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A B S T R A C T   

The ongoing COVID-19 pandemic demands a novel approach to combat and identify potential therapeutic tar
gets. The SARS-CoV-2 infection causes a hyperimmune response followed by a spectrum of diseases. Limonoids 
are a class of triterpenoids known to prevent the release of IL-6, IL-15, IL-1α, IL-1β via TNF and are also known to 
modulate PI3K/Akt/GSK-3β, JNK1/2, MAPKp38, ERK1/2, and PI3K/Akt/mTOR signaling pathways and could 
help to avoid viral infection, persistence, and pathogenesis. The present study employs a computational approach 
of virtual screening and molecular dynamic (MD) simulations of such compounds against RNA-dependent RNA 
polymerase (RdRp), Main protease (Mpro), and Papain-like protease (PLpro) of SARS-CoV-2. MD simulation, 
Molecular Mechanics Poisson-Boltzmann Surface Area (MM/PBSA), and Essential dynamics revealed that the 
macromolecule-ligand complexes are stable with very low free energy of binding. Such compounds that could 
modulate both host responses and inhibit viral machinery could be beneficial in effectively controlling the global 
pandemic.   

1. Introduction 

Covid-19 is caused by a recently discovered coronavirus SARS-CoV- 
2. SARS-CoV-2 emerged in Wuhan, China, belongs to the Coronaviridae 
family [1]. These are spherically enveloped particles, enclosed within a 
nucleocapsid containing a large single-stranded positive-sense RNA [2]. 
These viruses are known to infect both avian and mammalian species 
[2]. There are seven variants of coronaviruses that are known to infect 
humans: HCoV-229E, HCoV-NL63, HCoV-OC43, HCoV-HKU1, 
SARS-CoV-1, MERS-CoV, and SARS-CoV-2 [3]. These viruses are rapidly 
evolving because of their high recombination rates and some of them are 
highly pathogenic and well capable of causing a global pandemic [4,5]. 

Most of the people with COVID-19 remain asymptomatic or develop 
mild symptoms, about 10–20% (especially older people, those with 
compromised immune system, people under medical intervention) develop 
a spectrum of symptoms of pneumonia, acute respiratory distress syndrome 
(ARDS), sepsis, intravascular coagulation, lung fibrosis, multiorgan failure, 
and death in a few cases [6–8]. As the hyperimmune response is the pri
mary reason for the lethality caused by SARS-CoV-2, immune-modulation 
is a highly potent therapeutic target in COVID-19 disease progression 
[9–11]. In this context, the anti-inflammatory properties of limonoids are 

well studied [12,13]. Limonoids are a class of tetranortriterpenoids and 
have recently been identified for their wide range of biological activities, 
including anticancer, antibacterial, antifungal, insecticidal, antidiabetic, 
antimalarial, and antiviral activities, and also as immunomodulators 
[14–17]. Oleanolic acid, Azadirachtins, and other Triterpenoids can inhibit 
Cathepsin-L, a protease involved in processing Spike glycoprotein of 
SARS-CoV-2 (Fig. 1) [18–20]. Most of the Limonoids (Azadirachtins, 
Epoxyazadiradione, and Nomilin) extracted from leaves of neem and lemon 
seeds are reported to prevent the activation of the tumor necrosis factor 
(TNF via TNFR1 and TNFR2), NF-κB, and COX-2 [21]. Thereby preventing 
the release of interleukin IL-6, IL-1α, IL-1β, IL-15 (Fig. 2). Azadirachtins 
have been shown to inhibit the pro-inflammatory response through a novel 
pathway, which could be beneficial in combating inflammatory responses 
[21,22]. 

The persistent infection of SARS-CoV is established through JNK, PI3K/ 
Akt/GSKβ, and p38 MAPK signaling pathways [23,24]. Upon infection 
with SARS-CoV, a cascade of signaling pathways including, c-Jun N-ter
minal protein kinase JNK and PI3K/Akt/GSKβ, Mitogen-activated protein 
kinases (MAPK), extracellular signal-related kinase (ERK) 1/2, and p38 
MAPK are phosphorylated expressing Bcl-2 and Bcl-xL preventing the 
apoptosis of the infected cells [25–27]. Nucleocapsid (N) protein plays an 
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important role in the phosphorylation of Akt and JNK, which in turn is 
phosphorylated by GSK3 [28]. Inhibitors of Akt and JNK, lead to the 
apoptotic death of the infected cells and, inhibition of GSK3 was shown to 
inhibit viral replication [28]. Limonoids from neem extracts (nimbolide), 
Withania somnifera (Withaferin A), and citrus limonoid glucosides are 
known to inhibit cytoprotective autophagy and promote apoptosis of 
infected cells by modulating PIK3/Akt/GSK-3β, p38 MAPK, JNK1/2, and 
ERK ½, signaling pathways [21,29,30] (Fig. 3). Therefore, such compounds 
may prove to be potential anti-coronaviral compounds to tackle the 
persistent infection and replication of SARS-CoV-2 by promoting apoptosis 
of infected cells. 

RNA viruses are prone to high mutation rates, this drives genome 
variability leading to the evolution of viruses capable of immunoevasion 
[8]. The genome of human corona-viruses is highly similar to the 
corona-viruses found in other organisms [31]. The high mutation rates and 
high recombination rates, increases the risk of animal-human transmission 
and also increases the possibility of the emergence of more pathogenic 

variants of the virus in the future [8,32,33]. Whereas host proteins are 
evolutionarily conserved, and viruses depend on these proteins for infec
tion, multiplication, and pathogenesis. Thus, targeting host proteins 
involved in viral replication or virus-derived host response are potential 
therapeutic candidates, and the compounds that could modulate both the 
host response and target viral duplication machinery could be important to 
control the global pandemic effectively. 

We commenced our study by investigating the mechanism of infection, 
propagation and, pathogenesis of coronaviruses. Then, compounds of plant 
origin with potential anti-inflammatory properties, inhibit cytoprotective 
autophagy and promote apoptosis of infected cells were identified with the 
aid of literature. These compounds are reported to modulate PI3K/Akt/GSK- 
3β, JNK1/2, MAPKp38, ERK1/2, and PI3K/Akt/mTOR signaling pathways, 
Which are critical for the establishment of covid-19. The identified com
pounds belonged to a class of triterpenoids called limonoids. Later these 
compounds (azadirachtins and ceramicines) and structurally similar ste
roidal lactones called withanolides were screened for their therapeutic 

Fig. 1. Mode of Entry of SARS-CoV-2 and inhibition by triterpenoids: SARS-CoV-2 is believed to enter via endosomal dependent and independent pathways. While 
the main mode of entry is by clatherin mediated endocytosis followed by the formation of double-membrane vesicles and autophagy. Triterpenoids like oleanolic acid 
are known to inhibit Cathepsin-L and like chloroquine, some limonoids are known to inhibit Autophagy. 

Fig. 2. TNF signaling pathway and Limonoids: Limonoids are known to prevent the release of proinflammatory cytokines via Nf-κB, JNK1/2, P38, and ERK1/2 
signaling pathways. 
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potential against the SARS-CoV-2 main duplication machinery RdRp, Mpro, 
and PLpro using Autodock Vina module of PyRx 0.8 [34]. The compounds 
that returned good binding affinity were re-docked and re-scored using 
Autodock [35]. The protein-ligand complexes with the best free energy of 
binding were subjected to Molecular Dynamic (MD) simulations, essential 
dynamics, and Molecular Mechanic/Poisson-Boltzmann Surface Area 
(MM/PBSA) to investigate the structural dynamics, stability, and binding 
affinity. The 2D structures of the top hits are included in Table 1. 

2. Methods 

2.1. Virtual screening 

PyRx is a virtual screening tool with an inbuilt OpenBabel module for 
ligand processing and AutoDock Vina module for docking and scoring. The 
3D conformers of ligands were downloaded from the ChEBML database 
[ChEMBL: a large-scale bioactivity database for drug discovery] and loaded 
in PyRx using the OpenBabel module. The conjugate gradient algorithm 
was implied for energy minimization using Universel Force Field (UFF). 
The energy minimized structures were converted to pdbqt format. The 
SARS-CoV-2 RdRp in complex with cofactors (PDB ID: 6M71) was prepared 
by removing the cofactors (nsp 7 & nsp 8) and remodelling nsp 12 using 
swiss model portal and 6M71 as template [36]. Crystal structure of Mpro 
(PDB ID: 6LU7) was prepared by removing waters and the ligand N3. PLpro 
(PDB ID: 6W9C) was downloaded from the PDB database and was prepared 
for docking by removing the heteroatoms and extra chains from the 
structure [37,38]. The grid box dimensions and center points of RdRp, 
PLpro, and Mpro are mentioned in Table S1. Total 9 different docking poses 
were generated and analyzed based on the interactions and the binding 
affinity with protein. 

2.2. Molecular docking 

AutoDock Tools was used for molecular docking of azadirachtins, 
ceramicines, and withanolides with RdRp, Mpro, and PLpro [35]. The 
hydrogen atoms and gasteiger charges were added and saved in pdbqt 
format. The molecular grid was set in between motif A (612–626) and motif 
G (499–511) covering the catalytic core of RdRp [39]. For PLpro the grid 
was set around the S3 and S4 pocket that opens into the active site. For 
Mpro the grid was set in between domains 1 and 2 covering the catalytic 
dyad of His41 and Cys145 [40]. The details of the grid are mentioned in 
Table S1. The Lamarckian genetic algorithm was used to generate 25 
docked conformations of each ligand. The results were analyzed using the 
Discovery studio visualizer [41]. 

Fig. 3. PI3K-AKT signaling pathway: SARS-CoV-2 prevents the apoptosis of infected cells by phosphorylation of AKT/JNK by N-protein and p38 by 7a. Limonoids are 
known to promote apoptosis of infected cells by modulating Nf-κB, and AKT/JNK/p38 pathways. 

Table 1 
2D structures of lead molecules selected for molecular simulation studies.  

S.No. ChEMBL id 2D Structure 

1. CHEMBL502955 

2. CHEMBL2335028 

3. CHEMBL4215430 

4. CHEMBL2288848 

5. CHEMBL2335026 

6. CHEMBL488913 
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2.3. Molecular dynamic simulations 

The molecular dynamics simulations were performed to explore the 
structural and conformational stability of protein and protein-ligand 
complexes. These macromolecules were subjected to molecular dy
namics using the GROMOS96 43a1 force field in GROMACS 2019.5 and 
the topology of the ligands was generated using PRODRG online server 
[42–45]. The systems were solvated using simple point charge (SPC) 
water model in a cubic box with a minimum distance of 1 nm from the 
edge of the protein. The counterions 13Na+, 4Na+and 3Cl- were added 
to RdRp, Mpro and PLpro respectively; to maintain the overall neutrality 
of the system. The steric clashes were dealt with the steepest descent 
minimization algorithm, carried for 50,000 steps with a maximum force 
of 10 kJmol-1. The systems were equilibrated using NVT and NPT for 100 
ps of position restrain. Periodic boundary conditions were employed at a 
constant temperature of 300 K and 1 atm pressure using the V-rescale 
temperature coupling method and Parrinello-Rahman coupling method, 
respectively. The Particle Mesh Ewald method was used for computing 
the long-range electrostatic interactions [46]. Finally, the leap-frog al
gorithm was employed to carry out the 50 ns of production dynamics for 
the equilibrated system [47]. The generated trajectories were used to 
monitor the structural deviations and fluctuations of the protein and 
protein-ligand complexes [48,49]. Linear Constraint Solver (LINCS) al
gorithm was used to constrain the bond lengths of heavy atoms [50]. The 
short-range forces were calculated with a minimum cutoff set to 1.2 nm 
using verlet cutoff scheme [51]. The relative root mean square deviation 
(RMSD) with respect to the initial reference trajectory was calculated 
using g_rms. The flexibility of the Cα backbone atoms of each residue of 
native proteins, and in complex with ligands were studied through the 
root mean square fluctuations (RMSF) using g_rmsf. These values were 
further compared with the RMSF calculated from the experimental 
B-factor values [52]. The g_hbond tool in GROMACS was used to 

calculate the number of hydrogen bonds between the protein-ligand 
complexes during the 50 ns of molecular simulation. 

2.4. Essential dynamics 

The relative conformational dynamics and atomic fluctuations of the 
functionally relevant substructures in the native and ligand-bound forms 
were studied using PCA [53,54]. The trajectories generated during the 
molecular dynamics simulation of 50 ns were used for PCA analysis. A 
cross-correlation matrix was developed by removing the translational 
and rotational movements and monitoring the relative Cα backbone 
atomic fluctuations. The generated eigenvalues represent the energetic 
contribution from the corresponding principal component (PC), while 
the vector represents the direction of motion. The projected eigenvalues 
and eigenvectors were analyzed to determine the overall flexibility of 
protein. 

2.5. Binding free energy calculations using MM/PBSA 

Molecular Mechanics Poisson-Boltzmann Surface Area (MMPBSA) 
was used to calculate the free energy of binding (ΔG) of a small molecule 
bound to a macromolecule using g_mmpbsa. ΔG is calculated based on 
the difference in free energy between bound ligand-macromolecule 
complex and the ligand and macromolecule in the unbound state, as:  

ΔG = (GLigand-Macromolecule) - GLigand - GMacromolecule.                                  

MM/PBSA was performed over a total of 1000 snapshots, generated 
at every 10 ps from the final 10 ns of molecular dynamics using a one 
step calculation method as described earlier [55–57]. 

Table 2 
Virtual screening and Molecular docking of azadirachtins, ceramicines, and withanolides with SARS-CoV-2 RNA dependent RNA polymerase (RdRp), Main protease 
(Mpro), and Papain-like protease using PyRx and AutoDock Tools.  

S.No. CHEMBL id Common Name AutoDock Vina (kcal/mol) AutoDock Tools (kcal/mol) Estimated Ki 

1. RdRp-CHEMBL502955 Azadirachtin-Q − 8.3 − 10.4 22.01 nM 
2. RdRp-CHEMBL508913 Azadirachtin-M − 8.0 − 10.7 14.72 nM 
3. RdRp-CHEMBL2288846 Azadirachtin-B − 7.8 − 10.4 22.01 nM 
4. RdRp-CHEMBL2335024 Ceramicine-F − 8.8 − 9.8 66.85 nM 
5. RdRp-CHEMBL2335026 Ceramicine-H − 8.2 − 10.9 9.92 nM 
6. RdRp-CHEMBL2335028 Ceramicine-J − 7.8 − 8.2 1.06 μM 
7. RdRp-CHEMBL515208 Ceramicine-B − 8.0 − 13.7 89.03 pM 
8. RdRp-CHEMBL4211870 Withanolide − 8.6 − 10.7 13.42 nM 
9. RdRp-CHEMBL4211019 Withanolide − 8.4 − 10.9 10.19 nM 
10. RdRp-CHEMBL4215430 Withanolide − 8.3 − 8.7 452.26 nM 
11. RdRp-CHEMBL1097107 Withanolide − 8.4 − 10.9 10.32 nM 
12. Mpro-CHEMBL506084 Azadirachtin-A − 8.2 − 12.3 919.71 pM 
13. Mpro-CHEMBL502955 Azadirachtin-Q − 7.3 − 13.2 213.39 pM 
14. Mpro-CHEMBL2272994 Azadirachtin-H − 7.5 − 13.0 307.24 pM 
15. Mpro-CHEMBL2288847 Azadirachtin-D − 7.1 − 12.2 1.12 nM 
16. Mpro-CHEMBL2335027 Ceramicine-I − 7.6 − 11.2 6.62 nM 
17. Mpro-CHEMBL2335028 Ceramicine-J − 9.2 − 11.3 5.0 nM 
18. Mpro-CHEMBL2335026 Ceramicine-H − 7.6 − 13.2 218.05 pM 
19. Mpro-CHEMBL457896 Ceramicine-A − 7.9 − 10.5 19.37 nM 
20. Mpro-CHEMBL4215430 Withanolide − 7.0 − 9.0 257.64 nM 
21. Mpro-CHEMBL2333675 Withanolide − 8.4 − 13.8 71.14 pM 
22. Mpro-CHEMBL4288984 Withanolide − 8.3 − 12.2 1.07 nM 
23. PLpro-CHEMBL2272994 Azadirachtin-H − 7.2 − 11.2 6.54 nM 
24. PLpro-CHEMBL2288848 Azadirachtin-I − 7.9 − 10.6 15.69 nM 
25. PLpro-CHEMBL502955 Azadirachtin-Q − 6.5 − 9.4 132.37 nM 
26. PLpro-CHEMBL509309 Azadirachtin − 6.9 − 9.0 264.67 nM 
27. PLpro-CHEMBL515521 Ceramicine-D − 7.9 − 10.0 45.31 nM 
28. PLpro-CHEMBL2335026 Ceramicine-H − 7.4 − 9.4 136.83 nM 
29. PLpro-CHEMBL2335027 Ceramicine-I − 7.6 − 9.5 116.86 nM 
30. PLpro-CHEMBL1222037 Withanolide − 8.4 − 10.1 40.44 nM 
31. PLpro-CHEMBL4288984 Withanolide − 8.3 − 10.6 17.66 nM 
32. PLpro-CHEMBL488913 Withanolide − 7.8 − 7.6 2.45 μM 
33. PLpro-CHEMBL4211870 Withanolide − 7.6 − 6.2 30.32 μM  
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3. Results 

3.1. Virtual screening 

Virtual screening of azadirachtins, ceramicines, and withanolides 
were done against RdRp, PLpro, and Mpro. In RdRp, AutoDock Vina 
results showed that all the screened molecules bind in a similar mode 
with a binding affinity in the range of − 8.6 to − 7.8 kcal/mol (Table 2). 
Screened azadirachtins, ceramicines, and withanolides bound at the 
substrate-binding pocket of Mpro with a binding affinity of − 9.2 to − 7.0 
kcal/mol (Table 2). The compounds were estimated to bind within the 
S3-S4 subsites of SARS-CoV-2 PLpro. The binding affinity of ligands with 
PLpro is mention in Table 2. Three molecules from each class exhibit the 
highest binding affinities with macromolecules were considered for 
molecular docking. 

3.2. Molecular docking 

Molecular docking of screened compounds with protein receptors 
was done using AutoDock Tools. Molecular docking results illustrated 
that ligands bound at the active site involved Lys545, Arg553, Arg555, 
Asp623, Asp760, and Asp761 residues of RdRp with a binding affinity in 
the range of that − 13.7 to − 8.7 kcal/mol, as shown in Fig. 4 and Table 2. 
Fig. 5 shows that azadirachtin, ceramicine, and withanolide interact 
with the catalytic triad (His41 Cys145 and Gln189) of Mpro. The other 
residues such as Thr24, Thr25, Thr26, Cys 44, Thr45, Ser 46, Met49, Leu 
141, Asn 142, Gly 143, Ser 144, His 164, Met 165, Glu 166, Arg 188, 
Thr190 also played a major role in the binding of ligands with Mpro [40, 
58]. CHEMBL2333675 (withanolide) and CHEMBL457896 (ceram
icine-A) predicted the highest and least binding affinity of − 13.8 and 
− 10.5 kcal/mol, respectively, as shown in Table 2. Azadirachtin, 
ceramicine, and withanolide bind with amino acid residues (Trp 106, 

Fig. 4. The predicted binding mode of ligands with RNA Dependent RNA Polymerase (RdRp). 2D representation of the molecular interactions of azadirachtins, 
ceramicines, and withanolides with RdRp. 
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Fig. 5. 2D representation of interactions between azadirachtin, ceramicine, and withanolide with Mpro.  
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Lys 157, Leu 162, Gly 163, Asp 164, Arg 166, Glu 167, Pro247, Pro248, 
Tyr264, Tyr267, Tyr268, Tyr273, Thr301, and Thr302) of PLpro, as 
shown in Fig. 6. In Table 2, it can be seen that all the ligands with PLpro 
exhibit binding affinity in the range of − 11.2 to − 6.2 kcal/mol. Overall, 
molecular docking results suggested that azadirachtin, ceramicine, and 
withanolide can bind with a considerable binding affinity at the critical 
sites of RdRp, Mpro, and PLpro. 

3.3. Molecular dynamics results 

3.3.1. RMSD analysis 
The RMSD plot shows that the RdRp-CHEMBL502955, RdRp- 

CHEMBL2335028, and RdRp-CHEMBL4215430 complexes are 
comparatively more stable with an average deviation of 0.35 nm, 0.41 
nm, and 0.37 nm, respectively (Fig. 7A). The Apo-RdRp had an average 
RMSD of 0.46 nm with deviations not exceeding 0.6 nm (Table 3). Apo- 
Mpro had a steady run with an RMSD ranging between 0.2 and 0.35 nm 

Fig. 6. Docking interactions analysis of ligands with Papain like protease (PLpro). 2D illustrative representation of azadirachtins, ceramicines, and withanolides 
with PLpro. 
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Fig. 7. Root mean square deviation (RMSD) plots of RdRp, Mpro, and PLpro in apo forms, and with ligand-bound for the molecular simulation of 50 ns. A) Apo- 
RdRp, RdRp-CHEMBL502955, RdRp-CHEMBL2335028, and RdRp-CHEMBL4215430 complexes; B) Apo-Mpro, Mpro-CHEMBL502955, Mpro-CHEMBL2335028, 
and Mpro-CHEMBL4215430 complexes; and C) Apo-PLpro, PLpro-CHEMBL228848, PLpro-CHEMBL2335026, and PLpro-CHEMBL488913 complexes. 

Table 3 
The average RMSD and RMSF of the protein-ligand complexes for the duration of molecular simulation of 50 ns.  

S.No. Macromolecule Average RMSD (nm) Average RMSF (Å) Average no. of H-bond 

1 Apo-RdRp 0.46 1.7  
2 RdRp-CHEMBL502955 0.35 1.5 4.55 
3 RdRp- CHEMBL2335028 0.41 1.5 1.52 
4 RdRp- CHEMBL4215430 0.37 1.6 2.68 
5 Apo-Mpro 0.25 1.3  
6 Mpro- CHEMBL 502955 0.28 1.4 3.55 
7 Mpro-CHEMBL2335028 0.25 1.4 2.43 
8 Mpro-CHEMBL4215430 0.30 1.4 2.36 
9 Apo-PLpro 0.31 1.6  
10 PLpro-CHEMBL2288848 0.29 1.3 0.93 
11. PLpro- CHEMBL2335026 0.28 1.4 1.23 
12. PLpro-CHEMBL488913 0.32 1.5 1.06  
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(Fig. 7B). Mpro-CHEMBL502955, Mpro-CHEMBL2335028, and Mpro- 
CHEMBL4215430 complexes were stable after 20 ns with an average 
magnitude of deviations 0.28, 0.24, and 0.3 nm respectively, as shown in 
Table 3. In the case of PLpro, Apo-PLpro and the ligand-bound forms 
deviate by a similar extent and the deviations range between 0.2 and 0.5 
nm with an average deviation of 0.32 nm and 0.28 nm respectively, as 
shown in Fig. 7C and Table 3. 

3.3.2. RMSF calculations 
The RMSF reflects the stability and mobility of a particular residue 

about its mean position. The flexibility patterns of the backbone atoms 
of each residue of native proteins and in complex with ligands were 
studied through RMSF analysis. The ligand-bound RdRp complexes were 
relatively more stable near the N-terminal β-hairpin (Asp29-Lys50), the 
nidovirus RdRp-associated nucleo-tidyltransferase (NiRAN) domain 
(Asp60-Arg249), and the fingers subdomain (Leu366-Ala581), and the 
magnitude of fluctuations were higher at the interface domain (Ala250- 
Arg365), the finger subdomain (Lys621-Gly679), and the palm sub
domain (Thr582-Pro620, Thr680-Gln815) compared to the Apo-RdRp 
(Fig. 8A). The Mpro-CHEMBL502955, Mpro-CHEMBL2335028, and 
Mpro-CHEMBL4215430 had a stable run. The major contribution com
ing from the N and C-termini loops. The 310 helix formed by the 

TSEDMLN (45–51) is more stable in protein-ligand complexes than that 
in Apo-Mpro (Fig. 8B). The Apo-PLpro, PLpro-CHEMBL2288848, PLpro- 
CHEMBL2335026, and PLpro-CHEMBL488913 showed minimal fluc
tuations with an average RMSF of 1.6 Å, 1.3 Å, 1.4 Å, and 1.5 Å 
respectively (Table 3). The Beta-Loop-2(BL2) (G266-G271) in holo form 
showed much lower structural flexibility and greater stability than Apo- 
PLpro throughout the 50 ns MD run (Fig. 8C). The RMSF values for the 
simulated structures are also in good qualitative agreement with that of 
the RMSF calculated from the experimental B-factor values (Figure S1). 

3.3.3. Hydrogen bond analysis 
Hydrogen bonding is a critical driving force defining the stability and 

flexibility of the ligands in protein-ligand complexes. The protein-ligand 
complexes are stabilized by van der Waals, electrostatic and hydro
phobic interactions in addition to classical and non-classical hydrogen 
bonds. The number of hydrogen bonds stabilizing protein-ligand com
plexes were maintained throughout the 50 ns of MD run (Fig. 9). The 
average number of hydrogen bonds in RdRp-CHEMBL502955 (Azadir
achtin-Q), RdRp-CHEMBL2335028 (Ceramicine-J), and RdRp- 
CHEMBL4215430 (Withanolide) were 4.55, 1.52, and 2.68, respec
tively. In Mpro-CHEMBL502955, Mpro-CHEMBL2335028, Mpro- 
CHEMBL4215430 were 3.55, 2.43, and 2.36, respectively and in 

Fig. 8. RMSF graphs of: A) Apo-RdRp and RdRp-ligand complexes; B) Apo-Mpro and Mpro-ligand complexes; and C) Apo-PLpro and PLpro-ligand complexes for the 
duration of 50 ns of molecular dynamics. 
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PLpro-CHEMBL2288848 (Azadirachtin-I)PLpro-CHEMBL2335026 
(Ceramicine-H), and PLpro-CHEMBL488913 (Withanolide-F) were 0.93, 
1.23, and 1.06, respectively (Table 3). 

3.4. Essential dynamics 

The principal component analysis was carried out on the MD tra
jectories of apo and ligand forms of all the proteins to study the relative 
molecular motions of functionally significant substructures. The traces 
of the covariance matrix for Apo-RdRp, RdRp-CHEMBL502955, RdRp- 
CHEMBL2335028, RdRp-CHEMBL4215430 before diagonalization was 
calculated as 104.6, 75.4, 72.4, and 86.9 nm2, respectively. Apo-PLpro, 
PLpro-CHEMBL2288848, PLpro-CHEMBL2335026, and PLpro- 
CHEMBL488913 showed as 29.9, 17.7, 24.4, and 20.5 nm2, respec
tively. The plot of the first 10 eigenvalues against eigenvector indices 
produced by diagonalization of the covariance matrix shows that the 
eigenvalues of Apo-RdRp and PLpro are much higher than the ligand- 
bound forms. This signifies that the Apo-RdRp and PLpro are energeti
cally less favorable and structurally more dynamic than the ligand- 
bound forms (Fig. 10A, Fig. 10E). These observations are supported by 

the plot of PCs, eigenvalues (EV1 and EV2) subjected in a phase space 
where the scattering of atoms in Apo-RdRp and PLpro occupy much 
higher conformational space than in complex with ligands (Fig. 10B and 
10F). Most of the collective movements in Apo-RdRp are contributed 
from (NiRAN) domain (Asp60-Arg249) and the fingers subdomain 
(Leu366-Ala581) (Fig. 11). In Apo-PLpro, the C-terminal residues of 
finger subdomain (Tyr310-Lys315) are highly flexible, and the BL2 loop 
(Gly266-Gly271) in ligand-bound PLpro has more confined conforma
tions, as shown in (Fig. 13). These observations are in agreement with 
the RMSF calculations discussed earlier. The covariance matrix in Apo- 
Mpro, Mpro-CHEMBL502955, Mpro-CHEMBL2335028, and Mpro- 
CHEMBL4215430 was 18.4, 19.7, 19.6, and 23.5 nm2, respectively. 
Ligand bound Mpro has higher eigenvalues and appears to occupy a 
larger conformational space, the reason being the flexibility of the ter
minal residues in holo forms (Fig. 10C). These assumptions are well 
supported by the RMSF calculations (Fig. 8). Although ligand-bound 
Mpro appears to occupy higher conformational space, the TSEDMLN 
(45–51) loop is relatively more confined and stable compared to Apo- 
Mpro (Fig. 12). 

Fig. 9. Hydrogen bond analysis of azadirachtins, ceramicines, and withanolides with A) RdRp, B) Mpro, and C) PLpro, for the molecular dynamics of 50 ns.  
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3.5. Binding free energy calculations using MM/PBSA 

The free energy of binding of the ligands in a macromolecule-ligand 
complex is decided by different molecular forces like hydrogen, van der 
Waals, hydrophobic, electrostatic interactions between the ligand and 
the macromolecule. MM/PBSA calculates the aforementioned favorable 
forces, including solvent accessible surface area (SASA) and unfavorable 
polar solvation energy (PSE) [57]. The MM/PBSA computed free energy 
of binding for RdRp-CHEMBL502955, RdRp-CHEMBL2335028, and 
RdRp-CHEMBL4215430 was estimated to be − 86.55 ± 51.96, − 118.70 

± 29.84, and − 120.46 ± 7.45 kJ/mol respectively, as shown in Table 4. 
For Mpro-CHEMBL502955, Mpro-CHEMBL2335028, Mpro-CHEMBL 
4215430 it was calculated as − 163.72 ± 15.89, − 136.83 ± 19.08, 
− 122.31 ± 31.65 kJ/mol (Table 5), PLpro-CHEMBL2288848, PLpro-
CHEMBL2335026, PLPro-CHEMBL488913 showed binding affinity of 
− 122.26 ± 28.26, − 127.72 ± 47.76 and − 90.04 ± 17.47 kJ/mol 
respectively (Table 6). 

Fig. 10. Essential dynamics of RdRp, Mpro and PLpro: A, C, E) The eigenvalues plotted against their corresponding eigenvector indices obtained from the diago
nalization of the covariance matrix. B,D,F) The PCA plot of Cα backbone atoms constructed by projecting the first two eigenvectors (ev1 & ev2) in the conforma
tional space. 
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4. Discussion 

The medicinal properties of plants are recognized since ancient times. 
Triterpenoids have been extensively studied for their biological and phar
macological significance and are known to act at different stages of viral 
infection [59,60]. They are known to inhibit the entry of influenza A, 
Marburg, ebola, HCV, and HIV and also act as RTase inhibitors, protease 
inhibitors, maturation inhibitors, immunomodulators, and some as 
bifunctional inhibitors [61,62]. Salaspermic acid and Mimusopic acid 
inhibited HIV-RTase with an IC50 in micromolar concentration. Glycyr
rhizic acid was shown to inhibit the replication of SARS-CoVs and Saiko
saponins was shown to inhibit the replication of HCoV-22E9 (IC50 = 1.7 ±
0.1 mmol/L) [61–65]. Limonoids extracted from Neem, Citrus, Withania 
sominifera, and other plants are well-established antivirals and are known 
to inhibit the replication of human immunodeficiency virus (HIV), chi
kungunya, dengue virus, herpes simplex virus, and Hepatitis C Virus [21, 
66]. Triterpenoids like Ferruginol (IC50 = 49.6 μM), quinone-methide tri
terpenoids like celastrol (IC50 = 2.6 μM) pritimererin (IC50 = 9.9 μM), 
tingenone (IC50 = 5.5 μM), and iguesterin (IC50 = 10.3 μM), betulinic acid 

(Ki = 8.2 ± 0.7 μM) showed inhibitory activities against SARS-CoVs Mpro 
[67–69]. These compounds are abundantly present in citrus fruits like 
lemons, oranges, grapefruits. Hence are readily available and can be taken 
up directly from the plant source or can also be used as a nutraceutical 
formulation [17,70,71]. 

The studied compounds when screened against SARS-CoV-2 RdRp, 
Mpro, and PLpro, were estimated to bind at the RdRp catalytic site ‘SDD’ 
(759–761) involving Lys545, Arg553, and Arg555 residues that make up 
the NTP entry site and Asp623 in motif A, that interrogates the 3′OH of the 
incoming nucleotide. The Mpro-ligand complexes involve the catalytic 
triad formed by Met49, Cys145, and Gln189. In the case of PLpro, the 
PLpro-ligand docked complexes involve the hydrophobic pocket formed by 
Pro247, Pro248, Tyr264, Tyr268, and Thr301. The protein-ligand com
plexes remain stable for the 50 ns of MD run with a binding energy of 
− 86.5 to − 163.7 kJ/mol while maintaining the minimum number of 
hydrogen bonds. The principal component analysis reveals that the atoms 
in ligand-bound complexes are scattered in a lower conformational space 
and are relatively much stable and less dynamic than the apo structures. 
These compounds could be of therapeutic importance in context to SARS- 

Fig. 11. A) The global motions of Apo-RdRp obtained by projection of recorded Cα movements onto the first eigenvector where rectangular box highlights the 
movement of NiRAN domain (60–249. The superpositioned configurations of: B) RdRp-CHEMBL502955, C) RdRp-CHEMBL2335028, and D) RdRp- 
CHEMBL4215430. The black ribbon is the initial configuration and the red ribbon is the final configuration during the molecular simulation. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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CoV-2 treatment because of their anti-inflammatory properties to counter 
the cytokine storm [7,11–14]. They modulate pathways that are essential 
to establish persistent infection and pathogenesis of SARS-CoV-2 and are 
also known to inhibit cathepsin-L, which is critical for the entry of 
SARS-CoV-2 [18,19,21]. They are reported to inhibit cytoprotective auto
phagy and promote apoptosis of infected cells [20,25,72,73]. The afore
mentioned properties of these compounds satisfy their role in combating 
the spectrum of diseases followed by SARS-CoV-2 infection. The inhibitory 
potential of these compounds in context to SARS-CoV-2 RdRp, Mpro, and 
PLpro deserves further experimental attention. 
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Fig. 12. A) The overall motions of Apo-Mpro recorded over time by projecting Cα movements along the first eigenvector and final structure. The initial configuration 
(black color) is superpositioned to the final structure (red color) and TSEDMLN loop (45–51) movements are highlighted in the rectangle. The overall motions of 
Mpro-CHEMBL502955 (B), Mpro-CHEMBL2335028 (C), and Mpro- CHEMBL4215430 (D) are shown in cartoon representation. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 13. A) The global motions of Cα in Apo-PLpro along the first eigenvector where the initial configuration in the superpositioned structures is colored in black and 
the final structure is colored as red. The overall motions of Cα in PLpro-CHEMBL2288848 (B), PLpro-CHEMBL2335026 (C), and PLpro-CHEMBL488913 (D). (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 4 
Binding free energy (kJ/mol) of RdRp-CHEMBL502955, RdRp-CHEMBL2335028, and RdRp-CHEMBL4215430 complexes calculated by MM/PBSA. All the binding 
affinities were calculated using 1000 frames from the last 10 ns (40–50 ns) of molecular dynamics simulation.  

Energy (kJ/mol) CHEMBL502955 CHEMBL2335028 CHEMBL4215430 

Van der Waal energy − 213.34 ± 18.82 − 170.91 ± 5.53 − 203.61 ± 8.74 
Electrostatic energy − 87.18 ± 27.93 − 28.62 ± 20.91 − 131.20 ± 8.45 
Polar solvation energy 233.27 ± 61.53 96.68 ± 51.00 233.54 ± 13.07 
SASA energy − 19.29 ± 0.48 − 15.46 ± 1.02 − 18.84 ± 0.50 
Binding energy − 86.55 ± 51.96 − 118.70 ± 29.84 − 120.46 ± 7.45  

Table 5 
MM/PBSA free energy calculations of Mpro-CHEMBL502955, Mpro-CHEMBL2335028, and Mpro-CHEMBL4215430 complexes.  

Energy (kJ/mol) CHEMBL502955 CHEMBL2335028 CHEMBL4215430 

Van der Waal energy − 241.14 ± 24.26 − 200.72 ± 20.25 − 167.50 ± 34.71 
Electrostattic energy − 51.74 ± 9.33 − 33.97 ± 8.15 − 37.11 ± 9.33 
Polar solvation energy 149.14 ± 7.638 114.42 ± 10.63 96.09 ± 13.70 
SASA energy − 19.99 ± 0.165 − 16.56 ± 1.27 − 13.32 ± 2.81 
Binding energy − 163.72 ± 15.89 − 136.83 ± 19.08 − 122.31 ± 31.65  
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