic),
ΔGPB (polar solvation, Poisson-Boltzmann term), and ΔGSA (non-
polar solvation) for the natural compounds along with Mpro-N3
and complexes are given in the supporting information.

Molecular Electrostatic Potential Analysis

Molecular electrostatic potential calculations (MESP) were
performed for all the seven natural compounds using Density
Functional Theory, as electronic distribution is a very important
factor to predict the binding site to a protein. In the MESP
surface in figure 9, the red-colored regions denote regions for
the H-bond acceptor and are the places where the high
electronegative atoms are available. The electron-poor atoms
are designated in blue, which acts as H-bond donors. The
neutral areas are shown as green regions, where π- and other
types of π-staking interactions are more important (Figure 9).
The MESP analysis clearly proved the number of hydrogen
bonding possible for each of the natural compounds, which
was observed in the MD results (Table 2 and Figure 9). The
enhancement of the electron density is favorable for the π-
staking interaction. The reason behind the binding energy of
the Daucosterol, Arjunetin, Maslinic acid, and Bellericoside
natural compounds can be high electron density surface as
observed in our calculation with a large green region indicating
that it is suitable for multiple π-staking interactions along with
the hydrophilic and hydrophobic properties. The red, yellow,
and blue spaces on the large green surface of compounds
balance the hydrophilic and hydrophobic properties of the
ligand, which are essential for good binding to the protein for
all the different compounds.

Secondary structural analysis during MD simulation

The secondary structural analysis for all the complexes was
calculated to check the structural changes in the entire
trajectory (Figure 10, Table 6). No major fluctuations were
observed in the 100 ns run for the secondary structural
elements of Mpro (α-helix and β-sheet) as well as for Mpro-N3,
Mpro-natural compound complexes. Thus, due to minor or no
changes in the secondary structure proved very minimal
protein fluctuation and high stability for the complexes, which
leads to good interaction.

The content of α-helix, β-sheet, β-bridge and turn in Mpro

was 21 %, 25 %, 2 % and 10 %, respectively (Table 6). Altogether,
these findings suggested that overall structural conformation,
including secondary conformation of Mpro is unaltered even
when complex formation with Mpro-natural compounds (Arjun-
glucoside I, Arjunetin, β-sitosterol, Chebuloside I, Maslinic acid,
Bellericoside, and Daucosterol).

Conclusion

In this study, we have investigated the inhibition potency of
the terpenoids and triterpene saponins, flavonoids, and sterols
present in the Terminalia Chebula against Mpro SARS-CoV-2,
using an in silico approach. Among the twenty–two natural

compounds studied here, only seven showed the highest
interaction energies in the molecular docking calculations
compared to the N3 and were further investigated with
Molecular Dynamics calculations. All seven natural compounds
showed interactions with the key catalytic residues (His41 and
Cys145) of Mpro. The RMSD and RMSF profiles of the natural
compound complexes with the Mpro show high stability and
less conformational fluctuations. Furthermore, the Rg and SASA
analysis revealed less compactness of the natural compound
complexes than the ligand-free conformation of Mpro and Mpro-
N3 complex. During 100 ns MD simulation, the natural
compounds show a stable number of hydrogen bonds with the
protein, whereas for N3 there was a drastic change after 60 ns
run, though there is no change in the total number of
intermolecular hydrogen bonds. The MM-GBSA analysis further
reconfirmed that Mpro-natural compound complexes of Termi-
nalia Chebula are quite stable along with the Mpro-N3 complex
and the Daucosterol show the best interaction, and similar
interaction energies were calculated with the MM/PBSA
calculations. Both methods also revealed comparable interac-
tion energies of Arjunetin, Maslinic acid, and Bellericoside with
the N3. The MESP analysis showed an agreement for the
number of hydrogen bonding possible for each of the natural
compounds as observed in the MD results. It also showed that
the compounds Daucosterol, Arjunetin, Maslinic acid and
Bellericoside have high electron density surface which makes
them suitable for multiple π-staking interaction along with the
hydrophilic and hydrophobic properties. Our overall findings
revealed that out of the twenty-two natural compounds of
Terminalia Chebula studied here, the most potent inhibitor is
Daucosterol. The other potential inhibitors revealed from our
calculations are Arjunetin, Maslinic acid, and Bellericoside,
which have the potency to inhibit the proteolytic activity of
Mpro and may be used for the treatment of COVID-19. This
study is unique as such a detailed analysis on the potency of
the extracts of the Terminalia Chebula on the SARS-CoV-2 is
performed for the first time. Further in-vitro and in-vivo
experimental studies are necessary before repurposing of such
natural compounds to develop a safe and effective non-toxic
drug against COVID-19.

Supplementary Information

A detailed computational method section is given in the
supplementary information along with the MM/PBSA and MM/
GBSA components and binding energies of several other
Natural compounds.
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