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a b s t r a c t 

Azadirachta Indica (Neem) extracts have been known for their anti-bacterial and other effects since an- 

cient times. The present work examines the inhibitory activity of Neem extracts on Papain like protease 

(PLpro) of the novel coronavirus SARS-CoV-2. The activity is analysed by molecular docking study along 

with molecular dynamics simulation. All the studied Neem compounds showed decent level of inhibitory 

activity against PLpro of SARS-CoV-2. Among them, desacetylgedunin (DCG) found in Neem seed showed 

the highest binding affinity towards PLpro. Furthermore, MD-simulation studies supported by standard 

analysis (e.g. root mean square deviation and fluctuation (RMSD, RMSF), radius of gyration, solvent ac- 

cessible surface area (SASA)) showed large impact on the structure of PLpro by DCG. We believe that the 

significant effect of DCG on PLpro may help in therapeutic effort s against SARS-CoV-2. 

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

Recent pandemic caused by the novel coronavirus SARS-CoV- 

 (COVID-19 in short) has thrown a big challenge to humanity. 

OVID-19 belongs to the beta-coronavirus group, very similar to 

reviously reported SARS coronavirus [1] . Supposedly originating 

rom bats and pangolins [2] , it spreads very rapidly through human 

o human community transmission [3] . It is a fairly large virus, 

ith spike glycoproteins on outer surface, a membrane, envelope, 

nd nucleocapsid protein containing a positive sense single strand 

f RNA, which consists, among others, of a 5 ′ -untranslated region 

UTR), a replicase complex (ORF1ab) encoding non-structural pro- 

eins (nsps) [4] . It is now known that the virus enters into host cell

y the interaction of spike protein to the angiotensin-converting 

nzyme-2 (ACE-2) receptors in host cell and uses the cellular ser- 

ne protease TMPRSS2 for S protein priming. It also encodes cys- 

eine protease, a serine protease, besides the main protease (3CL- 

ro) and a papain-like protease (PLpro). These may participate in 

leavage of viral polyproteins [ 5 , 6 ], leading to creation of active

ubstances for replication of virus inside the host cell. Therefore, 

ctivity of each of these individual entities and binding of the virus 
∗ Corresponding author. Department of Chemistry, University of Kalyani, Kalyani 
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o the host cell, and activity of ACE-2 have all been examined in 

nding potential antidote to COVID-19. 

However, despite much effort, there is no potentially active 

rug or vaccine available till date which can effectively com- 

at SARS-CoV-2. Although several drugs (chloroquine, hydroxy–

hloroquine, remdesivir etc.) are recommended against COVID-19, 

any adverse effects of these have also been reported [ 7 , 8 ]. These

rug molecules target different entities in the virus or its bind- 

ng with the host cell. It was decided to focus on activity of the 

apain-like protease PLpro and how to inhibit it in the present 

ork. 

The present work is to find out potential drugs against 

OVID-19 from natural sources such as the medicinal plant 

eem, ( Azadirachta Indica ). There have been a lot of investiga- 

ions on Neem extracts from its leaves, fruits, bark etc. It is 

nown that compounds in Neem extracts have anti-inflammatory, 

nti-hyperglycaemic, anti-carcinogenic, immune-modulator, anti- 

utagenic, anti-oxidant, anti-ulcer and anti-viral effects [9] . Anti- 

iral effects of Neem extracts include inhibitory action against her- 

es, [10] smallpox, chickenpox [ 11 , 12 ] and even HIV [13] . Com-

ounds in Neem extract are also active against polio virus, cox- 

ckie B group virus, HIV and dengue virus at early step of viral 

enome replication [12–17] . In the present work we have selected 

9 natural compounds of Neem and evaluated their inhibitory po- 

https://doi.org/10.1016/j.molstruc.2020.129390
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2020.129390&domain=pdf
https://doi.org/10.1016/j.molstruc.2020.129390
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ency against PLpro of SAS-COV-2 through molecular docking and 

olecular dynamics simulation. 

. Methodology 

.1. Docking of Neem extracts with SARS-CoVs-2 PLpro 

The crystal structure of papain like protease (PLpro) of SARS- 

OV-2 (PDB ID: 6W9C) [18] was obtained from the Protein Data 

ank. Only chain-A of PLpro was chosen for docking studies. Struc- 

ures of 7 drugs in use against COVID-19, and 19 compounds from 

EEM extacts, were obtained from the PubChem (National Library 

f Medicine) and were converted to check the ligand-protein bind- 

ng interaction using UCSF Chimera [19] . The structure of PLpro 

as prepared by eliminating hetero-atoms and chain B and C us- 

ng UCSF Chimera package. Autodock Vina [20] was used to ob- 

ain the best docking configuration between PLpro and the drug 

olecules. Autodock Tools was used to prepare necessary files for 

ocking simulation. 
Table 1 

Docking scores of Neem extracts with chain A of PLpro. 

Compounds Pubchem CID MW (g/mol) 

Neem Leav-es Quercetin (flavonoid) 5,280,343 302.23 

Nimbosterol ( β- sitosterol) 222,284 414.7 

Nimbolide 12,313,376 466.5 

Neem Flow-ers Palmitic acid 985 256.42 

Oleic acid 445,639 282.5 

Linoleic acid 5,280,450 280.4 

Neem Barks Margocin 21,632,833 298.4 

Nimbidiol 11,334,829 274.35 

Nimbione 189,404 286.4 

2 
.2. MD simulation of PLpro-DCG complex 

Molecular dynamics (MD) simulation studies were performed 

sing GROMACS (Version 2018.5) [21] with the minimum en- 

rgy configurations obtained from docking studies using the 

HARMM36-mar2019 force-field [22] by TIP3P model [23] . The 

opology and the parameter files were generated for the ligand de- 

acetylgedunin (DCG) (the compound with highest docking with 

Lpro) from CHARMM General Force Field server. To maintain peri- 

dic boundary conditions a cubical box was generated. The PLpro- 

CG complex was at least 1 nm from the edges of the box to main-

ain at least 2 nm distance between two successive images of the 

omplex. Three Cl - ions were added to neutralize the system. En- 

rgy minimization was carried out until the maximum force be- 

omes less than 10 kJmol −1 nm 

−1 . The steepest descent algorithm 

as used followed by conjugate gradient protocol. Then isochoric- 

sothermal (NVT) ensemble was used for equilibration of the sys- 

em for 10 0 0 ps at 30 0 K. 2 fs time step was taken. Isothermal-

sobaric or NPT ensemble is then used for equilibration at 300 K 

or 10 0 0 ps. For the NPT ensemble modified Berendsen thermo- 

tat was used. Time step was kept at 2 fs. The electrostatic and 
MF Structure Docking Score (Kcal/mol) 

C15H10O7 −6.1 

C29H50O −6.8 

C27H30O7 −7.1 

C16H32O2 −4.1 

C18H34O2 −5.4 

C18H32O2 −4.6 

C20H26O2 −6.8 

C17H22O3 −6.2 

C18H22O3 −6.6 

( continued on next page ) 
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Table 1 ( continued ) 

Compounds Pubchem CID MW (g/mol) MF Structure Docking Score (Kcal/mol) 

Neem Seeds Azadiradione 12,308,714 450.6 C28H34O5 −6.4 

Fraxinellone 124,039 232.27 C14H16O3 −5.6 

Salannin 6,437,066 596.7 C34H44O9 −5.7 

Salannol 157,144 556.7 C32H44O8 −5.8 

Vepinin 185,552 452.6 C28H36O5 −6.6 

Azadirone 10,906,239 436.6 C28H36O4 −6.4 

Gedunin 12,004,512 482.6 C28H34O7 −6.4 

Azadirachtin H 16,722,121 662.7 C33H42O14 −6.5 

Nimbin 108,058 540.6 C30H36O9 −6.6 

Desacetylgedunin 3,034,112 440.5 C26H32O6 −7.3 

3 
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Table 2 

Docking scores of some potential drugs of SARS-COV-2 with PLpro-Chain-A. 

Some potentially active drug for repurposing Pubchem CID MW (g/mol) MF Docking Score (Kcal/mol) 

Chloroquine 2719 319.9 C 18 H 26 ClN 3 −5.3 

Hydroxychloroquine 3652 335.9 C 18 H 26 ClN 3 O −5.5 

Remdesivir 121,304,016 602.6 C 27 H 35 N 6 O 8 P −6.3 

Ribavirin (tribavirin) 37,542 244.2 C 8 H 12 N 4 O 5 −5.6 

Favipiravir (Avigan) 492,405 157.1 C 5 H 4 FN 3 O 2 −5.4 

Ritonavir 392,622 720.9 C 37 H 48 N 6 O 5 S 2 −5.7 

Nitazoxanide 41,684 307.28 C 12 H 9 N 3 O 5 S −6.2 

Fig. 1. Docked structures of some Neem compounds with PLpro having high binding affinity. 
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an der Waals interaction cut off were kept at 1.0 nm for both 

VT and NPT equilibration. Long range interactions were calculated 

sing smooth particle mesh Ewald (PME) method [24] . With the 

ame electrostatic and van der Waals cut off, the equilibrated en- 

embles were finally subjected to MD simulation for 100 ns. PME 
4 
ethod was used to calculate long range electrostatic interactions. 

 modified Berendsen thermostat and a Parinello-Rahman barostat 

ere used with reference temperature and pressure at 300 K and 

 bar respectively. Snapshots of the trajectory were saved after ev- 

ry nanosecond. 
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Table 3 

Toxicity prediction of compounds of Neem extracts along with some potential drugs. 

Compound 

AMES 

toxicity 

Max. tolerated 

dose (human) 

hERG I 

inhibitor 

hERG II 

inhibitor 

Oral Rat Acute Toxicity 

(LD50) (mol/kg) 

Oral Rat Chronic Toxicity 

(LOAEL) (log mg/kg_bw/day) 

Hepato- 

toxicity 

Skin Sen- 

sitisation 

T.Pyriformis 

toxicity (log ug/L) 

Minnow toxicity 

(log mM) 

Quercetin (flavonoid) No 0.499 No No 2.471 2.612 No No 0.288 3.721 

Nimbosterol ( β- sitosterol) No −0.621 No Yes 2.552 0.855 No No 0.83 −1.802 

Nimbolide No −0.476 No No 2.374 1.554 No No 0.328 0.318 

Palmitic acid No −0.708 No No 1.44 3.181 No Yes 0.84 −1.083 

Oleic acid No −0.81 No No 1.417 3.259 No Yes 0.676 1.438 

Linoleic acid No −0.827 No No 1.429 3.187 Yes Yes 0.701 −1.31 

Margocin No −0.144 No No 1.935 1.972 No No 2.686 −0.058 

Nimbidiol No −0.434 No No 2.4 2.174 No No 1.36 0.805 

Nimbione No −0.514 No No 2.279 1.618 No No 1.722 0.939 

Azadiradione No −0.224 No Yes 2.677 0.391 No No 0.364 −0.253 

Fraxinellone No 0.557 No No 2.57 1.913 No No 0.821 0.9 

Salannin No −0.378 No No 2.825 1.066 Yes No 0.286 0.656 

Salannol No −0.482 No No 2.817 1.377 No No 0.297 0.203 

Vepinin No −0.132 No No 2.77 0.092 No No 0.317 0.026 

Azadirone No −0.295 No No 2.472 1.174 No No 0.444 −0.658 

Gedunin No −0.736 No No 2.998 0.195 No No 0.291 0.456 

Azadirachtin H No −1.12 No No 3.71 2.858 No No 0.285 9.192 

Nimbin No −0.371 No No 2.48 1.57 No No 0.295 1.269 

Desacetylgedunin No −0.671 No No 2.907 1.448 Yes No 0.307 0.121 

Chloroquine Yes −0.167 No Yes 2.85 1.026 Yes No 1.558 0.747 

Hydroxychloroquine Yes −0.091 No Yes 2.656 1.407 Yes No 1.061 1.325 

Remdesivir No 0.15 No Yes 2.043 1.639 Yes No 0.285 0.291 

Ribavirin No 1.011 No No 1.988 3.096 No No 0.285 4.626 

Favipiravir No 1.291 No No 1.941 2.023 No No 0.099 3.407 

Ritonavir No 0.096 No Yes 2.703 2.231 Yes No 0.285 1.787 

Nitazoxanide Yes 0.761 No No 2.399 0.945 Yes No 0.409 1.163 

5
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Fig. 2. Docked structure of DCG with PLpro. 
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.3. Analysis of MD simulations 

The structural trajectories for PLpro-DCG systems were cal- 

ulated using trjconv tool. To re-center the protein and other 

olecules within the cubical box, the same tool was used. gmx 

nergy tool was used to calculate the van der Waals interaction, 

onformational energy etc. xmgrace tool was used to plot RMSD, 

MSF, Radius of gyration and solvent accessible surface area (SASA) 

lots. 

. Results and discussion 

.1. Molecular docking studies 

19 major compounds found in different parts of Neem are cho- 

en to analyze their potential inhibitory capacity against PLpro of 

orona virus. Table 1 lists the binding affinities of these compounds 

long with their molecular formula and structure. The highest 

inding affinity was obtained as −7.3 Kcal/mol for desacetylge- 

unin (DCG) against PLpro. 

Table 2 shows the binding affinities of some well known poten- 

ially active drugs against PLpro. It is clear from the Table 1 and 

 that desacetylgedunin showed higher binding affinity than all the 

nown and active drugs used. 

Furthermore to predict the toxicity level of the studied com- 

ounds, we have performed standard absorption-distribution- 

etabolism-excretion (ADME) toxicity analysis by pkCSM online 

erver [25] . 

Prediction of ADME- Evaluation of pharmacokinetic properties 

f the studied compounds suggests that they are effectively ab- 

orbed by the gastro-intestinal part with low blood-brain-barrier 

BBB) permeability value and these drugs do not affect CYP2D6 

ubstrate, CYP2C9 inhibitor and CYP2D6 inhibitor cytochromes. 

kin permeability for these compounds is found to be between 

2.314 to −3.599 units. The toxicity table is shown in Table S1. 
6 
Prediction of toxicity- All compounds show negative Ames 

oxicity and none of them have shown hERGI inhibition activity. 

he LD 50 values of the studied compounds are between 1.417 and 

.71 mol/kg. The chronic oral rat toxicity (LOAEL) values lie be- 

ween 0.391 and 3.259 (log mg/kg_bw/day). Most of the Neem ex- 

racts do not show hepatotoxicity. Few of the compounds show 

kin sensitization. T. pyriformis and minnow toxicity values are tab- 

lated in Table 3 . 

From the above analysis it is clear that the studied compounds 

f Neem extract showed low toxicity level compared to standard 

nti-COVID-19 drugs. From the binding affinity and toxicity level 

nalysis we have selected desacetylgedunin (DCG) for further anal- 

sis. Fig. 1 represents docked cavities of Neem compounds against 

Lpro with high binding affinity. 

From Table 1 it is clear that DCG has the highest docking score 

o the binding sites and the 2D-contour plot of DCG against PLpro 

re shown in Fig. 2 . 

Fig. 2 illustrates the docked structure of DCG with PLpro along 

ith the neighbouring residues interacting with it at the left panel 

nd the type of interactions of the protease and target drug at 

he right panel. In the stable conformation of the docked struc- 

ure, there are three H-bonding interactions. Along with that, dom- 

nant electrostatic interaction and van der Waal interactions are 

lso present. This was the starting point of molecular dynamics 

imulation to investigate the interaction between PLpro and DCG 

n greater detail. 

Evolution of root mean squared deviations (RMSD) of PLpro 

lone and with DCG is shown in Fig. 3 . After 40 ns, the RMSD fluc-

uation of PLpro-DCG becomes much more prominent indicating 

uge conformational and structural changes of the docked struc- 

ure. We note that the fluctuation is maximized at 100 ns which 

s reflected from the structural changes as discussed in Fig. 6 . 

ost MD-simulation docking analysis with PLpro, captured for each 

0 ns was also performed to understand the binding affinity of 

CG against PLpro during MD trajectory which is shown in Table 4 . 
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Fig. 3. Root mean square deviation (RMSD) plot of PLpro, DCG and PLpro + DCG. 

Table 4 

Docking score analysis during MD- 

simulation between DCG and PLpro after 

each 10 ns period. 

Time (ns) Docking score (Kcal/mol) 

10 −7.2 

20 −6.7 

30 −6.9 

40 −7.2 

50 −6.8 

60 −7.2 

70 −6.7 

80 −6.9 

90 −6.8 

100 −6.4 

−
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Fig. 4. Root mean square fluctuation (RMSF) of PLpro in docked and undocked 

state. 
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During MD-simulation the binding affinity ranges from −7.2 to 

6.4 Kcal/mol. This clearly shows the prominent effect of the drug 

ithin the PLpro cavity. 

Fig. 4 represents the root mean square fluctuations (RMSF) 

f PLpro before and after docking with DCG during MD simu- 

ation. It is clear that the fluctuation of the docked structure is 

ore compared to the undocked structure, similar to the RMSD 

lot ( Fig. 3 ). In the undocked PLpro, fluctuations arise more in 

esidues such as ARG82, LYS190, GLN194, HIS255. In the docked 

Lpro, more fluctuations are seen in residues e.g. ARG3 to THR54, 

YS94, LYS126, PHE127, ASN128, LYS228, TYR268, GLN269, CYS270, 

LY271, TYR305. It is clear that there is higher fluctuation in the 

ocked vis-a-vis undocked PLpro. In other words, the docked PL- 
Fig. 5. Radius of Gyration of undocked and docked PLpro (a) and solvent ac

7 
ro structure is less stable compared to the undocked structure, as 

bserved from the RMSD plot. 

Fig. 5 a illustrates how the radius of gyration of PLpro changes 

ith time before and after docking with DCG. Radius of gyration is 

 measure of compactness of a system. From Fig. 5 a, it is clear that

he docked structure is less compact compared to the undocked 

ne. From the beginning of the simulation process it is concluded 

rom Fig. 5 a that the docked structure has lesser compactness com- 

ared to undocked one and at the end of simutation higher fluc- 

uation indicates loss of compactness. This is in agreement with 

revious observations. Fig. 5 b indicates the change in solvent ac- 

essible surface area (SASA) with time of the two structures. Here 

lso, the values fluctuate more in case of docked structure. SASA 

alues of undocked PLpro seem to remain a little less than that of 

he docked structure, indicating less compactness of the latter. 

Conformational energy, number of H-bonds and average H-bond 

istance of undocked and docked PLpro are presented in Table 5 . 

reater conformational energy in the composite system suggests 

reater flexibility of it in comparison to PLpro alone. The num- 

er of H- bonds increases in the docked structure vis-a-vis the 

ndocked one. The average H-bond distance becomes shorter in 

ocked structure after MD. 

Fig. 6 indicates structural changes after each 10 ns period in 

ndocked (brown) and docked (sky blue) PLpro during MD simu- 

ation. It is observed that DCG creates a noticeable structural de- 

ormation in chain A of PLpro to destabilize its structure. Huge im- 

act of DCG is seen after 40 ns of docked structure as compared 

o undocked one during the simulation as shown in the Fig. 6 . 

he structures of PLpro and PLpro-DCG complex are seen to alter 
cessible surface area (SASA) plot for undocked and docked PLpro (b). 
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Table 5 

Conformational energy and number of H-bonds along with average distances in undocked and docked PLpro. 

System Conformational Energy (kJ/mol) Number of H-bond Average distance ( ̊A) of H-bond 

PLpro 18,034.873 248 2.047 

PLpro + DCG 18,511.076 258 2.038 

Fig. 6. Structural changes during MD-simulation of undocked (brown) and docked (sky blue) PLpro. 
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fter each 10 nanosecond. After 40 ns of MD simulation, confor- 

ational change of docked structure is noticeable in concordance 

ith Fig. 3 . From the above analysis, we can conclude that while 

ocking takes place in the first few nanoseconds, destabilization of 

he docked structure takes place from 40 ns onwards. 

. Conclusion 

The inhibitory effect of several molecules extracted from Neem 

 A. Indica ) on PLpro protein of the SARS-CoV-2 (COVID-19) has 

een studied in the present work. All the 19 molecules studied 

howed potential docking ability with PLpro, along with toxicity 

nd other values, while being nontoxic themselves, in compari- 
8 
on with 7 drugs currently being tested against COVID-19. Among 

hem, desacetylgedunin (DCG) gives the highest docking score. 

olecular dynamics study reveals that there is a large impact on 

Lpro structure by DCG. Bonding between the two is facilitated 

y H-bonds, electrostatic and van der Waals interactions. Deforma- 

ion of PLpro structure upon docking with DCG is confirmed from 

MSD, RMSF, SASA plots, as well as from direct comparison be- 

ween resulting structures of MD-simulation of PLpro-DCG vs PL- 

ro after every nanosecond. Based on the results, it can be said 

hat DCG causes a huge impact on PLpro upon binding with the 

atter. This calls for further investigation on the system, as well as 

ith other molecules of Neem extract on other aspects of COVID- 

9. 
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