
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Journal of Molecular Structure 1229 (2021) 129489 

Contents lists available at ScienceDirect 

Journal of Molecular Structure 

journal homepage: www.elsevier.com/locate/molstr 

Identification of alkaloids from Justicia adhatoda as potent SARS CoV-2 

main protease inhibitors: An in silico perspective 

Rajesh Ghosh, Ayon Chakraborty, Ashis Biswas ∗, Snehasis Chowdhuri ∗

School of Basic Sciences, Indian Institute of Technology Bhubaneswar, Bhubaneswar, India 

a r t i c l e i n f o 

Article history: 

Received 11 August 2020 

Revised 17 October 2020 

Accepted 18 October 2020 

Available online 19 October 2020 

Keywords: 

COVID-19 

SARS CoV-2 main protease 

Docking and molecular dynamics simulation 

Vasaka Alkaloids 

a b s t r a c t 

The COVID-19 pandemic, caused by SARS CoV-2, is responsible for millions of death worldwide. No ap- 

proved/proper therapeutics is currently available which can effectively combat this outbreak. Several at- 

tempts have been undertaken in the search of effective drugs to control the spread of SARS CoV-2 in- 

fection. The main protease (Mpro), key component for the cleavage of the viral polyprotein, is consid- 

ered to be one of the important drug targets for treating COVID-19. Various phytochemicals, including 

polyphenols and alkaloids, have been proposed as potent inhibitors of Mpro. The alkaloids from leaf 

extracts of Justicia adhatoda have also been reported to possess anti-viral activity. But whether these 

alkaloids exhibit any inhibitory effect on SARS CoV-2 Mpro is far from clear. To explore this in detail, 

we have adopted computational approaches. Justicia adhatoda alkaloids possessing proper drug-likeness 

properties and two anti-HIV drugs (lopinavir and darunavir; having binding affinity -7.3 to -7.4 kcal/mol) 

were docked against SARS CoV-2 Mpro to study their binding properties. Only one alkaloid (anisotine) 

had interaction with both the catalytic residues (His41 and Cys145) of Mpro and exhibited good bind- 

ing affinity (-7.9 kcal/mol). Molecular dynamic simulations (100 ns) revealed that Mpro-anisotine com- 

plex is more stable, conformationally less fluctuated; slightly less compact and marginally expanded than 

Mpro-darunavir/lopinavir complex. Even the number of intermolecular H-bonds and MM-GBSA analysis 

suggested that anisotine is a more potent Mpro inhibitor than the two previously recommended antiviral 

drugs (lopinavir and darunavir) and may evolve as a promising anti-COVID-19 drug if proven in animal 

experiments and on patients. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

The current emergency due to the worldwide spread of the 

OVID-19 disease is caused by the new severe acute respiratory 

yndrome coronavirus-2 (SARS CoV-2). This viral disease is a great 

oncern for global public health [1] . This disease is a lot more 

ontagious than previous outbreaks of SARS and MERS [ 2 , 3 ]. This

ovel coronavirus was discovered in Wuhan, China in late 2019 

nd then spread rapidly to other countries [ 4 , 5 ]. On the 11th of

arch 2020, WHO declared COVID-19 as a pandemic disease [6] . 

t mostly affects the lower respiratory tract which causes pneumo- 

ia as well as the gastrointestinal system, kidney, heart and central 

ervous system, with common symptoms being fever, cough and 
Abbreviations: COVID-19, corona virus disease 2019; SARS CoV-2, severe acute 

espiratory syndrome corona virus-2; Mpro, main protease; MD, molecular dynam- 

cs; RMSD, root mean square deviation; RMSF, root mean square fluctuation; Rg, 

adius of gyration; SASA, solvent accessible surface area. 
∗ Corresponding author. 

E-mail addresses: abiswas@iitbbs.ac.in (A. Biswas), snehasis@iitbbs.ac.in (S. 

howdhuri). 
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iarrhea [ 7 , 8 ]. No approved therapeutic/effective treatment is cur- 

ently available to combat this outbreak. Thus, the search of appro- 

riate drugs and suitable vaccines are highly in demand to control 

OVID-19. 

The SARS CoV-2 genome is composed of a long RNA strand that 

cts as a messenger RNA when it infects a host cell and directs the 

ynthesis of polyproteins required for multiplication of new viruses 

9–11] . The SARS CoV-2 main protease (Mpro) and papain-like pro- 

ease (PLpro) are responsible for processing the viral proteins at a 

pecific site into functional units for virus replication [9–11] . Viral 

eplication can be blocked by inhibiting the proteolytic activity of 

pro and thus Mpro is a target for drug design. Recently, the crys- 

al structures of the SARS CoV-2 Mpro with various inhibitors have 

een reported which provide useful information about the struc- 

ural integrity of Mpro and also suggests that Mpro is an important 

rug target for developing small molecule inhibitors [ 12 , 13 ]. 

Many studies have been carried out to find suitable inhibitors 

f Mpro using drug repurposing strategy [14–20] . This strategy re- 

ealed that many well known antiviral drugs, vitamins, tetracy- 

ine based drugs and cholesterol-lowering drugs/statins have the 

https://doi.org/10.1016/j.molstruc.2020.129489
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2020.129489&domain=pdf
mailto:abiswas@iitbbs.ac.in
mailto:snehasis@iitbbs.ac.in
https://doi.org/10.1016/j.molstruc.2020.129489
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Fig. 1. Chemical structure of J. adhatoda alkaloids. The two-dimensional structures of six alkaloids from J. adhatoda (vasicoline, vasicolinone, vasicinone, vasicine, adhatodine 

and anisotine). 
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otential to inhibit the activity of SARS CoV-2 Mpro [14–20] . Fur- 

hermore, various phytochemicals are also being proposed as the 

ain protease inhibitors through screening and structure-based 

esign approach [21–29] . Recently, it has been found that some 

lant-derived alkaloids have the potency to inhibit different com- 

onents/targets of SARS CoV-2 such as RBD-S (spike glycoprotein 

eceptor binding domain) and Mpro [ 21 , 26 , 27 , 30 ]. The leaves of

usticia adhatoda , commonly known as Vasaka (Vasaka plant) also 

ontains different alkaloids (vasicoline, vasicolinone, vasicinone, 

asicine, adhatodine and anisotine) ( Fig. 1 ) [31] . These alkaloids are 

ell-known for their anti-tuberculosis activity [31] . Furthermore, 

xtracts from Justicia adhatoda leaves have also been reported to 

xhibit antiviral activity against influenza virus and herpes simplex 

irus [ 32 , 33 ]. But whether these alkaloids from the leaves of Justi-

ia adhatoda exhibit any antiviral activity against SARS CoV-2 by 

nhibiting the enzymatic/ proteolytic activity of Mpro is far from 

lear. Therefore, in this study, we have examined the inhibitory po- 

ency of these six alkaloids from J. adhatoda against SARS-CoV-2 

pro with the aid of in-silico docking studies, molecular dynamics 

imulations and MM-GBSA analysis. This study has revealed that 

nly one of the alkaloids (anisotine) is more effective as a Mpro 

nhibitor compared to the previously recommended antiviral drugs 

darunavir and lopinavir). 

. Materials and methods 

.1. Preparation of the Mpro and ligands 

The structures of Justicia adhatoda alkaloids were downloaded 

rom PubChem database server ( https://pubchem.ncbi.nlm.nih.gov ) 

hile the crystal structure of the SARS CoV-2 Mpro (PDB ID: 

LU7) [12] was downloaded from the RCSB Protein Data Bank 

 http://www.rcsb.org ). Each of the Justicia adhatoda alkaloid struc- 

ures was optimized with B3LYP/6-31G 

∗ basis set by using Gaus- 

ian09 software [34] . Standard processes were used in AutoDock 

ools to obtain the pdbqt files for Mpro and Justicia adhatoda alka- 

oids [ 35 , 36 ]. 

.2. Molecular docking 

AutoDock Vina was used for the entire docking calculations of 

pro with two anti-HIV drugs and Justicia adhatoda alkaloids by 

ssigning a grid box with 10.0 Å radius throughout the active site 

egion [ 29 , 35 , 36 ]. The conformations having the lowest root mean

quare deviation (RMSD) values, along with the highest Vina score 
2 
ere selected. The output from AutoDock Vina was rendered with 

S visualizer software [37] . 

.3. Molecular dynamics simulation 

The molecular dynamics (MD) simulations were performed in 

ROMACS 2019 with GROMOS9653a6 force field and SPC water 

odel [ 38 , 39 ]. The ligand topologies were obtained from the PRO- 

RG server [40] . LINCS algorithm and SETTLE algorithm were used 

o constrain all bond lengths of protein, anti-HIV drugs/ aniso- 

ine and water molecules, respectively [ 41 , 42 ]. After accommodat- 

ng each system (unligated Mpro, Mpro-darunavir, Mpro-lopinavir 

nd Mpro-anisotine complex) in a cubic box, water molecules were 

dded to it and energy-minimization was performed using the 

teepest descent algorithm to achieve an equilibrated system with 

ppropriate volume. The Particle Mesh Ewald method was used to 

reat the Long-range electrostatics with cut off 1.2 nm and with a 

ourier grid spacing of 1.2 nm [43] . To set up a constant temper- 

ture and pressure, equilibration of each system was carried out 

n two main stages. First, NVT ensemble using the v-rescale algo- 

ithm for 10 ns was performed to set the temperature 300 K and 

hen to set the pressure at 1 bar, NPT ensemble for 10 ns was car-

ied out by positional restraining of the complexes [44] . The equi- 

ibrated systems were then subjected to unrestrained production 

D simulations of 100 ns each, maintaining the same pressure 

1 bar) and temperature (300 K). The root mean square deviation 

RMSD), the total number of hydrogen bonds, root mean square 

uctuation (RMSF), the radius of gyration (Rg), solvent accessible 

urface area (SASA) for each system was calculated from the MD 

rajectories [ 25 , 29 ]. 

.4. MM-GBSA analysis 

Several methods are used to calculate the theoretical free ener- 

ies of binding of ligands to the receptor like a) the molecular me- 

hanics generalized Born surface area (MM-GBSA) and b) molecu- 

ar mechanics Poisson-Boltzmann surface area (MM-PBSA) c) Free 

nergy perturbation etc [ 29 , 45–48 ]. Here we have used the MM- 

BSA method to calculate the relative binding free energies of anti- 

IV drugs and anisotine to Mpro. The free energy of binding can 

e calculated as �G bind =�H-T �S. 

�H =�E elec +�E vdW 

+�G polar +�G non-polar , where E elec and 

 vdW 

are the electrostatic and van der Waal’s contributions, and 

 polar and G non-polar are the polar and non-polar solvation terms, 

https://pubchem.ncbi.nlm.nih.gov
http://www.rcsb.org
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Fig. 2. Chemical structure of anti-HIV drugs. The two-dimensional structure of two anti-HIV drugs (darunavir and lopinavir). 
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espectively. The generalized Born model with an external di- 

lectric constant of 80 and an internal dielectric constant of 1, 

s for the estimation of polar contribution of the free energy, 

hile the non-polar energy contribution is calculated from the 

olvent-accessible surface area (SASA). The prime module of the 

chrodinger suite (Schrödinger Release 2020-1: Prime, Schrödinger, 

LC, New York, NY, 2020) was used for all MM-GBSA calculations. 

.5. Pharmacokinetics study 

SwissADME online server was used for the prediction of dif- 

erent pharmacokinetic properties of six alkaloids from J. adhatoda 

49] . The drug-likeness properties of these six alkaloids such as ab- 

orption, distribution, metabolism and excretion parameters were 

ainly scrutinized. 

. Result and discussion 

The valuable information about the structural aspects of SARS 

oV-2 Mpro became available when Jin et al. and Zhang et al. 

olved the crystal structure of the protease [ 12 , 13 ]. The solved

tructure revealed three domains and a loop region in Mpro. Do- 

ain I consists of amino acid residues 8-101, while domain II and 

omain III contain residues 102-184 and 201-303, respectively. No- 

ably, domain II is connected to domain III with a loop that consists 

f residues 185-200. The three-dimensional crystal structure also 

emonstrated an active site/ catalytic site/ substrate binding site 

n each of the protomer of Mpro consisting of Cys-His dyad (His41 

nd Cys145). This catalytic site consisting of cysteine and histi- 

ine amino acid moiety is located at the cleft of domain I and do- 

ain II. These two crystal structures also laid the basis towards the 

tructure-based drug design against Mpro. Many small molecules 

re being proposed as effective SARS CoV-2 Mpro inhibitor [22–

8] . Several anti-HIV drugs (darunavir, lopinavir, atazanavir, etc) 
Table 1 

Pharmacokinetic properties of J. adhatoda alkaloids

Compound MW H-Ac H-Do Nro

Vasicoline 291.39 1 0 2 

Vasicolinone 305.37 2 0 2 

Vasicinone 202.21 3 1 0 

Vasicine 188.23 2 1 0 

Adhatodine 335.4 3 1 4 

Anisotine 349.38 4 1 4 

MW = Molecular weight (g/mol); H-Ac = No. of h

drogen bond donors; Nrot = No. of rotatable bon

( ̊A 2 ); LogP = Predicted octanol/water partition coe

BBB = Blood brain barrier permeation; LFV = Lipin

tion. 

3 
isplay excellent binding affinity towards the active site of Mpro 

50] . In the recent past, two well known anti-HIV drugs (darunavir 

nd lopinavir) ( structures mentioned in Fig. 2 ) have been selected 

y many investigators as standard substrates for comparing the 

inding affinity and/or binding modes of various small molecules 

 18 , 23 , 26 ]. Therefore, we have also decided to take these two anti-

IV drugs as standard Mpro inhibitors for this study. 

.1. Pharmacokinetics analysis 

Prior to conducting molecular docking studies, we evaluated the 

rug-likeness characteristics of all six alkaloids of J. adhatoda . Phar- 

acokinetics analysis using SwissADME server is listed in Table 1 . 

his analysis revealed that the molecular weight (MW) of these 

ix alkaloids were less than 350 (ranging from 188.23 to 349.38) 

hich suggested that all the alkaloids may easily be transported, 

iffused and absorbed inside the body. The number of hydrogen 

ond donors (H-Do) was less than 5 and the number of hydro- 

en bond acceptors (H-Ac) was in the range of 0 to 1 for these 

lkaloids, which are in accordance with Lipinski’s rules and Ghose 

ules. Furthermore, the topological polar surface area (TPSA) of all 

he alkaloids were found in the range of 18.84 to 73.72 Å 

2 in- 

icating good bioavailability of these alkaloids. The high intesti- 

al absorption (IA) signified good cell membrane permeability and 

ral bioavailability for all the alkaloids. Altogether, pharmacoki- 

etic analysis clearly indicated that all J. adhatoda alkaloids possess 

avorable drug-likeness properties. 

.2. Molecular docking studies 

Six well-known alkaloids from J. adhatoda and two previ- 

usly recommended antiviral drugs against Mpro (darunavir and 

opinavir) were docked to assess if the alkaloids exhibit higher or 

omparable binding energy to that of “Mpro-darunavir/lopinavir 
. 

t TPSA GIA BBB LFV GFV 

18.84 High Yes 0 0 

38.13 High Yes 0 0 

55.12 High No 0 0 

35.83 High No 0 0 

53.93 High Yes 0 0 

73.22 High Yes 0 0 

ydrogen bond acceptors; H-Do = No. of hy- 

ds; TPSA = Topological polar surface area 

fficient; GIA = Gastrointestinal absorption; 

ski filter violation; GFV = Ghose filter viola- 
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Fig. 3. Molecular docking of anisotine with Mpro. The docked conformation of the Mpro-anisotine complex depicting the possible interactions with various amino acids of 

Mpro. This alkaloid interacts with many amino acid residues including His41 and Cys145 of Mpro. 

Table 2 

The binding energy of different anti-HIV drugs 

and J. adhatoda alkaloids with Mpro. 

Drug Binding energy (kcal/mol) 

Darunavir -7.4 

Lopinavir -7.3 

Vasicoline -6.7 

Vasicolinone -6.9 

Vasicinone -5.8 

Vasicine -5.5 

Adhatodine -6.9 

Anisotine -7.9 

i

w

a

s

M

i

h

m

(

i

a

t

p

J

fl

h

c

w

a

t

d  

w

t

W

G

T

a

a

E

r  

i

G

π
a

d

o

c

a

t  

i

a

f

g

fl

O

e

B

a

s

[  

n

o

nteraction”. The binding energy of darunavir and lopinavir to- 

ards Mpro was -7.4 and -7.3 kcal/mol, respectively ( Table 2 ). We 

lso estimated the binding energy of six alkaloids (vasicoline, va- 

icolinone, vasicinone, vasicine, adhatodine and anisotine) towards 

pro using molecular docking studies. It was found that the bind- 

ng energy of vasicoline, vasicolinone, vasicinone, vasicine and ad- 

atodine was in the range of -5.5 to -6.9 kcal/mol which was 

uch lower compared to the standards, darunavir and lopinavir 

 Table 2 ). On the contrary, anisotine exhibited higher binding affin- 

ty (-7.9 kcal/mol) towards Mpro compared to that of darunavir 

nd lopinavir ( Table 2 ). Interestingly, binding affinity of anisotine 

owards Mpro is comparable to the binding affinity of few B. pa- 

yrifera polyphenols [papyriflavonol A, broussoflavan A and kazinol 

] and some cholesterol-lowering drugs/statins (rosuvastatin and 

uvastatin towards Mpro [ 20 , 29 ]. As a whole, sinceanisotine alone 

ad higher binding affinity than darunavir and lopinavir, we de- 

ided to proceed further with this alkaloid. 

The amino acid residues within the active site of Mpro which 

ere interacting with anisotine were carefully examined with the 

id of discovery studio visualizer. It was evidenced that aniso- 
4 
ine efficiently interacted with different amino acid residues of 

omain I and II of Mpro ( Fig. 3 and Table 3 ). When anisotine

as docked into the active site of Mpro, two hydrogen bond in- 

eractions [Ser144 (2.6 Å) and Cys145 (2.6 Å)] and ten van der 

aals interactions (Thr25, Thr26, Asn142, Gly143, His164, Met165, 

lu166, Asp187, Arg188 and Gln189) were evidenced ( Fig. 3 and 

able 3 ). Besides these, C-H interaction (Leu141), π- π as well 

s alkyl (His41), π-alkyl (Leu27) and π-sulphur (Met49) inter- 

ctions were observed in the Mpro-anisotine complex ( Fig. 3 ). 

ven darunavir and lopinavir also interacted with several critical 

esidues within the active site of Mpro ( Fig. 4 , Table 3 ). Darunavir

nteracted with Mpro via two hydrogen bonds [Gly143 (2.3 Å) and 

lu166 (2.4 Å)], one π -sulfur bond (Met165) and multiple alkyl/ 

-alkyl bonds (Leu27, His41, Met49, Cys145 and His163) ( Fig. 4 A 

nd Table 3 ). It also formed many van der Waals interactions with 

ifferent amino acid residues of Mpro ( Fig. 4 A). Lopinavir formed 

nly one hydrogen bond with Cys145 and several other non- 

ovalent bonds with various important amino acid residues (such 

s Thr26, His41, Met49, Phe140, Glu166, Leu167, etc) within the ac- 

ive site of Mpro ( Fig. 4 B and Table 3 ). Altogether, molecular dock-

ng studies revealed that anisotine interacted with both the cat- 

lytic residues (His41 and Cys145) of Mpro through non-covalent 

orces ( Fig. 3 ). Most importantly, anisotine formed a single hydro- 

en bond with the Cys145 of Mpro. In fact, some Salvadora persica 

avonoids (Isorhamnetin-3-O- β-D-glucopyranoside, Kaempferol-3- 

- β-D-glucopyranoside etc.), green tea polyphenols (epigallocat- 

chin gallate, epicatechingallate and gallocatechin-3-gallate), few 

. papyrifera polyphenols [broussochalcone A, papyriflavonol A 

nd 3 ′ -(3-methylbut-2-enyl)-3 ′ ,4 ′ ,7-trihydroxyflavane] as well as 

ome other phytochemicals interacted with the Cys145 of Mpro 

 25 , 29 , 51 ]. It is well known that Cys145 serves as a common

ucleophile and plays a vital role in the proteolytic functioning 

f Mpro [52–54] . Thus, we believe that anisotine may possibly 
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Table 3 

Hydrogen bond interactions of anisotine, darunavir and lopinavir with the active site of SARS CoV-2 Mpro. 

Compounds Number of H-bonds Amino acids of Mpro involved in H-bonding Hydrogen bond distance ( ̊A) 

Anisotine 2 Ser144 2.6 

Cys145 2.6 

Darunavir 2 Gly143 2.3 

Glu166 2.4 

Lopinavir 1 Cys145 2.3 

Fig. 4. Molecular docking of anti-HIV drugs with Mpro. Interactions of various amino acids of Mpro with darunavir (panel A) and lopinavir (panel B) are presented with the 

best docking pose. 
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Fig. 5. RMSD plots of Mpro (unligated), Mpro-darunavir, Mpro-lopinavir and Mpro- 

anisotine complexes. The MD simulations for each system were performed for 100 

ns. These MD trajectories were analyzed with the aid of RMSD. 
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nhibit the proteolytic activity of Mpro and may potentially be used 

o treat patients with COVID-19. We further believe that anisotine 

ay inhibit the proteolytic activity of Mpro in a better way than 

he flavonoids and other compounds which interact with Cys145 of 

pro via non-covalent interaction (other than H-bond interaction) 

 23 , 24 , 55–59 ]. Nevertheless, the Mpro-anisotine complex was fur- 

her subjected to molecular dynamics simulations as well as bind- 

ng free energy computations to assess the stability of this com- 

lex. 

.3. Molecular dynamics (MD) simulation studies 

Several structural properties like overall complex stability 

RMSD), conformational fluctuations (RMSF), structural compact- 

ess (Rg), and solvent accessibility (SASA) were investigated by MD 

imulations. We performed production run for 100 ns using GRO- 

OS9653a6 force field of Mpro alone/Mpro (unligated) and Mpro 

omplexed with two anti-HIV drugs, as well as with anisotine. 

he information about the structural stability of the protein-ligand 

omplexes can be analyzed by RMSD. We estimated the RMSD 

f alpha-carbon atoms of all these systems ( Fig. 5 ). The RMSD 

f Mpro (unligated) maintained a constant value (~0.21-0.22 nm) 

rom 2 ns to 17 ns. Thereafter, the RMSD value gradually increased 

ill 25 ns and reached ~0.35 nm. Then, the value was slightly de- 

reased and persisted at ~0.31 nm from 65 ns till the end of the 

D run. The RMSD values for both Mpro-darunavir and Mpro- 

opinavir complexes were found to remain almost constant (~0.36- 

.37 nm) from 10 ns to 100 ns with some marginal fluctuations 

 Fig. 5 ). On the other hand, the magnitude of RMSD correspond- 

ng to Mpro-anisotine complex attained an equilibrium value after 

5 ns (~0.25-0.26 nm) and remained almost the same throughout 

he 100 ns simulation. The average RMSD values for Mpro (unli- 

ated), Mpro-darunavir complex and Mpro-lopinavir complex were 

ound to be ~0.31 nm, ~0.36 nm and ~0.37 nm, respectively, which 

re in agreement with the previously reported values ( Table 4 ) 

 23 , 29 ]. Whereas the average RMSD values of Mpro-anisotine com- 
5 
lex was ~0.26 nm ( Table 4 ), which was quite lower than Mpro 

unligated), Mpro-darunavir and Mpro-lopinavir complexes. These 

esults suggested that Mpro-anisotine complex was relatively more 

table than that of Mpro-darunavir/ Mpro-lopinavir complexes. 

The conformational stability of the Mpro-anisotine complex was 

urther analyzed by estimating the total number of intermolecular 

ydrogen bonds formed during the entire MD simulation ( Table 4 ). 

he average number of intermolecular hydrogen bonds in the 

pro (unligated) system was 547, whereas, for Mpro-darunavir and 

pro-lopinavir complexes, the values were 550 and 551, respec- 

ively. A higher number of intermolecular hydrogen bonds (555) 

ere found in the case of Mpro-anisotine complex ( Table 4 ), which 

urther suggests that Mpro-anisotine complex is more stable than 

he two selected Mpro-anti-HIV drug complexes. We have calcu- 

ated the RMSF of alpha carbon atoms for all systems ( Fig. 6 ).

t was quite evident from the RMSF profiles that all the sys- 

ems experience more conformational fluctuations in domain III. 

n the case of Mpro (unligated) system, we additionally observed 
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Table 4 

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 (nm 

2 ) Total number of H-bonds formed 

Mpro (unligated) 0.309 0.1937 2.195 151.4483 547 

Mpro-darunavir 0.361 0.1952 2.197 151.1540 550 

Mpro-lopinavir 0.371 0.1948 2.196 151.2825 551 

Mpro-anisotine 0.262 0.1791 2.221 155.5451 555 

Fig. 6. RMSF profiles of Mpro (unligated), Mpro-anti-HIV drugs and Mpro-anisotine 

complexes. The RMSF values of Mpro (unligated) and Mpro-anti HIV drug com- 

plexes as well as Mpro-anisotine complex were plotted against the amino acid 

residues of Mpro. 
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Fig. 7. Estimation of Rg values of Mpro (unligated), Mpro-anti-HIV drugs and Mpro- 

anisotine complexes. The MD simulations for each system were performed for 100 

ns. These MD trajectories were analyzed with the aid of Rg. 

Fig. 8. Determination of SASA values of Mpro (unligated), Mpro-anti-HIV drugs and 

Mpro-anisotine complexes. The MD simulations for each system were performed for 

100 ns. These MD trajectories were analyzed with the aid of SASA. 
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igher fluctuations (upto ~0.6 nm) in a certain portion of domain I 

residues 45-60). In fact, most of the amino acid residues within 

he domain I and II of this system had RMSF fluctuation below 

.3 nm. The average RMSF value for Mpro (unligated) system was 

0.194 nm ( Table 4 ). The Mpro-darunavir and Mpro-lopinavir sys- 

em experienced more or less similar conformational fluctuations 

o that of Mpro (unligated) system ( Fig. 6 ). In fact, the fluctua- 

ions for the residues 45-60, were reduced upon the binding of 

opinavir to Mpro (up to 0.35 nm). For both Mpro-darunavir and 

pro-lopinavir complexes, the average RMSF value was ~0.195 nm 

 Table 4 ). Upon analyzing all the RMSF profiles, it was clearly 

bserved that Mpro-anisotine complexes showed lower fluctua- 

ions (especially in domain I and II) as compared to the Mpro 

unligated) and Mpro-darunavir/lopinavir complexes ( Fig. 6 ). The 

verage RMSF values of Mpro-anisotine complex was ~0.179 nm 

 Table 4 ). Most importantly, the fluctuations of many key residues 

f the binding region of Mpro were lowered after binding to aniso- 

ine. These findings suggested that the overall conformational fluc- 

uations of Mpro-anisotine complex are relatively less than that of 

pro-darunavir/Mpro-lopinavir complex. 

We have also estimated the Rg value to assess the compact- 

ess of all the complexes ( Fig. 7 and Table 4 ). The average Rg

alue for Mpro (unligated) and the other two complexes (Mpro- 

arunavir and Mpro-lopinavir) was almost identical (~2.20 nm), 

hereas, a slightly increased average Rg value for Mpro-anisotine 

omplex (2.221 nm) was observed ( Table 4 ). These results sug- 

ested that the Mpro-anisotine complex was slightly less com- 

act as compared to the two Mpro-anti-HIV drug complexes. SASA 

alues were also calculated to assess the extent of expansion of 

rotein volume in each system ( Fig. 8 and Table 4 ). The average

ASA values of Mpro (unligated), Mpro-darunavir complex, Mpro- 

opinavir complex and Mpro-anisotine complex were 151.448 nm 

2 , 

51.154 nm 

2 , 151.283 nm 

2 and 155.545 nm 

2 , respectively. This sug- 

ests that Mpro expands a little upon its interaction with anisotine. 

Recently, we assessed the structural stability, conformational 

uctuations, expansion of receptor (Mpro) volume and com- 

actness of several Mpro- B. papyrifera polyphenol complexes 
6 
Mpro- broussochalcone A complex, Mpro-papyriflavonol A com- 

lex, Mpro-3 ′ -(3-methylbut-2-enyl)-3 ′ ,4 ′ ,7-trihydroxyflavane com- 

lex, Mpro-broussoflavan A complex, Mpro-kazinol F complex 

nd Mpro-kazinol J complex] using the similar MD simulation 

ethodology adopted in this manuscript [29] . When we com- 

ared the above mentioned structural properties of Mpro-anisotine 

omplex with those of Mpro- B. papyrifera polyphenol com- 

lexes, we observed that Mpro-anisotine complex is more stable 

han Mpro-3 ′ -(3-methylbut-2-enyl)-3 ′ ,4 ′ ,7-trihydroxyflavane com- 

lex, Mpro-kazinol F complex and Mpro-kazinol J complex [29] . 

urthermore, the conformational fluctuations of Mpro-anisotine 

omplex is much less than Mpro-3 ′ -(3-methylbut-2-enyl)-3 ′ ,4 ′ ,7- 

rihydroxyflavane complex. Interestingly, slight reduction in the 

omplex rigidity and marginal expansion of Mpro were evidenced 

hen anisotine and these B. papyrifera polyphenols interacted with 

pro [29] . 

.4. MM-GBSA 

The binding free energy of Mpro-anisotine as well as Mpro- 

nti-HIV drugs was calculated using MM-GBSA method. The bind- 

ng free energy ( �G ) values of Mpro-darunavir and Mpro- 
bind 
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Table 5 

MM-GBSA values of different Mpro-anti-HIV drugs and 

Mpro-anisotine complexes. 

System Binding Free Energy (kcal/mol) 

Mpro-darunavir -35.65 

Mpro-lopinavir -40.39 

Mpro-anisotine -42.23 
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opinavir complexes were found to be -35.65 kcal/mol and - 

0.39 kcal/mol, respectively, whereas for Mpro-anisotine complex 

t was -42.23 kcal/mol ( Table 5 ). The binding free energy value 

f “Mpro-anisotine interaction” is somewhat similar to the �G bind 

agnitude of some “Mpro- B. papyrifera polyphenol interaction”

nd “Mpro-pyronaridine/Mpro-pavinetant interaction” [ 29 , 60 ]. Al- 

ogether, it is quite evident from these MM-GBSA values that the 

lkaloid anisotine interacts with Mpro with a slightly higher bind- 

ng free energy than that of darunavir/ lopinavir. The higher MM- 

BSA value ( �G bind ) in the case of Mpro-anisotine is mostly con- 

ributed by the SASA and hydrophobic interactions. 

. Conclusion 

This study is aimed to test the inhibition potency of six well- 

nown alkaloids from J. adhatoda leaves against SARS CoV-2 Mpro 

sing a computational approach. Among the six alkaloids, only 

nisotine had higher AutoDock Vina energy values in compared 

o standard anti-HIV drugs, darunavir and lopinavir. Anisotine in- 

eracted with both the key catalytic residues (His41 and Cys145) 

f Mpro. The RMSD and RMSF profiles of Mpro-anisotine complex 

learly suggested high stability and less conformational fluctua- 

ions. The Rg and SASA analysis revealed that Mpro-anisotine com- 

lex is slightly less compact and somewhat less expanded. Esti- 

ation of the number of intermolecular hydrogen bond formation 

nd MM-GBSA analysis further reconfirmed that Mpro-anisotine is 

ore stable than Mpro-darunavir/lopinavir complex. Overall, our 

ndings revealed that anisotine has the potency to inhibit the pro- 

eolytic activity of SARS CoV-2 Mpro and may have some thera- 

eutic effects against COVID-19 if proven in animal experiments 

nd on patients. 
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