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Abstract A novel coronavirus disease (COVID-19),

caused by SARS-CoV-2, has spread over more than 100

countries all over the world. The World Health Organiza-

tion has recognized Coronavirus as a pandemic and finding

an effective drug for this infectious disease is of high

importance. In this study, we have explored the potent

inhibitors of COVID-19 main protease from Tinospora

cordifolia an Ayurvedic herb locally called as Amrita

meaning ‘immortality’ and two other Ayurveda plants

namely Cinnamomum zeylanicum and Myristica fragrans.

Saponarin, a phytochemical present in Tinospora cordifolia

showed a very promising result with the binding affinity of

- 8.75 kcal/mol. Remdesivir and Favipiravir, the experi-

mental drugs that are known to show inhibitory activity

towards COVID-19 are used as a control. The Docking

results were verified by the means of molecular dynamic

analysis. This study suggests that Saponarin can be a

potential inhibitor for the main protease of the COVID-19.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) belongs to the genus Betacoronavirus of the family

Coronaviridae. It is an airborne positive-sense single-

stranded RNA virus causing coronavirus disease 2019

(COVID-19). The symptoms of this infection range from

runny nose and cough to severe acute respiratory syndrome

and kidney failure [1]. Being recognized as a pandemic,

timely and extensive research is of high importance in

finding an effective drug for this disease [2].

Phytomedicines are been used since times immemorable

and such traditions are still practiced today, namely

Ayurveda. In recent times, alongside drug repurposing

[3, 4], the phytochemicals are been used for evidence-

based drug development.

T. cordifolia, an herbaceous vine of the family Menis-

permaceae locally known as amrita literally meaning

immortality is native to India, Myanmar and Sri Lanka. In

Ayurvedic medicine, it is considered to be one of the most

divine herbs mainly constituting Terpenoids, Alkaloids,

Lignans and Steroids [5]. This plant has been known since

long to cure a vast variety of diseases. Recently, this plant

gained great interest in the field of drug discovery owing to

its medicinal properties. The plant is reported to show anti-

allergic, anti-arthritic, anti-diabetic, anti-inflammatory,

anti-leprotic, anti-malarial, anti-neoplastic, anti-oxidant,

antiperiodic, antispasmodic, anti-stress, hepatoprotective

and immunomodulatory activities [6]. Myristica fragrans is

medicinal plant of India which are known to manage the

Kapha diseases such as tastelessness of tongue and cough

[7] while Cinnamon zeylanicum is also a medicinal plant

which is known to show medicinal activities towards

influenza, cough and bronchitis [8].
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Owing to their medicinal activity towards the symptoms

of the coronavirus [9], these three medicinal plants from

India are selected for this study to determine their inhibi-

tory activity towards the main protease [10, 11] of the

COVID-19 using computational techniques namely

molecular docking and molecular dynamics studies.

Methods

Preparation of the protein structure

The three-dimensional crystal structure of COVID-19 main

protease (PDB ID: 6LU7) was retrieved from the protein

data bank. The protein structure was prepared using the

protein preparation wizard of the Schrödinger suite using

Maestro.

Identification and preparation of ligands

The phytochemicals of T. cordifolia, Cinnamomum zey-

lanicum and Myristica fragrans were identified through the

review of the literature [5, 6, 12–14]. The structures of the

phytochemicals were either downloaded through PubChem

or drawn using Maestro. The phytochemical structures

were then prepared for docking studies using LigPrep

module of the Schrödinger suite.

Molecular docking and binding energy estimation

The docking simulations were carried out using Glide, a

receptor-ligand docking module of Schrödinger suite.

Remdesivir and Favipiravir [15–17], the compounds that

have shown activity against COVID-19 were used as a

control in docking studies. The peptide-like inhibitor

already available in the obtained PDB file is used as a

reference to determine the active site of the protein.

Molecular dynamics

The top ligand from the docking studies was subjected to

molecular dynamics simulations to study the stability and

conformational flexibility. GROMACS (Version 2018.2)

was used for the same. As the CHARMM36 force field

[18–20] that was used for MD simulations lack force field

parameters of the ligand studied, SwissParam [21] web

server was used to generate its topology. the proteins and

the ligands were then merged, solvated, minimized and

equilibrated. TIP3P water model was used to solvate the

protein-ligand complex. To neutralize the system, Cl- ions

and Na? ions were added accordingly before minimiza-

tion. The energy minimization step was performed using

the steepest descent algorithm until the maximum force is

less than 10.0 kJ/mol. The NVT and NPT ensembles were

performed for 100ps each to equilibrate the system with the

reference pressure and temperature of 1 Bar and 310 K

respectively. After equilibration, MD simulation was per-

formed for 100ns at constant temperature and pressure

using the leapfrog algorithm. Trajectory snapshots were

stored at every 100ps during the simulation period to aid in

analysis.

Trajectory analysis

The root means square deviation (RSMD) from the initial

structure during the simulation period was analyzed using

GROMACS analysis toolkit utilities and a graph was

generated for the same. The analysis toolkit was also used

to further analyse the simulation.

MM/PBSA analysis

The binding free energy between the COVID-19 main

protease and Saponarin complex is calculated using the

Molecular Mechanic/Poisson–Boltzmann surface area

(MM/PBSA) by the polar & apolar solvation energy cal-

culations and potential energy calculations in vacuum. The

energies are calculated for every 1 ns and the potential

energy in vacuum, polar and apolar solvation energies are

summated to determine the binding energy between the

COVID-19 main protease and Saponarin using the MM/

PBSA tool [22].

Further, to understand the contribution of each amino

acid towards the binding energy, the interaction energies

are decomposed using the MM-PBSA method considering

the van der Waals, electrostatic, polar and apolar contri-

bution of each protein residue.

Results and discussion

Since ancient times it is known that Ayurveda, a plant

medical methodology has been proven to show inhibitory

activity against various diseases including viral pathogens

in host cells. Phytochemicals that have been reported in

various studies for their presence in T.cordifolia, C.zey-

lanicum and M.fragrans were identified and screened for

their inhibitory activity against COVID-19 main protease.

All the phytochemicals were prepared using LigPrep wiz-

ard of Schrödinger and were further subjected to molecular

docking analysis using Glide with considering Remdesivir

and Favipiravir, the drugs that were studied to show inhi-

bitory activity towards COVID-19 as a control. The top

phytochemical from the docking analysis was further

analyzed by the means of all-atom molecular dynamics and
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MMPBSA to study its stability as a complex with the

COVID-19 main protease.

Docking analysis

As stated earlier, Remdesivir and Favipiravir were used as

a reference compound in docking studies. According to the

Glide results, Saponarin showed better binding affinity than

the reference compounds. Table 1 reveals the docking

scores (Kcal/mol) of the ligands as calculated by Glide

along with that of Remdesivir and Favipiravir, the refer-

ence compounds. To get an insight into the interactions

between ligand and protein, LigPlot ? [23] was used to

generating 2D interaction plots. Docking pose analysis

revealed that the interactions of the Saponarin were similar

to that of both Remdesivir as well as the inhibitory peptide-

like molecule already present in the protein structure. The

same can be seen in Figure 1. Examining the interaction

pattern, the ligand that is studied can be a potent inhibitor

of the COVID-19 main protease. The common interactions

between the peptide-like inhibitor and the other ligands are

circled in red.

Molecular dynamics analysis

To study the structural and conformational behavior of the

COVID-19 main protease and the ligand, Molecular

Dynamic simulation was incorporated. The MD

Table 1 Docking scores of the ligands as calculated by Glide

Tinospora cordifolia Cinnamomum zeylanicum Myristica fragrans

Name Score

(kcal/mol)

Name Score

(kcal/mol)

Name Score

(kcal/mol)

Saponarin - 8.76 Cinnamyl Acetate - 5.38 Alpha-

Thujen

- 5.98

Cordifoline - 8.67 Caryophyllene

Oxide

- 5.25 p- Menth

2-en-1-ol

- 5.74

Tinosponone - 7.35 Alpha-Copaene - 4.76 3- Carene - 5.69

Syringin - 7.31 Caryophyllene - 4.72 Alpha-

Terpinolene

- 5.68

Arabinogalactan - 6.83 Camphor - 4.70 Beta Pinene - 5.67

3_4-di_hydroxy-3-methoxy-benzyl_-4-_4-hydroxy3-

methoxy-benzyl-tetrahydrofuran

- 6.82 Eugenol - 4.55 Gamma-

Terpinene

- 5.55

Beta-Ecdysterone - 6.49 Trans-alpha-

Bergamotene

- 4.31 Alpha

Fellandrene

- 5.50

Palmatoside - 6.17 Cinnamaldehyde - 4.17 Alpha-

Terpinene

- 5.43

Palmatine - 6.04 Alpha-

Bergamotene

- 4.06 p- Cymene - 5.43

3_4-dihydroxy-3-methoxybenzyl_4-hydroxy-3-

methoxybenzyl

- 5.98 Alpha- Pinene - 5.30

Beta-Sitosterol - 5.94 Alpha-

Terpineol

- 5.28

Tinosporinone - 5.86 Control p- Menth

1-en-4-ol

- 5.23

Tinocordifolioside - 5.81 Name Score

(kcal/mol)

Limonene - 5.01

Tinocordiside - 5.73 Remdesivir - 8.65 Elermicin - 4.93

Tinocordioside - 5.71 Favipiravir - 5.76 Camphene - 4.86

Mustakone - 5.60 Safrole - 4.86

Berberine - 5.32 Myristicin - 4.74

1-Methyl-2 pyrrolidinone - 5.08 Linalool - 4.30

Choline - 4.32 Beta-

Ocimene

- 3.45

1-Octacosanol - 3.04 Beta Myrcene - 2.91

1-Heptacosanol - 2.09
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simulations were performed for 100ns for the protein-li-

gand complex. RMSD of the protein and ligand was cal-

culated using the initial structure as the reference and a

graph was generated to study the stability of the complex.

RMSD is a global measure of structural fluctuations that

helps in studying the dynamic stability of the protein-li-

gand complex. After studying the RMSD graph, it was

observed that there were no significant fluctuations in the

structure. The RMSD graph of the protein and ligand is

shown in Fig 2. To further confirm the stability of the

complex, the timeline analysis of the evolution of the

secondary structure was plotted using VMD [24]. The

timeline graph is shown in Fig 3. The secondary structure

timeline suggests that the structure is stable including the

residues that were constantly fluctuating confirming the

stability of the complex. To quantify the strength of the

interaction between the ligand and receptor, interaction

energy was calculated based on short-range Lennard- Jones

potential. The Lennard- Jones potential states the non-

bonded interaction energy between the molecules. The

Interaction energy graph suggests that Saponarin shows

stable interaction with minor fluctuations conforming the

Fig. 1 Interaction diagrams. a The interactions between the protein and peptide-like inhibitor present in the protein structure. b The interactions

between the protein and Saponarin. c The interactions between the protein and Remdesivir

Fig. 2 RMSD plot for Protein and Saponarin
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complex stability. The graph for the same is shown in Fig

4. The RMSD, secondary structure evolution and the

nonbonded interaction energy of the protein and ligand did

not show any major fluctuations and were in the accept-

able range signifying high stability.

MM/PBSA analysis

The average per-residue contribution of the protein over

the 100 ns simulation time towards the binding affinity

between the protein and the ligand is shown as the residue

decomposition plot (MM-PBSA) in Fig. 5. This plot sug-

gests that the amino acids identified to be responsible for

the interactions during the docking studies show high sta-

bility and play an important role in inhibitory activity of

the COVID-19 protease.

In summary, this work sets out to discover non-peptide

compounds from traditional Indian plants namely T.

cordifolia, C. zeylanicum and M. fragrans with inhibitory

activity towards SARS-CoV-2. Incorporating virtual

Fig. 3 RMSD plot for Protein and Saponarin

Fig. 4 Nonbonded (Lennard–Jones) interaction energy graph between Protein and Saponarin
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screening methodology, COVID-19 main protease was

subjected to molecular docking studies. The compound

with highest docking score was considered to show

promising results against of COVID-19 main protease after

analyzing the interaction diagram in reference with the

peptide-like protease inhibitor of COVID-19 main pro-

tease, Remdesivir and Favipiravir. The protein-ligand sta-

bility was then examined by the means of 100ns molecular

dynamics simulation depicting the dynamic behavior of the

complex. Results show that Saponarin, the phytochemical

with highest docking score is stable throughout the simu-

lation without showing any significant fluctuation. Further,

the MMPBSA analysis conformed that the protein residues

responsible for the interactions during docking studies

show stable interactions with the COVID-19 main protease

at the active site. Therefore, in terms of inhibition of

COVID-19 main protease, Saponarin can show remarkable

results summarizing it as an effective inhibitor of COVID-

19 main protease.
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