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Arjunetin as a promising drug candidate against SARS-CoV-2: molecular
dynamics simulation studies

Gandarvakottai Senthilkumar Arumugama, Asmita Senb, Swati S. Dasha, Kartik Mitrac , Mukesh Doblec ,
Gopalan Rajaramanb and Sathyanarayana N. Gummadia

aDepartment of Biotechnology, Bhupat and Jyoti Mehta School of Biosciences, Applied and Industrial Microbiology Laboratory, Indian
Institute of Technology Madras, Chennai, India; bDepartment of Chemistry, Molecular Modelling Group (MMG), Indian Institute of
Technology Bombay, Powai, Mumbai, India; cDepartment of Biotechnology, Bhupat and Jyoti Mehta School of Biosciences, Drug Design
Laboratory, Indian Institute of Technology Madras, Chennai, India

Communicated by Ramaswamy H. Sarma

ABSTRACT
Stem and bark of the tree Terminalia arjuna Wight & Arn. (Combretaceae) has been documented to
exhibit therapeutic properties like cardiotonic, anticancer, antiviral, antibacterial, antifungal, hypercholes-
terolemia, hypolipidemic, and anti-coagulant. Our previous studies have shown that, ethanolic extract of
T. arjuna bark exhibits radical scavenging anti-oxidant activity and also effectively inhibited catalase activ-
ity. In this study, oleanane triterpenoids type compounds viz., oleanolic acid, arjunolic acid, arjunolitin,
arjunetin were isolated from ethanolic bark extract as bio-active compound and their structures were elu-
cidated using 1H, 13C NMR, HR-ESIMS, IR. Of the various compounds, Arjunetin showed significant inhib-
ition of catalase activity as compared to the other compounds. Based on the structural similarity between
arjunetin and current antiviral drugs, we propose that arjunetin might exhibit antiviral activity. Molecular
docking and molecular dynamics studies showed that arjunetin binds to the binds to key targets of
SARS-CoV-2 namely, 3CLpro, PLpro, and RdRp) with a higher binding energy values (3CLpro, �8.4 kcal/
mol; PLpro, �7.6 kcal/mol and RdRp, �8.1 kcal/mol) as compared with FDA approved protease inhibitor
drugs to Lopinavir (3CLpro, �7.2 kcal/mole and PLpro �7.7 kcal/mole) and Remdesivir (RdRp �7.6 kcal/
mole). To further investigate this, we performed 200–500ns molecular dynamics simulation studies. The
results transpired that the binding affinity of Arjunetin is higher than Remdesivir in the RNA binding cav-
ity of RdRp. Based on structural similarity between arjunetin and Saikosaponin (a known antiviral agents)
and based on our molecular docking and molecular dynamic simulation studies, we propose that arjune-
tin can be a promising drug candidate against Covid-19.

Abbreviations: 3CLpro: protease 3C-like preotease; PLpro: papin like protease; RdRP: RNA dependent
RNA polymerase; DPPH: 2,2-Diphenyl-1-picryl hydrazyl radical; RMSD: root-mean-square deviation
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1. Introduction

The World Health Organization reported that infectious dis-
eases caused by pathogenic microorganisms to account for
about 25% of the total annual deaths that occur worldwide,
both in developed as well as developing countries; with the
incidence being higher in developing nations (WHO, 2012).
In the present time, drastic changes in climate and increas-
ing levels of pollutants in the atmosphere result in accelerat-
ing the rate of genetic mutations in these microorganisms,
thereby increasing their infectivity. Climate change also
increases the contact of insect vectors and animal reservoirs
of pathogens with humans, resulting in the emergence of
new diseases which are unresponsive to available treatment
regimes. Overuse of antibiotics also leads to the emergence
of multi-drug resistant strains that are hard to eliminate.
Therefore, the discovery of new and novel antibacterial and
antivirals coupled with a better understanding of the mech-
anism of action is the present challenge in research.

The FDA approved COVID-19 drugs including Remdesivir
and Lopinar suffers a major challenge of post treatment
side-effects. For example, remdesivir is a potent drug against
SARs-CoV-2, however continuous treatment with remdesivir
was found to exert cardiotoxicity which leads to post-treat-
ment complications (Seong et al., 2020; Yu et al., 2021).
Recent clinical analysis of 1375 case reports has shown that
8.4% of patients treated with remdesivir has suffered serious
cardiac complication with a mean cardiac event time as
3.3 days (Concetta et al., 2021).

In this aspect, plant-derived phytochemicals can offer a
new direction in developing methods for disease control.
The major advantage of these traditional systems of medi-
cine such as Ayurveda, Siddha, or Unani is that, they depend
on natively available flora and has been in treatment of
almost all kinds of maladies for centuries. Recent studies
have also shown natural products have potential alternate
therapeutics against SARs-CoV-2 (Cheorl, 2021). For instance
Rotiorinol-C and Scutifoliamide-A has shown potent binding
towards SARs-CoV-2 RDRp (Sinosh et al., 2021). Glycyrrhizin,
a bio-active triterpenoid phytochemical from Glycyrrhiza gla-
bra has potent inhibitory effect against SARs-CoV-2 protease
and replicase protein (Lukas et al., 2021). Further, the anti-
oxidant and anti-inflammatory property of Glycyrrhizin was
also found to exert protection against the organ damage
thereby improving the therapeutic outcome (Zhaoyan et al.,
2021). Similarly, Saikosaponin, a triterpenoid from Bupleuri
Radix, has shown potent inhibitory activity against SARs-
CoV-2 proteases and RdRp (Xian et al., 2020). There is a
strong need in isolating novel antiviral molecules from trad-
itional medicinal plants, with minimal side effects.

Terminalia Arjuna (TA) (Family: Combretaceae), a tree
native to the Indian subcontinent, is extensively used in
many traditional forms of medicine for the treatment of
hypertension and coronary heart diseases (Dwivedi &
Chopra, 2014), earning it the epitaph of ‘Guardian of the
heart’. It is known to confer cardioprotective properties such
as strengthening heart muscles and improving the function-
ing of cardiac muscles, thereby alleviating heart failure,
angina and hypercholesterolemia. Stem and bark of this

plant exhibit various other therapeutic properties such as
expectorant, anti-dysenteric, purgative, laxative and have
also been used to treat leucoderma, anemia, hyperhidrosis,
asthma, and tumors (Jain et al., 2009). In addition, it has also
been reported that the bark of T. arjuna also possesses good
anticancer, antiviral, and antimicrobial activities (Cooper,
2005; Patil & Gaikwad, 2011; Tripathi & Singh, 1996). It has
been hypothesized that the cardioprotective activity of TA
bark extracts is likely by the activation of endogenous anti-
oxidant molecules by triterpenes, namely arjunolic acid
(Dwivedi, 2007; Pawar & Bhutani, 2005; Sumitra et al., 2001).

Previous studies carried on the elucidation of properties
of T. arjuna showed that catalase activity was inhibited by
ethanolic bark extract in vitro (Padma Sree et al., 2007). The
enzyme catalase is one of the endogenous antioxidant
defense systems that help in decreasing the accumulation of
reactive oxygen by decomposing hydrogen peroxide during
cellular metabolism to water and molecular oxygen. It is
postulated that catalase activity protects pathogens from
inactivation by reactive oxygen species (ROS) in eukaryotic
systems, making it a potential virulence factor in many bac-
terial pathogens. Studies have shown that catalase facilitates
intracellular survival of bacterial pathogens such as
Mycobacterium tuberculosis (Manca et al., 1999),
Campylobacter jejuni (Day et al., 2000), Helicobacter pylori
(Basu et al., 2004), and Herpes Simplex Virus (Newcomb
et al., 2012). It has also been reported that increased serum
catalase activity may also alter immune function, viral repli-
cation, and/or repair processes (Roth et al., 1987; Schreck et
al., 1991). In this regard, the catalase inhibitor in T. arjuna
extract necessitates further research.

We believe T. arjuna stands as a potential candidate for
the development of an effective therapeutic agent for the
current pandemic respiratory disease, COVID-19, which
emerged in December 2019 and has been spreading at a
rapid rate all over the world with a high rate of infectivity
and mortality. The viral pathogen, SARS-CoV-2, appears to
spread more efficiently, making it difficult to contain and
increasing its pandemic potential (Wu et al., 2020; Situation
report 15 May 2020). One of the important pathological
aspects of COVID 19 is its effect on the cardiovascular sys-
tem and T. arjuna has well-documented cardioprotective
properties, making it an excellent match. Catalase inhibition
is another important aspect that has been shown to inhibit
viral replication and spread. Literature shows that bark
extract of T. arjuna possesses anti-herpesvirus activity in pre-
venting viral attachment and penetration and also disturbing
the late event of infection (Hua et al., 2002).

Consolidating information available from literature and
experiments conducted in our lab on T. arjuna extracts, it is
evident that T. arjuna can be regarded as an apt candidate
in the search for antivirals against COVID-19. In this study,
different solvent extracts of TA and the purified compounds
from ethanol extracts have been evaluated for their effect
on catalase activity. Also, molecular docking studies of the
isolated compound from ethanolic bark extract have been
carried out on protease of SARS-CoV-2. To further confirm
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this, we performed molecular dynamics simulation studies
and found that arjunetin is a potential inhibitor against three
proteases of SARS-CoV-2 viz. 3CLpro, PLpro, and RdRP as
compared with FDA approved drugs Lopinavir and
Remdesivir. The present study will serve as a frontier for the
much-needed research on drug development for COVID-19.

2. Materials and methods

2.1. Collection of plant materials

The dry stem bark of Terminalia arjuna was obtained from
the Centre of Traditional Medicine and Research (CTMR),
Chennai, India, and collected from Pillaiyarpattai, Sri
Karpagam Vinayager Temple thalaviruksha, Sivagangai
District, Tamil Nadu, India, and authenticated at Siddha
Central Research Institute, Arumbakkam, Chennai, Tamil
Nadu, India (voucher specimen no.: T19081901A).

2.1.1. Chemicals and reagents
Bovine serum catalase (CAS Number. 9001-05-2) and DPPH
(2,2-Diphenyl-1-picryl hydrazyl radical) CAS Number 1898-66-
4 was obtained from Sigma Aldrich, USA. Silica gel (230–400
mesh) and Sephadex LH-20 column obtained from Merck
India and GE Healthcare, India, respectfully. All the solvents
used for extraction were AR grade procured in India. Ethanol
(95% v/v technical grade) was purchased from
Hayman, India.

2.1.2. Preparation of the crude extract
Air-dried and finely powdered T. arjuna bark (75 g) was
extracted using Soxhlet apparatus with various solvents for
72 h using sequential refluxing with solvents of increasing
polarity hexane (100mg), chloroform (400mg), ethyl acetate
(240mg), acetone (3 g), ethanol (12 g) and water (3 g). After
filtration and evaporation of solvents under a vacuum, the
residues were stored at room temperature. Phytochemical
tests were carried out to detect the presence of tannins,
alkaloids, reducing sugars, saponins, flavonoids (Padma Sree
et al., 2007)

2.2. Extraction and isolation of compounds from
T. arjuna bark

1.5 kg of air-dried bark of TA was ground to a fine powder
and sequentially extracted with solvents of increasing polar-
ity (hexane, chloroform, and ethanol each solvent 5 L) for
72 h using Soxhlet apparatus. After filtration, evaporation
was done under a vacuum, and the residues were stored at
room temperature. A glass column (60 cm � 50mm) packed
with silica gel (60–120 mesh) was used as a stationary phase
for the separation of phytochemicals in solvent extracts.
Hexane fraction (10 g) was eluted by column chromatog-
raphy over silica gel (60–120 mesh) using a varying concen-
tration of chloroform in hexane as eluent (0–100%
chloroform) to afford two fractions, one at hexane-chloro-
form (9:1) to yield the mixture of compounds and at (1:1) to

yield compound 1 (50mg). Chloroform fraction (55 g) was
subjected to chromatography on silica geleluting with hex-
ane-EtOAc-methanol gradient to afford five fractions A-E.
Fraction C (4:1, ethylacetate:hexane) was further purified by
preparative TLC using CHCl3 as a solvent to yield compound
2, which was pale yellow in color (500mg). Fraction D (4:1,
ethylacetate:methanol) was purified to obtain compound 3
as a pale yellow color powder (50mg). Ethanol fraction (4 g)
was column chromatographed over Sephadex LH 20 using
various concentrations of methanol and water as eluent at
100% methanol to afford compound 4 as white crystalline
solid (10mg). The detailed scheme is given in supplementary
material (Figure S6).

2.3. Analytical techniques

UV spectra were recorded on a Jasco V 550 UV-VIS spectro-
photometer. IR spectra were recorded on a Perkin Elmer
spectrum one Fourier Transform Infrared spectrometer with
KBr pellets. 1H and 13C NMR spectra of compounds were
recorded on a JEOL 400MHz NMR spectrometer in CDCl3
with TMS as internal standard and with chemical shifts (d)
reported in ppm. HRESIMS were measured on a Q-TOF micro
mass spectrometer (Waters USA) in positive ion mode with
methanol as solvent. The operating parameters of the Varian
E112 EPR spectroscopy instrument were as follows:
Frequency: 9.23Hz, Microwave Power: 10mW, Mod.
Constant: 3.2, G-Time Constant: 0.5, Center Field: 3300, G-
Scan range: 2000. All scans and sample positions were car-
ried out with the same conditions.

2.4. Free radical scavenging assay using UV-visible
spectroscopy

The antioxidant capacities of T. arjuna extracts were eval-
uated by measuring their free radical abilities to1,1-diphenyl-
2-picryl hydrazyl (DPPH) stable radicals following established
procedure by measuring the absorbance of 3ml of 100mM
DPPH (ethanolic solution) that contained 20 ml of extract
(1mg/ml each extract). Ethanolic solution of 100mM DPPH
was taken as the blank (Moure et al., 2001). The disappear-
ance of DPPH color was measured spectrophotometrically at
517 nm (Jasco V 550 UV-VIS, Tokyo, Japan). Inhibition of free
radical DPPH in percent (%) by the following formula

Inhibition %ð Þ ¼ 100� Ablank�Asample

Ablank

� �

where Ablank is the absorbance of DPPH solution without
extract, and Asample is the absorbance of the tested extract.

2.5. Free radical scavenging assay using EPR
spectroscopy

EPR spectroscopy was used to monitor the scavenging of
DPPH radicals by the TA extracts. 20 ml of TA extracts were
mixed with 100 ml of methanolic solution of DPPH to a
total volume of 3ml, and the EPR spectrum was measured
using VARIAN E-112 ESR spectrometer at different time
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points. 3ml of 100mM DPPH in ethanol was taken as
blank. The decrease in the intensity of the DPPH peak,
which was indicative of a decrease in the concentration of
DPPH radical, was monitored by an EPR spectrometer for a
period of 30min during which the radical was stable
(Adevaiton et al., 2009). The DPPH radical was generated
in ethanol solution and considered as a control (Figure S5).
The DPPH radical scavenging activity was estimated as a
ratio of individual DPPH signal peak height to that
of control.

2.5.1. DPPH radical scavenging activity

1�ðAofsampleÞ
.

ðAofcontrolÞ

The DPPH radical scavenging activity of each sample was cal-
culated by comparison of relative peak height for control
(sample free) DPPH solution. DPPH radical reducing activity
of each test sample was expressed as the percentage of
DPPH residue

2.6. Catalase assay

The assay mixture contained 10 mg of extracts, 63 ml of
0.132M hydrogen peroxide, 70 ml of 0.002mg/ml catalase,
and the volume was made up to 700 ml with
50mMphosphate buffer at pH 7.0. Assay with an equal vol-
ume of corresponding solvent instead of extracts was used
as blank. Similarly, a catalase assay was performed withcom-
pound4 from ethanol extract with increasing concentrations
within the range of 10 mg–50 mg with the same conditions as
described above. All the experiments were performed at
least three times and the values mentioned are mean values
within ± 5% standard error. One unit of catalase activity is
defined as the amount of enzyme required to break one
micromole of substrate per minute.

2.7. Molecular docking studies

The structures of the respective targets have been retrieved
from PDB and have been prepared for docking using UCSF
Chimera Dock Prep Module and AutoDockVina (Oleg et al.,
2010). The targets 3CL Pro (PDB-6lu7), PL-Pro, and RNA-poly-
merase (PDB:6M71) were prepared for docking by adding
hydrogen, assigning charges, and removing water molecules
using the dock prep module (Kartik et al., 2020). For 3CL-Pro,
grid box of size 27�27�27 centered at coordinates
(�16.1115, 12.1099, 66.6681) was made, and docking was
performed, and for PL-Pro grid box of size 29�29�29 cen-
tered at coordinates (�1.84143, 0.0274012, 1.57883) was
made and docking was performed. In the case of RNA poly-
merase, the grid box of 35�29�30 centered at coordinates
(�1.84143, 0.0274012, 1.57883). The pose with the lowest
binding energy was considered as the best pose and saved
for further study.

2.8. Molecular dynamics and simulation studies

The molecular dynamics simulations have carried out using
the protein-inhibitor complexes, namely, 3CL-protease (PDB
entry 6lu7) and PL-protease (PDB entry 6w9c) complexed
with both arjunetin and Lopinavir and also RNA-polymerase
(PDB:6M71) complexed with arjunetin and Remdesivir, with
the starting structures obtained from the molecular docking
studies. The RESP charges (Bayly et al., 1993; Fox & Kollman,
1998) of the small molecule (inhibitor) have been calculated
in the HF/6-31G� level using the Gaussian 09 program
(Frisch et al., 2009) Generalised amber force field (gaff2)
(Wang et al., 2004) and ff14SB force field (Maier et al., 2015)
were used for the ligand and protein, respectively. Sodium
ions were added to neutralize the system. The neutralized
system was then solvated with the TIP3P water molecules
(Mark & Nilsson, 2001), extending to 10Å in a cubic box. The
solvated system is then energetically minimized to remove
the atomic clashes using the SANDER module implemented
in Amber16 (Case et al., 2005, Case et al., 2008; Pearlman et
al., 1995; Salomon-Ferrer et al., 2013a). The minimization has
been carried out in two successive stages. The system is
minimized for 5000 steepest descent steps (Petrova &
Solov’ev, 1997) followed by 10,000 steps of conjugate gradi-
ent method (Shewchuk, 1994). After successfully minimizing
the system, the next stage is to allow the system to slowly
heat from 0.1 K to 300 K over 50 ps in a constant volume.
During the heating process, the ligand molecule was
restricted with the positional restraints of 10 kcal/mol Å2. The
restraints were slowly removed over the 7-stages of equili-
bration, reducing the restrictions as 10, 8, 6, 4, 3, 2, 1,
0.5 kcal/mol Å2, with each equilibration for 30 ps (Ghodke et
al., 2019; Priyadarshinee et al., 2016). These short equilibra-
tion steps were carried out using constant pressure periodic
boundary conditions (isothermal–isobaric ensemble, NTP).
The pressure was maintained to 1 atm using weak-coupling
Berendsen barostat with a pressure relaxation time of 1 ps
(Dickson et al., 2014). Each equilibration is followed by mini-
mization using the same protocol used in the initial mini-
mization step (5000 steps of steepest descent followed by
10,000 steps of the conjugate gradient). These minimized
systems were used as the starting structure for the next
equilibrations. After all 7-steps of equilibration, a 50 ps equili-
bration was performed without any restrain before the final
production run. Finally, a 200 ns long unrestrained produc-
tion (100 ns for the RNA-polymerase-Remdesivir system) has
run under NTP condition using periodic boundary condition
for each protein-ligand complex using GPU accelerated ver-
sion of Particle Mesh Ewald Molecular Dynamics (PMEMD)
method implemented in Amber 16 (Salomon-Ferrer et al.,
2013a). During the simulation, the pressure is kept fixed at
1 atm using Berendsen barostat, with the pressure relaxation
time of 1 ps. The temperature of the system is fixed at
�300 K using Langevin Thermostat (Larini et al., 2007). All
bonds involving hydrogens are constrained during the final
production using the SHAKE algorithm (Andersen, 1983) with
an integration time step of 2 fs. A cut-off value of 10 Å has
been used for the nonbonded interactions (van der Waals as
well as electrostatic interactions) by Particle Mesh Ewald
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(PME) method (Salomon-Ferrer et al., 2013b; Darden et al.,
1993, 1999). The coordinates were saved at every 2 ps, and a
total of 100,000 frames were recorded for 200 ns of
simulations.

Cluster analysis, RMSD values, the hydrogen-bond ana-
lysis were performed using the CPPTRAJ module (Roe &
Cheatham, 2013) of AMBER16 for every frame over 200 ns
of the production run. The binding energies of ligands

Figure 1. DPPH radical scavenging activity with different extracts by UV/vis (a) Hexane, (b) Chloroform, (c) Ethyl acetate, (d) Acetone, (e) Ethanol, (f) Water, (g)
Comparison of DPPH radical scavenging activity with different TA bark extract with DPPH and with standard (ascorbic acid) by UV/visible, (h) Comparison % inhib-
ition for different TA bark extract with DPPH and with standard (ascorbic acid) by UV/vis spectrum.
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were estimated using the MM-PB/GBSA method using the
MMPBSA. py program (Miller et al., 2012) in the Amber
Tools package, considering a total of 1000 steps at differ-
ent stages during the simulation considering each frame.

The UCSF Chimera (Pettersen et al., 2004) was used for
visualizing the MD trajectories, and PyMOL 2.4.1 (http://
www.pymol.org) was used for preparing images
(DeLano, 2002).

Figure 2. EPR spectra of DPPH with various extract (a) Hexane extract, (b) Chloroform extract, (c) Ethyl acetate extract, (d) Acetone extract, (e) Ethanol extract, (f)
Water extract, (g) Comparison of the EPR spectra of DPPH and different TA extract with DPPH at 5min.
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3. Results and discussion

3.1. 2, 2-diphenyl-1-picrylhydrazyl (DPPH) free radical
scavenging assay

Scavenging of DPPH radicals, which have maximum absorp-
tion at 519 nm in ethanol by antioxidants, results in a
decrease in absorption over time which can be monitored
using a UV-visible spectrophotometer at room temperature.
Scavenging capacity can be represented as % inhibition of
DPPH radical. In this study, a marked decline of the absorp-
tion intensity at 517 nm was observed after adding 10 ml of
T. arjuna bark extracted in various solvents (hexane, chloro-
form, ethyl acetate, acetone, ethanol, and water molecule)
individually to DPPH solution. The results from different bark
extracts were compared with those from ascorbic acid, a
known antioxidant, at various time intervals (Figure 1a–f).
The decrease in absorption could be attributed to the phyto-
chemicals in the bark extracts, which donate protons to
DPPH and decolorize it (Figure S1). It was found that the
extracts varied significantly in terms of antioxidant activity.
Percentage inhibition of DPPH radical scavenging activity at
5min followed the order ethanol (36.18%) > acetone
(31.24%) > ethyl acetate (23.75%) > water (19.93%) >

chloroform (16.79%) > hexane (12.41%). Ethanolic extract
showed the highest activity (36.18%) compared with other
extracts, which was equivalent to ascorbic acid, the standard
antioxidant (66.72%) (Figure 1g and 1h).

EPR spectroscopy was used to quantify the rate of DPPH
radical disappearance in the presence of bark extract in this
study. This technique has been used previously to assess the
free radicals scavenging ability of compounds (Justyna et al.,
2013; Ningijian & David, 2014). EPR determination of antioxi-
dant activity is based on measuring the changes in the inten-
sity of the EPR spectrum of stable radicals that result from
their interaction with bark extracts antioxidants. In this study,
the EPR spectrum of ethanolic solutions of DPPH with various
extracts was compared to the spectrum obtained from pure
DPPH in order to study the decline in DPPH signal intensity
(Figure S2), which indicated scavenging. Ethanolic solutions of
DPPH were mixed with solutions of prepared bark extract, and
a decline in DPPH signal intensity was monitored by EPR
(Figure 2a–f). Antioxidant activity (AA) of different extracts was
measured based on remaining DPPH residue (%), and it was in
the order of hexane (77.10%) > chloroform (76.25%) ethyl
acetate (74.95%) > acetone (70.69%) > ethanol (68.10%) >
water (65.23%) at 5min. Based on the above results, antioxi-
dant activity trends were observed in the order of water-
> ethanol> acetone> ethyl acetate> chloroform> hexane,
the decrease in DPPH peak intensity observed to be highest in
water and ethanol extract (Figure 2g), indicating their superior
antioxidant property as compared to extracts in other solvents,
which is in correlation with previous studies (Orhan et al.,
2007; Zivkovic et al., 2009).

3.2. Isolation and structure elucidation

Four different compounds were isolated from TA extracts
and were identified using IR spectrum studies, 13C NMR,

and1H NMR. Compounds 1, 2, and 3 were identified as olea-
nolic acid, arjunolic acid and arjunolitin. Details of all spectro-
photometric data have been provided in the supplement
section (Figures S3–S5).

Compound 4 was obtained as colorless solid from ethanol
fraction using 100% methanol as eluent. It showed UV kmax

(methanol) at 423 nm. It exhibited characteristic IR absorption
bands trisubstituted double bonds (1630 cm�1, 894 cm�1),
hydroxyl (3355 cm�1), ester (1730 cm�1), methyl (1452 cm�1),
gem dimethyl 1391 cm�1, C-O stretching frequency (1260,
1161, 1049 cm�1). On the basis of mass and 13C NMR spectra
the molecular ion peak of 4 was determined at m/z673.4
[MþNa]þ C36H58NaO10, m/z 689 [Mþ K]þ, m/z 511 [M-162]þ,
m/z 527 [M-162-44]þ, m/z430 [M-162-44-34]þ, m/z 413 [M-
162-44-41]þsupported one glycoside, three removable
hydroxyl group and one ester function in the molecule
(Figure S5).

1H NMR spectrum of compound (4) exhibited signals of
an olefinic proton at dH 7.0 (1H, brs, H-12) and seven methyl
singlet’s dH (0.12, 0.16, 0.19, 0.33, 0.36, 0.40, 0.57, 7XCH3,
21H), the spectrum showed three oxygen bearing methine
protons at dH 4.47 (1H, brs, H-19), dH 4.66 (1H, s, H-3a), dH
4.73 (1H, d, J¼ 9.5 Hz, H-2b), dH 3.48 (1H, brs-H18), dH
3.32–3.89 (glucose hydrogen’s). 13C NMR spectrum displayed
36 signals inclusive of seven methyl signals dC (13.9, 16.9,
17.0, 17.6, 23.5, 25.8, and 27.3), three secondary hydroxyl
groups dC 69.7 (C-2), 75.6 (C-3), 77.9 (C-19), one trisubstituted
double bond dC 121.8 (C-12), 144.2 (C-13), ester carbonyl dC
175.4 (C-28), glucose carbon dC 60.2, 60.8, 67.6, 72.5, 76.8,
94.26. The anomeric proton signals at dH 6.8 (1H, -H1’) in the
1H NMR spectrum and anomeric carbon signals at dH 94.2 in
the 13C NMR spectra of compound attributed to a b-glucose
unit linked to the C28 carbonyl group of the genin through
an ester bond (Honda et al., 1976; Sunyana et al., 2009;
Tripathi & Singh, 1996). From the above, all spectroscopic
data the compound 4 was named arjunetin.

Previous results showed that ethanolic extract had signifi-
cantly higher antioxidant ability compared to extracts from
other solvents. Since arjunetin is the identified phytochem-
ical in the ethanol fraction, it may have higher therapeutic
significance as compared to other compounds isolated and
identified. This is further confirmed in our studies on catalase
inhibition, as described in the next section.

3.3. Catalase assay with arjunetin (Compound4) from
ethanol extract of TA bark

Different bark extracts of T. arjuna showed inhibition of cata-
lase activity. Amongst all the extracts least inhibition was
noted with chloroform extract, and maximum inhibition was
observed with ethanol extract (Figure 3a and 3b). Dose-
dependent studies of isolated arjunetin molecule from etha-
nolic bark extract on catalase activity showed that inhibitory
effect increased with increasing concentration of arjunetin
(Figure 3c snd 3d). This is in contrast with previous findings
where it has been observed that ethanolic bark extracts
enhanced the catalase levels in vivo in the ischemic heart
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(Gauthaman et al., 2005; Karthikeyan et al., 2003; Padma Sree
et al., 2007).

The binding efficiency is attributed to the hydroxyl groups
and ester glycoside present in arjunetin, which serve as
hydrogen bond donors. The involvement of a positive charge
on the carbon atom of the ester bond with the electronega-
tive groups of amino acid residues like histidine also contrib-
utes towards efficient binding. Here it can be reasoned that
at this concentration of arjunetin, it can also bind to other
non-specific targets in vivo due to the presence of
-OH groups.

Catalase is an antioxidant oligomeric enzyme (MW ¼
2,40,000) with four identical subunits arranged tetrahedrally.
In eukaryotes, it plays an important role in protecting cells
from oxidative damage due to ROS. However, in certain bac-
teria and viruses, catalase is present as an avirulent factor
and is very important for the intracellular survival of the
pathogen and disease progression. In this regard, com-
pounds that bind to catalase and elicit enzyme inhibition
which can act as efficient antimicrobial and antiviral agents.
It is known that inhibitor 3-AT (an efficient inhibitor of cata-
lase) binds with histidine residue (His75) near the heme
group of catalase, forming a non-coplanar adduct (very close
to Tyr358). Loss in the activity of catalase suggests the
involvement of arjunetincation with histidine anion (pKa ¼

6.5) near tyrosine residue (Tyr358) of the active site. This
information can be used in in-silico methods of drug devel-
opment using arjunetin.

In the present study, physiological changes have been
demonstrated by the inhibition of catalase by arjunetin.
From the decay curves, as shown in Figure 3, it is inferred
that the rate of H2O2 degradation is reduced by arjunetin,
proving arjunetin to be a good catalase inhibitor and there-
fore has the potential to be studied for the development of
an effective antibiotic.

Two main pathophysiologies of Covid-19 are its effect on
the cardiovascular system and the development of adult
respiratory distress syndrome (ARDS). Studies have shown
that serum catalase activity increases in septic patients with
ARDS (Leff et al., 1992). Considering the cardioprotective
nature of T. arjuna and the ability to inhibit catalase, there is
immense promise in this molecule for further research and
use in the development of an effective cure against SARS-
CoV-2.

3.4. Molecular docking studies

Since arjunetin showed a high inhibitory effect on catalase
and its structure is similar to antiviral drugs, it was of our
interest to study inhibition of SARS-CoV-2 proteases by

Figure 3. Effect of T. arjuna bark extracts on catalase activity. (a) Comparison of catalase activity with different T. arjuna bark extract. (b) Bar graph of the compari-
son of catalase activity with different T. arjuna bark extract. Effect of arjunetin from ethanol extract of T. arjuna bark on catalase activity. (c) Comparison of catalase
activity with different amounts of arjunetin. (d) Bar graph of the comparison of catalase activity with different amounts of arjunetin.
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arjunetin via molecular docking. Lopinavir and Remdesivir
have been used as a control for our study (Manli et al., 2020;
Stower et al., 2020; Maryam et al., 2021).

In this study, molecular docking of arjunetin was performed
against SARS-CoV-2 3CL-protease, PL-protease, and RNA-poly-
merase. Lopinavir was used as a reference control for pro-
teases. In the case of 3CL-protease, Arjunetin has better
binding energy (�8.4 kcal/mol, Ki ¼ 76 pM) compared to
Lopinavir (�7.2 kcal/mol, Ki ¼ 2.1 nM) (Figure 4). In the case of
arjunetin, the interactions are predominantly hydrophobic due
to the nonpolar part, contributed by LEU 141 and 27, whereas
in the case of Lopinavir, it was hydrophilic. In the case of PL-
protease, the Arjunetin binding score (�7.6 kcal/mol, Ki ¼
0.70 nM) is similar to Lopinavir (�7.74 kcal/mol, Ki ¼ 0.53 nM)
(Figure 5) and the binding score of Arjunetin towards SARs-
CoV-2 RdRP polymerase was found to be �8.1 kcal/mol (Ki ¼
0.17 nM) (S-Table-1). Similarly, the binding score of SARs-CoV-2
RdRP with Remdesivir was found to be �7.6 kcal/mol (Ki ¼
0.70 nM) (Figure 6), thereby indicating that arjunetin might
preferably inhibit 3CL-protease as compared to PL-protease
and RNA polymerase and better binding energy values as
compared to Remdesivir, Lopinavir (Table 1). These results,
combined with the previously elucidated antioxidant and cata-
lase inhibitory properties of arjunetin, make it a promising
plant compound to be further evaluated against COVID-19.

3.5. Clustering analysis

Cluster analysis has been performed to determine structure
populations from simulations (see computational details).
The complete MD trajectory of each protease-inhibitor com-
plex was clustered into 5-ensembles using a Hierarchical
agglomerative approach (Shao et al., 2007). In Table 2, we
have tabulated the percent contribution of each ensemble
for all simulations. The representative structures of all signifi-
cant contributing ensembles were superimposed to under-
stand the conformational changes better. These ensembles
primarily differed in the inhibitor molecule’s orientation and
positioning in different catalytic pockets. In Figures 7–12(a),
we have depicted the superimposed structures of the high-
est populated ensembles, while in Figures 7–12(a-A), 7–12(a-
B), and 11–12(a-C), separate figures of ensemble-1, -2, and -3
have been depicted with important hydrogen bonding
interactions.

3.6. Molecular dynamics and analysis

We have calculated the root mean square deviation (RMSD)
for each simulated system to explore the stability throughout
the trajectory. The plots contain the RMSD fluctuations in (i)
the receptor (red curves, protein), (ii) ligand RMSD with

Figure 4. Molecular docking studies of SARS-CoV-2 protease with arjunetin (a) 3D interaction of 3CLþ arjunetin, (b) 3D interaction of PLþ arjunetin, (c) 3D inter-
action of RdRP with arjunetin, (d) Structure of arjunetin and binding energy values of SARS-CoV-2 protease with arjunetin.
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respect to ligand (grey curves, Lig fit Lig), and (iii) ligand
RMSD with respect to the receptor (green curves, Lig fit
Prot). The Lig fit Lig RMSD is a direct measure of internal var-
iations of the ligand atoms, and it is calculated by aligning
the ligand to its first conformation. On the other hand, in Lig
fit Prot, the receptor-ligand complex is aligned with the pro-
tein backbone in the first frame, and then the fluctuations in
the ligand heavy atoms are measured. The Lig fit Prot
describes the stability of the ligand to protein and its bind-
ing pocket.

In the case of 3 CL protease complexed with Arjunetin,
the RMSD plot (Figure 7b) shows that the simulation is
approaching a plateau within 2 ns with the protein and lig-
and RMSD values of 2.03 Å and 2.12 Å, respectively, indicat-
ing that 0–2 ns of the trajectory range should be sufficient
one to reach the convergence. Furthermore, we have
explored the ligand’s stability relative to protein and found
an average RMSD value of 2.85 Å after 140 ns of MD run. A
sharp increase in the ligand’s RMSD relative to protein is
observed after 140 ns of simulation with a final average value
of the deviation of 3.89 Å (Figure 7b). This sudden rise in lig-
and RMSD indicates that the ligand moves from one binding
pocket to another during the simulation. Moreover, we have
performed hydrogen-bond analysis (Figure 7c) throughout
the trajectory, which indicates that a maximum number of
the H-bonds (�2–8) between 3 CL protease and Arjunetin
has found between 0 ns to 140 ns, the number diminishes to
zero for next 20 ns of trajectory, beyond which the average

reaches to �0–3, suggesting a drastic change in the ligand
positioning. Between 142 ns to 164 ns, no H-bonding interac-
tions were found, indicating that the ligand has started to
diffuse away from the binding pocket. This fact is in line
with the sudden rise in the lig fit Prot RMSD plot after 140 ns
depicted in Figure 7b. To validate the above observation, we
have calculated the average interaction energies of arjunetin
with the surrounding amino acid residues in the 3CL
protease’s binding pocket. For this, we have considered only
those residues which are in close proximity to the ligand
(within 6Å). The average interaction energies are calculated
by the summation of the van der Waals, electrostatic, polar
solvation, and nonpolar solvation values for a particular resi-
due (the internal energies were zero in all cases). The results
indicate that Glu47 (�1.1 kcal/mol), Leu50 (�1.2 kcal/mol),
Met165 (�0.9 kcal/mol), Leu167 (�1.0 kcal/mol), Gln189
(�2.2 kcal/mol), Thr190 (�2.1 kcal/mol), Gln192 (�2.3 kcal/
mol) contribute to the most favourable interactions over all
residues in the system while Ser46and Asn142are making the
most unfavourable interactions (>0 kcal/mol) (Figure 7d). The
principal component analysis reveals that the inhibitor is
located between the Gln189 and Ser 46 residues, the former
being highly stabilizing and the later destabilizing. As the
simulation proceeds, Ser46 gradually moves away from arju-
netin due to its unfavourable interactions with all other resi-
dues. It widens the path for the arjunetin to move, and
under physiological conditions, the path becomes more solv-
ent-exposed, facilitating the removal of the ligand from the

Figure 5. Molecular docking studies of SARS-CoV-2 protease with Lopinavir (a) 3D interaction of 3CLþ Lopinavir, (b) 3D interaction of PLþ Lopinavir, (c) Structure
of Lopinavir, (d) Binding energy values of SARS-CoV-2 protease with Lopinavir.
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binding pocket. At the same time, Gln189, which has highly
favourable interaction with the surroundings (�2.2 kcal/mol),
was anchored to its position strictly and was not shifting to
restrict the movement of the ligand. In the second binding
pocket, significant stabilizing interaction is introduced by
Trp218 (�0.2 kcal/mol), Asn277 (�0.2 kcal/mol), and Arg279
(�0.7 kcal/mol) residues responsible for locking the ligand in
the binding site (Figure 7d). The distance RMSD plot (Figure
7e, red curve) between the two opposite residues, Ser 46
and Gln189, shows a continuous rise supporting the above
fact. Moreover, we have compared the RMS deviation in the

three connecting loops at the periphery of the first binding
pocket, loop1 (residues 44–54), loop2 (residues175–200), and
loop3 (residues130–147), and conclude that it is the outward
movement of loop1 (containing Ser 46) responsible for the
arjunetin removal (Figure 1e, loop1: green curve, loop2: pink
curve, loop3: blue curve). In the previous study, Talarico and
co-workers have described the conformational dynamics of
the loops (residues 44–53 and 184–193), which are situated
at the entrance of the 3CLp binding pocket (Grottesi et al.,
2020). In the free protease, the Met49 and Arg188 groups
are located at the entrance, and the inter-residue distance

Figure 6. Molecular docking studies of SARS-CoV-2 protease RdRP with remdesivir. (a) 3D interaction of RdRP with remdesivir. (b) 2D interaction of RdRP with
remdesivir. (c) Structure of remdesivir. (d) Binding energy values of SARS-CoV-2 protease RdRP with remdesivir.

Table 1. Key interaction of antivirals with amino acids in SARS-CoV-2 proteases; 3CL, PL, and RdRP with arjunetin, 3CL, and PL with Lopinavir and RdRP
with Remdesivir.

Molecules 3CL-protease PL-protease RdRP

Arjunetin Leu141, Leu27, Cys145, ASN12
and Met49

Pro248, Met208, Pro247, and Lys157 ARG26, Lys25, Asp160, Glu34, ASN30,
Asp163, Tyr8, ILE 7

Lopinavir Met 49, Pro168, ASN142, Cys145,
Th190 and Thr 26

ASP164, Pro248, Met206, Val202,
Tyr 260

–

Remdesivir – – Asp560, Lys 740, Cys564, Trp742,
Glu753, Cys755, Phe754, Ser756,
Asp 703

Table 2. Percentage of occupancies of each ensemble out of 200 ns dynamics.

Protease-inhibitor complex Ensemble 1 Ensemble 2 Ensemble 3 Ensemble 4 Ensemble 5

3CLprotease–Arjunetin 70.6% 19.3% 4.8% 2.7% 2.6%
PL protease–Arjunetin 47.8% 23.3% 17.7% 10.1% 1.0%
RdRP–Arjunetin 48.3% 35.2% 11.9% 3.9% 0.7 %
3CLprotease–Lopinavir 80.7% 9.0% 6.7% 3.4% 0.1%
PL protease–Lopinavir 50.7% 26.2% 10.7% 6.9% 5.5%
RdRP–Ramdesivir 42.4% 25.8% 20.3% 9.2% 2.3%
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Figure 7. (a) Superimposition of most populated representative structures, ensemble 1 and 2 of 3 CL-protease-arjunetin complex with the neighbouring groups
around the inhibitor ligand are showing for (A) ensemble 1 and (B) ensemble 2. Green and light pink colored cartoon representations are used for the ensemble 1
and ensemble 2 respectively. Important hydrogen bonds with the neighbouring residues have shown in black dashed lines. (b) Time dependent root mean square
deviation (RMSD) graphs of arjunetin bound 3 CL-protease where RMSDs of the protein (brick red curve), Lig fit Lig (green curve), and Lig fit Prot (grey curve) are
plotted against time (ns). Only heavy atoms of a ligand were considered. Deviations are calculated in Å unit. (c) Average of H-bonds throughout the trajectory of
3CLp-arjunetin complexes. (d) and (e) Energy per residue interaction plot of arjunetin, (d) in ensemble-1, and (e) in ensemble-2 obtained from MM-PBSA. Energies
are in kcal/mol. (f) Distance RMSD plot for S46 and Q189 residues (red curve), time-dependent RMSDs for loop1 (44–54, deep green curve), loop2 (175–200, light
pink curve), and loop3 (130–147, blue curve).
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increases during the simulation, leading to structural re-
arrangements in the loops, resulting in the binding pocket
region being more exposed to the bulk solvent. Our study is
in agreement with the dynamic behaviour of the 3CL-prote-
ase observed earlier. We have estimated the free energy
associated with the arjunetin binding in the different binding
pockets of 3 CL protease using MM-PBSA script implemented

in Amber 16and AmberTools packages. The calculated bind-
ing energy of the inhibitor in the first pocket is
�21.7 ± 5.0 kcal/mol and in the second pocket is
�3.7 ± 3.1 kcal/mol. Despite higher affinity in the first binding
pocket, a high destabilizing polar solvation energy
(27.4 ± 6.8 kcal/mol) is responsible for shifting the ligand to
another binding pocket with comparatively less polar

Figure 8. (a) Superimposition of most populated representative structures, ensemble 1, 2, and 2 of PL-protease-arjunetin complex with the neighbouring groups
around the inhibitor ligand are showing for (A) ensemble 1 and (B) ensemble 2. Green, light pink, and yellow-colored cartoon representations are used for the
ensemble 1, ensemble 2 and ensemble 3 respectively. Important hydrogen bonds with the neighbouring residues have shown in black dashed lines. (b) Time-
dependent root mean square deviation (RMSD) graphs of arjunetin bound 3 CL-protease where RMSDs of the protein (brick red curve), Lig fit Lig (green curve), and
Lig fit Prot (grey curve) are plotted against time (ns). Only heavy atoms of a ligand were considered. Deviations are calculated in Å unit. (c) Average of H-bonds
throughout the trajectory of PL-protease-arjunetin complexes. (d) and (e) Energy per residue interaction plot of arjunetin (d) in ensemble-1 and (e) in ensemble-2
obtained from MM-PBSA. Energies are in kcal/mol.
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solvation energy (9.3 ± 3.1 kcal/mol). During the translational
movement of the ligand, the entropy of the system is also
increased by �8 J K�1, making the process spontaneous.

In contrast to 3 CL protease-arjunetin, the PL protease
complexed with arjunetin reaches an equilibrium after the
extended 160 ns of MD run and continued to remain stable,
with an average RMSD value of 2.54 Å (Figure 8b). The ligand
RMSD of rigid arjunetin reaches stability within 50 ns.
Although the relative positioning of the ligand to protein is
only partially stable, having the RMSD value in the range of
3–4Å, the ligand remained bound to the same binding
pocket. The PCA analysis confirms that the large fluctuation
in the RMS value of protein and the Lig fit Prot between
70–140 ns is mainly due to the structural orientation of arju-
netin during the simulation, and it is shifting towards the

favourable interactions inside the same cavity. The maximum
number of the H-bonds between the ligand (Arjunetin) and
the receptor PL protease is found between 0 to 20 ns. After
that, the number started to fall and again increases after
160 ns with the average reach to �4 and remains stable. The
25,000 to 80,000 trajectory frames with the least number of
interactions reflect the large fluctuations between 50

ns to 160 ns in the receptor structure and Lig fit Prot
RMSD value (Figure 8c). Initially, the ligand is surrounded
with the most unfavorable interactions (>0.05 kcal/mol) in
one side exerted from Lys157 (1.5 kcal/mol), Arg166
(0.07 kcal/mol), Thr168 (0.2 kcal/mol), Gln174 (0.2 kcal/mol),
Val202 (0.06 kcal/mol), Glu203 (0.1 kcal/mol), Thr301
(0.02 kcal/mol) residues (Figure 8d) enforce it for reorganiza-
tion within the cavity and to move towards comparatively

Figure 9. (a) Superimposition of most populated representative structures, ensemble 1 and 2 of 3 CL-protease-Lopinavir complexes with the neighbouring groups
around the inhibitor ligand are showing for (A) ensemble-1 and (B) ensemble-2. Green and light pink colored cartoon representations are used for ensemble-1 and
ensemble-2, respectively. Important hydrogen bonds with the neighbouring residues have shown in black dashed lines. (b) Time dependent root mean square devi-
ation (RMSD) graphs of Lopinavir bound 3 CL-protease where RMSDs of the protein (brick red curve), Lig fit Lig (green curve), and Lig fit Prot (grey curve) are plot-
ted against time (ns). Only heavy atoms of a ligand were considered. Deviations are calculated in Å unit. (c) Average of H-bonds throughout the trajectory of 3 CL-
protease-Lopinavir complexes. (d) Energy per residue interaction plot of Lopinavir in the major contributing ensemble-1 obtained from MM-PBSA. Energies are in
kcal/mol.
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more favorable interactions. Figure 8(a-B) represents ensem-
ble 1. The interaction energies of the ligand (Figure 8d) in
ensemble-1 shows that the ligand has moved to the side of
the cavity with more stabilizing interactions around it,
namely Gly209 (�0.8 kcal/mol), Gln221 (�0.8 kcal/mol), Ile222
(�1.1 kcal/mol), Pro223 (�0.8 kcal/mol), Pro247 (�1.4 kcal/
mol), Pro248 (�0.4 kcal/mol) (Figure 8e). The final binding
energy during the simulation is calculated to be
�12.9 ± 3.6 kcal/mol towards 200 ns of MD run.

In the next set of protease-inhibitor systems, the 3CL pro-
tease complexed with Lopinavir, we observe a significant
fluctuation from 7ns to 20 ns in the protein RMSD (2.40 Å)
which is in agreement with the previous studies on the same
complex. In contrast to rigid arjunetin, where the ligand
reaches an early equilibrium with low deviation, a large lig-
and RMSD (>4Å) is observed for Lopinavir, which is still
acceptable as the RMSD values are overestimated due to the

rotation of symmetrical functional groups and the phenyl
rings of the large molecule (Figure 9b). The PL protease-
Lopinavir complex attains stability after 23 ns with a protein
RMSD value of 2.61 Å (Figure 10b). Similar to 3CL protease-
Lopinavir, the lig fit lig is also overestimated in this case. The
average number of H-bonds between the receptor and lig-
and in the case of the 3CL protease-Lopinavir complex was
ranging from 0 to 2, and this number increases to 3 as it
approaches towards 200 ns, indicating a better stabilization
of the ligand to the binding pocket (Figure 9c). This number
is between 0 and 2 for PL protease-Lopinavir in most of the
frames (Figure 10c). The MM-PBSA binding free energy of
Lopinavir complexed with 3CL-protease is �27.5 ± 3.1 kcal/
mol while that PL-protease is �15.9 ± 4.9 kcal/mol. The higher
binding affinity of �5.8 kcal/mol of the Lopinavir towards
3CL-protease than that of arjunetin (before 140 ns, in the first
binding pocket) is mainly due to the lowering of the polar

Figure 10. (a) Superimposition of most populated representative structures, ensemble-1 and ensemble-2 and ensemble-3 of PL-protease-Lopinavir complex with
the neighbouring groups around the inhibitor ligand are showing for (A) ensemble-1 and (B) ensemble-2. Green and light pink colored cartoon representations are
used for ensemble-1 and ensemble-2, respectively. Important hydrogen bonds with the neighbouring residues have shown in black dashed lines. (b) Time depend-
ent root mean square deviation (RMSD) graphs of Lopinavir bound PL-protease where RMSDs of the receptor (brick red curve), Lig fit Lig (green curve), and Lig fit
Prot (grey curve) are plotted against time (ns). Only heavy atoms of a ligand were considered. Deviations are calculated in Å unit. (c) Average of H-bonds through-
out the trajectory of PL-protease-Lopinavir complexes. (d) Energy per residue interaction plot of Lopinavir in the major contributing ensemble-1 obtained from
MM-PBSA. Energies are in kcal/mol.

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 15



solvation energy by �11.8 kcal/mol for Lopinavir. Moreover,
the stabilizing van der Waals interaction is 4.3 kJ/mol lower
for arjunetin. Although the electrostatic interaction energy

shifted by �10.1 kcal/mol for arjunetin, this stabilizing energy
is more than compensated by the previously described van
der Waals and polar solvation energies. PL-protease-arjunetin

Figure 11. (a) Superimposition of most populated representative structures, ensemble-1, ensemble-2, and ensemble-3 of RNA-polymerase-Remdesivir complex
with the neighbouring groups around the inhibitor ligand are showing for (A) ensemble-1, (B) ensemble-2, and (C) ensemble-3. Green, light pink, and yellow col-
ored cartoon representations are used for the ensemble-1, -2, and -3, respectively. Important hydrogen bonds with the neighbouring residues have shown in black
dashed lines. (b) Time dependent root mean square deviation (RMSD) graphs of Arjunetin bound RNA-Remdesivir where RMSDs of the protein (brick red curve), Lig
fit Lig (green curve), and Lig fit Prot (grey curve) are plotted against time (ns). All atoms of a ligand were considered. Deviations are calculated in Å unit. (c)
Average of H-bonds throughout the trajectory of RNA-polymerase-Remdesivir complexes. (d) Energy per residue interaction plot of arjunetin in the major contribu-
ting ensemble-1 obtained from MM-PBSA. Energies are in kcal/mol.
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Figure 12. (a) Superimposition of most populated representative structures, ensemble-1, ensemble-2, and ensemble-3 of RNA-polymerase-Arjunetin complex with
the neighbouring groups around the inhibitor ligand are showing for (A) ensemble-1, (B) ensemble-2, and (C) ensemble-3. Green, light pink, and yellow-colored
cartoon representations are used for the ensemble-1, -2, and -3, respectively. Important hydrogen bonds with the neighbouring residues have shown in black
dashed lines. (b) Time dependent root mean square deviation (RMSD) graphs of Arjunetin bound RNA-polymerase where RMSDs of the protein (brick red curve),
Lig fit Lig (green curve), and Lig fit Prot (grey curve) are plotted against time (ns). All atoms of a ligand were considered. Deviations are calculated in Å unit. (c)
Average of H-bonds throughout the trajectory of RNA-polymerase-Arjunetin complexes. (d) Energy per residue interaction plot of Arjunetin in the major contribu-
ting ensemble-1 obtained from MM-PBSA. Energies are in kcal/mol.
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is found to be comparable with PL-protease-Lopinavir; in
agreement with the experimental results, i.e. the binding free
energy is 3 kcal/mol lower in the case of arjunetin. For 3CL
protease-LopinavirLeu27 (�0.7 kcal/mol), His41 (�0.7 kcal/
mol), Met49 (�3.0 kcal/mol), Cys145 (�1.2 kcal/mol), His164
(�1.8 kcal/mol), Met165 (�1.2 kcal/mol), Pro168 (�1.2 kcal/
mol), Gln189 (�1.2 kcal/mol) groups contribute to the favor-
able interactions while Glu47 (0.1 kcal/mol), Asn142 (0.2 kcal/
mol), Glu166 (0.3 kcal/mol), Arg188 (0.2 kcal/mol) contribute
towards destabilization (Yogesh et al., 2020).

Several studies have been reported on the Remdesivir
complexed with RNA-polymerase previously and proposed
that the protein-inhibitor complex is relatively stable during
the simulation, and the equilibration is achieved within 30 ns
(Wakchaure et al., 2020). Therefore, to save the computa-
tional cost, we extend the simulation for the Remdesivir-
bound RdRp to 100 ns. The protein and the Lig fit Lig RMSD
of Remdesivir-bound RdRp are found to achieve equilibration
within 40 ns and remain invariable during the entire simula-
tion process. This is in agreement with the previous observa-
tions and provides confidence that a 100 ns simulation is
enough to study the dynamics of the presently studied pro-
tein-inhibitor system. The Lig fit Prot graph shows a greater
deviation and stabilizes during the last 10 ns of simulation,
having an RMSD value of 2.8 Å. It reflects the fact that during
the process, the ligand reorients inside the cavity get the
maximum stabilization in terms of hydrogen bonding, van
der Waals, electrostatic, polar, and nonpolar interactions.
Figure 11(A)–(C) represents the highest populated ensembles
during simulation A, where B represents the structures near
100 ns, C represents the starting frames, while A represents
the intermediate frames. We can observe that initially,
ensemble 3(C) with no stabilizing protein-ligand H-bonding
interaction simulates towards ensemble 1(B), having the
maximum number of stabilizing interactions (�5). This fact is
reflected in Figure 5(c), where the number of hydrogen
bonds per frame between Remdesivir and protein is shown
during the entire simulation. The maximum number of H-
bond interactions (0 to 7) is observed after 50 ns which cor-
responds to the ensemble 1 and 2. The inhibitor’s average
binding energy inside the cavity is �7.6 ± 3.8 kcal/mol, which
is in line with the predicted binding energy value of
�7.6 kcal/mol. Figure 11(d) shows that the favorable interac-
tions inside the cavity are coming from Ser491 (�1.9 kcal/
mol), Ala492 (�2.2 kcal/mol), Arg495 (�1.8 kcal/mol), Arg497
(�1.9 kcal/mol), Asp702 (�2.1 kcal/mol) and Asp703
(�0.5 kcal/mol) residues while the most destabilizing interac-
tions are exerted by the Asp560 (0.7 kcal/mol), Lys563
(0.6 kcal/mol), Asp565 (0.5 kcal/mol), Glu753(0.5 kcal/
mol) residues.

In contrast to the Remdesivir-RNA-polymerase inhibitor-
receptor system, the arjunetin complex RdRP reaches a late
equilibration after 150 ns of the production run, having an
average RMSD value of 3.28 Å during the simulation. Like the
previous complexes, the rigid arjunetin molecule attains sta-
bility within 50 ns with a lower RMSD value of 1.89 Å. This
indicates the arjunetin molecule to be highly rigid with a
minimal internal deviation of the atoms. The almost

superimposable protein and Lig fit Prot RMSD graphs indi-
cate that the ligand is stable within the protein binding
pocket; Only the receptor fluctuates during the simulation.
The higher stability of the ligand inside the binding pocket
reflects a greater value (�3.13) of the average number of
hydrogen bonds throughout the trajectory (Figure 12c). It
shows that the number of H-bonding interactions between
the receptor and the ligand increases gradually from 0ns to
160 ns. The average reaches the maximum (4.9) after that
and remains stable. The calculated binding energy of inhibi-
tor arjunetin is �10.7 ± 4.4 kcal/mol, which is very close to
the experimentally observed value of �7.8 kcal/mol. Figure
6(d) shows that inside the pocket, the inhibitor molecule is
surrounded by the highly stabilizing Tyr397 (�0.7 kcal/mol),
Arg495 (�0.9 kcal/mol), Arg497 (�1.9 kcal/mol), Tyr561
(�0.9 kcal/mol), Asp565 (�0.5 kcal/mol), Asp702 (�1.9 kcal/
mol), Asp703 (�2.9 kcal/mol), Glu753 (�1.5 kcal/mol), Phe754
(�1.3 kcal/mol), Cys755 (�1.8 kcal/mol), Ser756 (�1.3 kcal/
mol) residues and destabilizing Lys487 (0.6 kcal/mol), Lys563
(2.3 kcal/mol), Arg566 (2.2 kcal/mol), Ser701 (0.5 kcal/mol) resi-
dues. From the interaction energy value of the individual res-
idues, we can conclude that several stabilizing interactions
surround the inhibitor, restricting its movement during the
simulation, which is also observable in the less deviation in
the Lig fit Lig graph in Figure 12(b). The binding energy of
arjunetin is higher than Remdesivir due to the greater stabi-
lizing van der Waals (�21.4 ± 1.6 kcal/mol vs. �18.1 ± 1.7 kcal/
mol, respectively) and electrostatic interactions
(�30.3 ± 4.4 kcal/mol vs. �23.1 ± 3.7 kcal/mol, respectively).
However, the destabilizing polar solvation energy for
Arjunetin is higher (44.1 ± 4.0 kcal/mol) than Remdesivir
(35.5 ± 3.3 kcal/mol). From the above comparative study, we
can say that the binding affinity of Arjunetin (�10.7 kcal/mol)
is higher than Remdesivir (�7.6 kcal/mol) in the binding cav-
ity of RNA-polymerase. Although the former protein-inhibitor
complex reaches a late equilibration (after 150 ns) compared
to the RNA-polymerase-Remdesivir complex having an early
stabilization, after equilibration, the inhibitor Arjunetin mol-
ecule is surrounded by several favorable interactions anchor-
ing it strongly to the cavity. Therefore, Arjunetin is
concluded to be a potent RdRp inhibitor.

We have extended the molecular dynamics simulation of
CL-protease-arjunetin (300 ns), PL-protease-arjunetin (500 ns),
and RNA-polymerase-arjunetin (350 ns) complexes and plot-
ted time-dependent root mean square deviation (RMSD)
graphs (see Figure 13). The RMSD plot with extended simula-
tion time reveals a similar kind of behavior as observed for
the 200 ns simulation. For CL-protease-arjunetin, we found a
shifting of the binding region after 140 ns, and after 300 ns
of extended MD run, the binding site remains constant, with
the binding energy of 3.1 kcal/mol. The MM-PBSA calculated
average binding energy of arjunetin in RNA-polymerase after
350 ns of simulation is �11.6 kcal/mol, which is �10.7 kcal/
mol after 200 ns of MD run. Therefore, it is observed that
after 200 ns there is no significant behavioral change has
been found. The scenario is similar for the PL-protease-arju-
netin complex (binding energy after 500 ns �15.7 kcal/mol).

18 G. S. ARUMUGAM ET AL.



These observations provide confidence in our simulation
results as well as simulation time.

Therefore, in the present study, we have screened a
potent SARS-CoV-2-specific 3CL-protease (PDB entry 6lu7),
PL-protease (PDB entry 6w9c), and RNA-polymerase
(PDB:6M71) inhibitor arjunetin and compared the receptor-
inhibitor stability as well as the binding mechanism of it
with the previously reported widely accepted potential drugs
Lopinavir and Remdesivir. Our MD study reveals that arjune-
tin is stable inside the binding pockets for a significant
amount of time for several reasons (i) close proximity of sev-
eral –OH groups facilitate strong H-bonding interaction with
the residues, (ii) a rigid geometry offer stronger interaction
at selected binding pockets and hinders rotational move-
ments which tends to destabilize such as the one observed
in Lopinavir, (iii) the –OH groups in arjunatin molecules are
distributed in three different part of the molecule and this
anchor the molecules inside the cavity via strong H-bonding
offering larger stability, (iv) additionally several residues bear-
ing charges found to have van der Waals and strong electro-
static interactions with the arjunatin molecule that binds it

to the cavity favourably compared to others. From the above
discussion, we can conclude that Arjunetin has a lot of
potential as an inhibitor against three proteases of SARS-
CoV-2 viz. 3CL, PL, and RdRP.

4. Conclusions

The present study was carried out to identify and evaluate
active components in solvent extracts of T. arjuna bark sam-
ples, which is known for its cardioprotective and antimicro-
bial properties. Ethanolic extracts had a significantly higher
free radical scavenging ability as compared to other extracts,
indicating their antioxidant nature. Further, arjunetin purified
from ethanolic bark extract showed dose dependent inhib-
ition of catalase activity in-vitro. Molecular docking studies
and Molecular dynamic simulation studies on arjunetin
against three proteases of SARS-CoV-2 viz. 3CL, PL and RdRP
demonstrated that arjunetin could bind more efficiently to
the viral proteases as compared to known commercially
available antivirals, thereby acting as an inhibitor. Therefore,
in the present study, we have screened a potent SARS-CoV-

Figure 13. Time dependent RMSD graphs of (a) 300 ns of CL-protease-arjunetin, (b) 500 ns of PL-protease-arjunetin and (c) 350 ns of RNA-polymerase-arjunetin,
where RMSDs of the protein (brick red curve), Lig fit Lig (green curve), and Lig fit Prot (grey curve) are plotted against time (ns). All atoms of a ligand were consid-
ered. Deviations are calculated in Å unit.
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2-specific 3CL-protease (PDB entry 6lu7), PL-protease (PDB
entry 6w9c) and RNA-polymerase (PDB: 6M71) inhibitor arju-
netin and compared the receptor-inhibitor stability as well as
the binding mechanism of it with the previously reported
widely accepted potential drugs Lopinavir and Remdesivir.
Based on these results, we can conclude that arjunetin is
very much potential drug candidate against Covid-19.
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