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ABSTRACT

The recent novel coronavirus, Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2/2019-nCoV) has caused a large number of deaths around the globe. There is an urgent
need to understand‘thissnew virus and develop prophylactic and therapeutic drugs. Since drug
developmentsis_anwexpensive, intense and time-consuming path, timely repurposing of the
existing drugs is often explored wherein the research avenues including genomics,
bioinformatics, molecular modeling approaches offer valuable strengths. Here, we have
examined the binding potential of Withaferin-A (Wi-A), Withanone (Wi-N) (active
withanolides of Ashwagandha) and Caffeic Acid Phenethyl Ester (CAPE, bioactive
ingredient of propolis) to a highly conserved protein, M of SARS-CoV-2. We found that
Wi-N and CAPE, but not Wi-A, bind to the substrate-binding pocket of SARS-CoV-2 MP

with efficacy and binding energies equivalent to an already claimed N3 protease inhibitor.


http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2020.1772108&domain=pdf

Similar to N3 inhibitor, Wi-N and CAPE were interacting with the highly conserved residues
of the proteases of coronaviruses. The binding stability of these molecules was further
analyzed using molecular dynamics simulations. The binding free energies calculated using
MM/GBSA for N3 inhibitor, CAPE and Wi-N were also comparable. Data presented here
predicted that these natural compounds may possess the potential to inhibit the functional
activity of SARS-CoV-2 protease (an essential protein for virus survival), and hence (i) may
connect to save time and cost required for designing/development, and initial screening for
anti-COVID drugs, (ii) may offer some therapeutic value for the management of novel fatal
coronavirus disease, (iii) warrants prioritized further validation in the laboratory and clinical
tests.

KEYWORDS: SARS-CoV-2 coronavirus; Ashwagandha; Withanone;, Withaferin-A;
Honeybee propolis; Caffeic acid phenethyl ester; molecular docking; binding; main protease
(MP™).

1. Introduction

Coronaviruses, discovered in 1960, are infectious strains of viruses originally named on the
basis of their crown like appearance, due to the glycoprotein projections on its envelope,
under the electron microscope and grouped into. the family Coronaviridae; order Nidovirales.
They invade the respiratory tract via the nose. After an incubation period of about 3-7 days,
they cause the symptoms of a mild common cold/bronchitis (nasal obstruction, sneezing,
runny nose, cough, headache, fever; pneumonia, asthenia and inflammation in airway) in
avian and mammalian species. In“contrast to animals, wherein they have been shown to infect
several tissues causing a large variety of diseases, mainly respiratory infections with mild
common cold like symptoms, occasional gastrointestinal and diarrhea have been reported for
humans. The infected individuals shed virus in nasal secretions and mucosa resulting in
disease transmission that can often be controlled, at least partially, by following hygienic
measures. Vaccines for coronaviruses are not available and treatment remains symptomatic.
Designing and development of anti-viral medicine requires understanding of the
molecular mechanisms of viral replication and packaging into the infectious particles in host
cells, their release, selection of anti-viral target proteins and development of their inhibitors.
Coronaviruses have been shown to invade and replicate in differentiated respiratory epithelial
cells resulting in their vacuolation, damaged cilia, local inflammation, swelling, sneezing and

fever. Among the several strains of coronaviruses known so far, including HCoV-229E,



HCoV-0C43, HCoV-NL63, SARS-CoV, MERS-CoV, 2019-nCoV/SARS-CoV-2 (Graham
et al. 2013; van der Hoek et al. 2004; Woo et al. 2010), the latter was designated as a novel
strain of coronavirus that caused pneumonia outbreak in Wuhan city of China in December
2019 (Wu et al., 2020; Zhou et al., 2020; Coronaviridae Study Group of the International
Committee on Taxonomy of Viruses, 2020). As of May 14, 2020, it has infected over
4,258,666 individuals globally with 294,190 deaths, as reported to WHO (WHO, 2020). It
has been declared as international public health emergency and advocated rapid research
efforts. Genomic characterization of the SARS-CoV-2, its variance, evolution, transmission
dynamics (human to human transmission by droplets or direct contact) have been reported
recently (Ceraolo et al., 2020; Lu et al., 2020; Paraskevis et al., 2020; Benvenuto et ali; 2020;
Li et al., 2020a; Li et al., 2020b). It is an enveloped single-stranded RNA [-coronavirus
similar to the SARS and MERS viruses and closely related to two bat-derived,SARS-like
coronaviruses (CoVZC45 and bat-SL-CoVZXC21) (FDA news release, 2020): Severity of
the infections and fatality caused by SARS-CoV-2 has evoked urgency. for devising novel
drug discovery strategies to find potential prophylactic and therapeutic drugs. The entry of
SARS-CoV-2 into the host cell depends on the interaction with. ACE-2 receptor of the host
cell surface. Upon attachment with ACE-2, the S protein of the virus gets cleaved and
activated for its fusion into the host cell membrane, whigh is facilitated by the TMPRSS-2
and furin (Hasan et al., 2020; Hoffmann et al, 2020). The viral genome codes for non-
structural proteins including 3-chymotrypsin-like protease, RNA-dependent RNA polymerase
and its helicase, papain-like protease;, the structural glycoprotein and accessory proteins
(Boopathi et al., 2020). In the absence of complete understanding of the detailed molecular
structure, function, survival andireplication of novel strain of virus, repurposing of the
existing drugs has been @adopted as a quick and hopeful track. Kaletra (an inhibitor of 3-
chymotrypsin-like proteaseof the SARS and MERS), and Ascletis (HIV protease inhibitor)
were shown to improveclinical outcomes of COVID-19 (Wang et al., 2020). In view of this,
use of computational approaches for quick screening of available compounds is gaining
attention of the scientific community (Chang et al., 2020; Gupta et al., 2020a; Gupta et al.,
2020b; Khan et al., 2020a; Khan et al., 2020b; Muralidharan et al., 2020; Aanouz et al., 2020;
Pant et al., 2020; Joshi et al., 2020; Enmozhi et al., 2020; Islam et al., 2020; Umesh et al.,
2020; Das et al., 2020; Kumar et al., 2020; Gyebi et al., 2020; Al-Khafaji et al., 2020; Lobo-
Galo et al., 2020; Sinha et al., 2020; Elfiky et al., 2020; Sarma et al., 2020; Thuy et al., 2020;
Wahedi et al., 2020; Abdelli et al., 2020; Elmezayen et al., 2020). Using molecular docking

tools, Indinavir and Remdesivir were investigated for their docking potential to SARS-CoV-2



protease. Neither of these docked on any active sites of the protease. However, the active
form (CHEMBL2016761) of Remdesivir showed perfect docking in the overlapping region
of the NTP binding motif urging its validation through clinical trials for COVID-19 infection
(Chang et al., 2020). The U.S. Food and Drug Administration has now issued an emergency
use authorization for Remdesivir for the treatment of suspected or laboratory-confirmed
adults and children hospitalized with severe symptoms of SARS-CoV-2 disease (FDA news
release, 2020). In another recent study employing an in silico approach, it has been reported
that Belachinal, Macaflavanone E, and Vibsanol B phytochemicals may inhibit the functional
activity of SARS-CoV-2 E protein (Gupta et al., 2020a). In line with this, several studies
have recently explored the repurposing of drugs to find an immediate therapeutic strategy for
the deadly COVID-19, by mainly targeting SARS-Cov-2 main protease (Khan et al.,"2020a;
Khan et al., 2020b; Muralidharan et al., 2020; Aanouz et al., 2020; Pant et al., 2020; Joshi et
al., 2020; Enmozhi et al., 2020; Islam et al., 2020; Umesh et al., 2020; Das*et al., 2020;
Kumar et al., 2020; Gyebi et al., 2020; Al-Khafaji et al., 2020; Lobe-Galo et al., 2020),
NSP15 and prefusion 2019-nCoV spike glycoprotein (Sinha et al.;,2020), RNA-dependent
RNA polymerase (Elfiky et al., 2020), N and E protein (Gupta et al., 2020a; Sarma et al.,
2020), and cell surface receptors (ACE-2 and TMPRSS2). ofihost cells (Thuy et al., 2020;
Wabhedi et al., 2020; Abdelli et al., 2020; EImezayen et al.;-2020).

Indian Ayurvedic herb, Ashwagandha (Withania sominifera) and honeybee propolis
have been heavily used in the traditional_home medicine systems. Both are known to boost
the immune function, possess a variety. of, prophylactic and therapeutic activities (Akyol et
al., 2013; Erdemli et al., 2015; Murtaza et al., 2015; Anjaly et al., 2018; Kaul et al., 2017).
Besides, Withaferin-A (Wi-A), one of the withanolides from Ashwagandha, was shown to
possess inhibitory activity for HRV and influenza viruses (Latheef et al., 2017; Munagala et
al., 2011; Cai et al.,.22015)=Several studies have also provided evidence that the honeybee
propolis inhibits™ variety of viruses including herpes simplex virus, sindbis virus,
parainfuenze-3wvirus, human cytomegalovirus, dengue virus type-2, influenza virus Al and
rhinovirus (Lyu et al., 2005; Zandi et al., 2011; Serkedjieva et al., 1992; Amoros et al., 1994;
Kwon et al., 2019). In light of these literature, we examined the potential of three natural
compounds, i.e., Withaferin A (Wi-A) and Withanone (Wi-N) derived from Ashwagandha
and Caffeic acid phenethyl ester (CAPE) from honeybee propolis, against SARS-CoV-2 by
molecular docking tools. Based on the fact that the main viral proteases isolated from
different coronaviruses are mainly conserved in terms of sequence and structure, we used a

key viral enzyme Main Protease (MP™ - 306 amino acids, essential for the functional



polypeptide generation and virus survival in host cells) as a target. The 3D crystal structure of
the SARS-CoV-2 MP™ in complex with an inhibitor N3 has recently been released in PDB
(6LU7) (Jin et al., 2020). We demonstrate that Wi-N and CAPE, but not Wi-A, are capable of
binding to the substrate-binding pocket of SARS-CoV-2 MP°. Wi-N and CAPE showed
interaction with the highly conserved residues of the coronavirus proteases similar to N3
inhibitor, demonstrating their inhibitory potential for SARS-CoV-2 protease, and therapeutic

significance for novel SARS-CoV-2 coronavirus.

2. Methodology

2.1. Preparation of structure of SARS-CoV-2 MP™ and natural compounds for molecular

docking

The structure of SARS-CoV-2 MP® in complex with N3 inhibitor, resolvéd using X-ray
diffraction (resolution of 2.16 A), was downloaded from RCSB Protein Data Bank (PDB ID:
6LU7). The crystal structure was prepared for docking using protein preparation wizard of
the maestro (version 2019-3, Schrodinger suite). This mainly volved addition of missing
disulfide bonds, removal of water molecules, addition‘of‘missing hydrogen atoms, filling of
missing amino acids side chains, and optimization ‘of hydrogen bonds (Schrodinger, 2020).
OPLS3e forcefield was then used for restrainedsyminimization until the average root mean
square deviation (RMSD) of the non-hydrogen atoms converged to 0.30 A. This allowed
sufficient movement of heavy atom to relax strained bonds, angles and clashes.

The structure of Wi-A (CID 265237), Wi-N (CID 21679027) and CAPE (CID 5281787)

were downloaded from the PubChem database, while the structure of the N3 inhibitor was
extracted from SARS-CoV-2; MP™-inhibitor complex downloaded from PDB (PDB ID:
6LU7). The structure of all the ligands used in this study is shown in Figure 1.
LigPrep module ‘of the Schrodinger suite (Schrodinger, 2020; Madhavi et al., 2013) was used
to prepare these structures for docking studies. It desalts the ligands, generates tautomer and
stereoisomers. (while retaining specified chiralities) in all possible ionization states
(Greenwood et al., 2010). The energy of the generated ligands was then minimized using
OPLS3e force field (Harder et al., 2016).

2.2. Molecular docking of natural compounds with SARS-CoV-2 MP™



The grid for docking studies was generated to enclose all the residues of SARS-CoV-2 MP
making polar interactions with the atoms of N3 inhibitor (deduced from PDB structure
6LU7). These residues mainly involved Phel140, Asn142, Gly143, His164 and Glul66. Extra
precision flexible docking protocol of Glide was used for all dockings (Schrodinger, 2020;
Friesner et al., 2006). We used GLIDE flexible docking from Schrodinger suite to obtain all
the protein-ligand complexes. It has been shown to provide better prediction in comparison to
that of the other docking software; because it uses both empirical as well as force field terms
to calculate the best binding pose and binding energy (Friesner et al., 2004).

2.3. Explicit-solvent molecular dynamics (MD) simulations

Desmond with OPLS3e force field from Schrodinger was used to study the dynamic behavior
of the all protein-ligand complexes in the presence of explicit water molecules (Schrodinger,
2020; Harder et al., 2016). Each protein-ligand complex was solvated” with\TIP4P water
model in an orthorhombic periodic boundary box. To prevent interaction of the protein
complex with its own periodic image, the distance between the complex-and the box wall was
kept 10 A. The system was then neutralized by addition of%ions<'Energy of the prepared
systems was minimized for 5000 steps using steepestdescent method or until a gradient
threshold of 25kcal/mol/A was achieved. It wasyfollowed by L-BFGS (Low-memory
Broyden- Fletcher- Goldfarb Shanno quasi-Newtonian minimizer) until a convergence
threshold of 1 kcal/mol/A was met. The ‘equilibrated system was then subjected to 50 ns
simulation in NPT ensemble with 300 K temperature, constant pressure of 1atm and time step
of 2fs.

2.4. Analysis of simulation trajectories

The simulation trajectories were analyzed using the simulation event analysis tool available
in Desmond module (Bowers et al., 2006). Overall changes in the configuration of the
protein-ligand complexes were first studied in term of root mean square deviation (RMSD) in
the coordinates of protein backbone and ligand from the coordinates in the initial docked
pose. The interaction pattern of all three ligands- Wi-A, Wi-N and CAPE was compared with
the interactions of N3 inhibitor within the catalytic domain of SARS-CoV-2 MP. Various
residues residing in the catalytic domain of the protein were investigated for their time of
contact with the different ligands throughout the simulation to calculate their occupancy
percentage. The radius of gyration, solvent accessible surface area and RMSD of ligands

along the simulation trajectory was calculated and analyzed. All the systems under study,



including apo enzyme or the docked complexes, were getting stabilized within initial 5-10 ns
of the production simulation runs. No significant deviation was observed in the RMSD
trajectory throughout the course of simulation thereafter. An extensive analysis of MP°-N3
inhibitor complex, retrieved from Protein Data Bank did not show much conformational
changes in the protein after the binding of the inhibitor. Based on these parameters, we
decided the simulation time to be 50 ns to observe convergence in the RMSD trajectory and

account for the stability of the docked complexes.

2.5. MM/GBSA free energy calculations

A total of 100 frames representing the protein-ligand conformations spanned in between 10-
50 ns of simulation run were extracted to calculate the MM/GBSA free binding energy. using

the Prime module of Schrodinger suite (Schrodinger, 2020; Jacobson et al., 2004).

The equation used for the calculation is:
MM/GBSA AGyping = AGcompIex_ (Greceptor + GIigand)
AGcomplexs Greceptor, aNd Giigang represent the free energies. of,the ‘complex, receptor and

ligand respectively.

3. Results and discussion

3.1. SARS-CoV-2 MP" enzyme as-a‘ecandidate therapeutic target

Coronaviruses (CoV) are enveloped positive-strand RNA viruses that mainly cause
respiratory and enteric diseases. Six human coronaviruses - SARS-CoV, MERS-CoV,
HCoV-229E, HCoV-0C43, 'HCoV-NL63 and HCoV-HKU1l have been reported
previously (Graham ‘et ali, 2013; van der Hoek et al., 2004; Woo et al., 2010). Along
with various structural proteins, all the CoV genomes encode for a critical viral
component called'™MP. The latter is a 306 amino acids long enzyme that mainly helps in
the replication of the virus through proteolytic processing of its RNA replicase
machinery. MP from different human and animal CoVs have been shown to possess
high similarity in terms of primary amino acid sequence as well as the functional tertiary
confirmation of the enzyme. All these proteins comprise of a highly conserved substrate
binding pocket that serves as an attractive therapeutic target for the prevention and

treatment of these coronaviruses (Woo et al., 2010; Woo et al., 2005). The recently



discovered SARS-CoV-2 also shares this homology in its MP™ enzyme. Several key
residues at the various sub-sites of substrate binding pocket in all these seven
coronaviruses are identical. Though not an exhaustive list, these conserved residues
broadly include His41, Tyr54, His163, Glu166, His172, Asp187, GIn192 (Figure 2). N3,
a synthetic peptidomimetic compound has been reported to target the substrate binding
pocket of this protease across different variants of coronavirus including SARS-CoV-2
(Wang et al., 2016). As Ashwagandha-derived withanolides (Wi-A and Wi-N) and
propolis-derived CAPE has been previously shown to possess anti-microbial and anti-
viral activity, we have tried to explore the potential of these natural compounds to
interact within the catalytic pocket of SARS-CoV-2 MP™ in comparison to the already
claimed inhibitor (N3).

3.2. Wi-N and CAPE predicted to bind to MP™ and mimic the binding pattermof N3
Inhibitor

The structure of N3 inhibitor co-crystalized to the MP™ of SARS-CoV=2, recently deposited
to Protein Data Bank, gave us insights into the molecularsmechanism of the action of N3
inhibitor against the new coronavirus (Jin et al., 2020).. N3 inhibitor showed interaction
within the substrate binding pocket of the main SARS-CoV-2 protease (Figure 3A). The
ECso of N3 inhibitor has been reported to be 50*uM and its mechanism of action has also
been investigated. The residues of MP™ mainly interacting with N3 inhibitor were found to be
Cys145, Phel40, Asnl42, Glul66, His163 and His172. Among these, Cys and His were
reported to be crucial for the catalytic activity of the enzyme. N3 was found to be forming
multiple hydrogen bonds with/the.main chain of the residues in the substrate-binding pocket
of MP, thereby tightly locking the inhibitor inside the pocket (Jin et al., 2020). We firstly re-
docked N3 inhibitorsin the.same configuration as to get a docking score for the natural
binding. This doeking'seore was found to be -5.68 Kcal/mol and was used to compare the
binding of Withanolides and CAPE with the MP™ of SARS-CoV-2. The two main residues
forming polar interaction with the inhibitor were Thr190 and Glul66. The other residues
involved in non-bonded interactions making the binding of N3 inhibitor stable within the
pocket included His4l, Cys44, Met49, Pro52, Tyr54, Phel40, Leuldl, Asnl42, Hisl64,
Met165, Leul67, Prol68, Thrl69, Glyl70, Hisl72, Aspl187, Argl88, GIn189, Alal91 and
GIn192 (Figure 3B). A grid was generated around the conserved residues of the substrate-
binding pocket with main emphasis on the residues making polar contacts with N3 inhibitor.
The three test compounds- Wi-A, Wi-N and CAPE were then docked using the same grid. All



the molecules were able to dock into the same site and scores were found to be -4.42
Kcal/mol for Wi-N, -4.79 Kcal/mol for CAPE and -1.11 Kcal/mol for Wi-A. The docking
score of Wi-N and CAPE was found comparable to that of N3 inhibitor and were hence
studied further to get more insights into the interaction pattern of these molecules. Of note,
although Wi-A and Wi-N are highly similar in their molecular structure, Wi-A did not show
good affinity for MP™. It can be attributed to the torsional constraint at atom C20, because of
which the Wi-A was not in its relaxed state in the best docked pose. These data suggested that
the predicted MP":Wi-N as well as MP:CAPE interactions may not be the false positives. As
shown in Figure 3C, similar to N3 inhibitor, CAPE also formed polar contact with Glu166.
The other residue involved in hydrogen bond formation between SARS-CoV-2-protease and
CAPE was Asnl42. In case of Wi-N, the binding was due to the polar interaction with

pro

Cys145 (Figure 3D), a residue important for the catalytic activity of M™". However, the other
non-boned interactions involved many other conserved residues of the substrate-binding

pocket. The complete list of interacting residues in each case is summarized in Table 1.

3.3.  MD simulations predicted stable binding of Wi-N and,CAPE to MP"

All biological systems can be viewed as dynamic netweorks of molecular interactions, while
molecular docking represents only a single snapshot, of the interaction between the protein
and ligands. Therefore, to sample the myriad, conformations that these complexes might
acquire in solvated state, we simulated the dynamics behavior of all the three docked
complexes using explicit water models for,50/ns each. The main aim was to confirm that the
major contacts found in the bestidocked pose were maintained during the MD simulation as
well keeping the ligand bound‘inithesubstrate-binding pocket of SARS-CoV-2 protease. We
restricted our simulationruns t0-50 ns because all the systems included in this study, apo
enzyme or the docked complexes, got stabilized within 5-10 ns of the production runs
(Figure 4A). Nossignifieant deviation was observed in the RMSD trajectory throughout the
course of simulationthereafter. Though a little deviation was observed in the simulation
trajectory of MP°-CAPE around the 25-30 ns interval, it finally converged in the last 20 ns
time window of the simulation. When we inspected the trajectory, it was found that the
catechol ring of CAPE, which was moving freely, was the main reason behind this
fluctuation.

The overall confirmation of all the docked complexes- SARS-CoV-2 protease-N3,
SARS-CoV-2 protease-Wi-N and SARS-CoV-2 protease-CAPE was found to be stable with

not much deviation from the docked pose. As shown in Figure 4A, the average RMSD of
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SARS-CoV-2 MP°-N3 complex was 2.32 + 0.09 A, SARS-CoV-2 MP°-Wi-N was 2.41 +
0.33 A and for SARS-CoV-2 MP°-CAPE complex was 2.67 + 0.39 A. The RMSF plots for
all the three complexes also showed that the residues lining the substrate binding pocket in
each case were interacting quite stably with the bound ligands as indicated by the low
fluctuating values (Figure 4B).

To evaluate the global changes in the structure of the MP™ upon binding with Wi-N
and CAPE, we superimposed the average structure of the complexes computed from the
stable simulation trajectory with the PDB structure of SARS-CoV-2 protease-N3. The RMSD
was calculated to be 0.84 A (SARS-CoV-2 MP°-N3: SARS-CoV-2 MP°-CAPE) and 0.52 A
(SARS-CoV-2 MP-N3: SARS-CoV-2 MP™-Wi-N). The superimposition further confirmed
that all the ligands were binding within the same pocket of the MP™ suggesting ‘similar
mechanism of action (Figure 4C). The stable RMSD of the coordinates of,the ligands with
respect to the coordinated in the docked pose further ensured that WisN and>CAPE were

bound at the same site through-out the simulation trajectory (Figure 4D):

3.4.  Interaction profile of Wi-N and CAPE in comparison:to N3 inhibitor

Although weaker than ionic and covalent interactions, hydrogen bonds are exploited the most
for the design of effective drug molecules. Hydrogen,bonds are the predominant contributors
to the specificity of molecular recognition. The “free energy for hydrogen bonding usually
ranges from of -12 to -20 kJ/mol, and the binding affinity of a ligand increases by almost one
order of magnitude per hydrogen bond. Hence, we looked into the hydrogen bonding pattern
of N3 inhibitor, Wi-N and CAPE,overthe entire 50 ns simulation trajectory. Hydrogen bonds
were calculated taking the criteria“that the distance between hydrogen bond donor and
acceptor should be less than 215“A, the donor angle should be less than or equal to 120°
between donor-hydrogen acceptor atoms, and the acceptor angle should be less than or equal
to 90° between the*hydregen acceptor-bonded atoms. As shown in Figure 5A-D, Wi-N was
making more-hydrogen bonds in comparison to CAPE (Figure 5C) and N3 inhibitor (Figure
5A) over the entire simulation trajectory. However, the main residues participating in
hydrogen bond formation were slightly different. Wi-N was interacting with Glu166 mainly
through water mediated interactions in contrast to the interaction profile of N3 inhibitor,
where Glul66 had the highest hydrogen bond occupancy. Overall, the interactions analysis
showed that at any fraction of time, Wi-N and CAPE were making better contacts while in
terms of consistency N3 inhibitor was better. Also altogether, the significant polar

interactions as well as specific hydrogen bond interactions (> 30% of occupancy) were more
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in case of Wi-N than in CAPE (Figure 5B and 5C).A detailed comparison of the residues
interacting with the ligands is shown in Table 1. This analysis taking N3 inhibitor as a
reference molecule thus suggests that Wi-N and CAPE has good affinity towards the
substrate-binding pocket of SARS-CoV-2 MP™ and could probably be natural and readily
available drug for the inhibition of SARS-CoV-2 functional activity.

3.5. MM/GBSA free binding energy

The MM/GBSA (molecular mechanics energies combined with the generalized Born and
surface area continuum solvation) is a method commonly used or estimating ligand-binding
affinities in protein systems. Here, the net free energy change is treated as the sum of a
comprehensive set of individual energy components.

In order to overcome the potential limitations of molecular docking,cwe,had further
subjected our protein-ligand complexes to MD simulations and MM/GBSA caleulations. For
MM/GBSA calculations, instead of using a single representative structure,"we used hundred
frames equally spanned over the stable trajectory for each protein-ligand‘complex in between
10 to 50 ns for calculating the MMGBSA free binding energy. The values of free binding
energy were following the same trend as the dockingsscore, The average MMGBSA free
binding energy of N3 inhibitor, CAPE and Wi-N with SARS-CoV-2 MP" was -60.80 + 5.04
Kcal/mol, -43.00 + 8.72 Kcal/mol and -34.51'+£%9.63 Kcal/mol, respectively (Figure 5D).
Though the free binding energy of N3 inhibitor was more in comparison to Wi-N and CAPE,
the values were still good enough_tosuggest good binding affinity of these natural
compounds towards SARS-CoV-2-protease.

Natural resources of /Wi-Nwand CAPE (Ashwagandha and honeybee propolis,
respectively) have long histerywof use in traditional home medicine systems, are generally
recognized as safe, easily-available and affordable. There are several reports that provide
evidence that both" CAPE and Ashwagandha derived withanolides (Akyol et al., 2013;
Erdemli et @h.2015;-Murtaza et al., 2015; Anjaly et al., 2018; Kaul et al., 2017; Latheef et al.,
2017; Munagala et al., 2011; Cai et al., 2015; Lyu et al., 2005; Zandi et al., 2011; Serkedjieva
et al., 1992; Amoros et al., 1994; Kwon et al., 2019) possess antiviral activity. Mechanism of
action of antiviral activities has not been completely understood. The propolis extract has
been reported to be effective against herpes simplex virus type 1; it significantly reduced the
viral titer and also inhibited its replication (Amoros et al., 1994). In light of the published
literature on antiviral properties of CAPE, the anti- SARS-CoV-2 activity may be mediated

by inhibition of virus adsorption, virus-cell fusion, viral DNA/RNA synthesis or inhibition of
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viral essential enzymes such as protease and neuraminidase. Shen et al., 2013 attributed anti-
HCV activity of CAPE to its unique structure and length of the n-alkyl side chain and
catechol moieties. It was shown that CAPE fails to bind to DNA (De Clercq et al., 2002) and
strongly inhibits viral integration and fusion by inhibition of viral integrase (an established
target for antiviral drugs) (De Clercq et al., 2002; Sud’ina et al., 1993; Fesen et al., 1993;
Costi et al., 2004). It was also shown to inhibit some endogenous and viral proteins as well as
a transcription of NF-xB (Norris et al., 2010). Norris et al., 2010 demonstrated that CAPE
caused dose dependent downregulation of a viral protease (HCV-NS3) at protein level that
translated to inhibition of viral replication suggesting that CAPE is a promising therapeutic
drug for HCV treatment. Therapeutic efficacy of CAPE and its four analogues /(methyl
caffeate, ethyl 3-(3,4-dihydroxyphenyl) acrylate, phenethyl dimethyl caffeate and phenethyl
3-(4-bromophenyl) acrylic) were also investigated for HIV in in vitro and,in vivo wherein
significant inhibition of HIV replication was detected (Ho et al., 2005). It.was shown to
modify protein synthesis profile in type 5 adenovirus-transformed=cloned rat embryo
fibroblast cells (Lefkovits et al., 1997) and inhibited the growth of‘Type A and B influenza
virus by 95% and 92%, respectively (Kishimoto et al.,(2005).“These data have firmly
suggested that the antiviral activity of CAPE is mediated by multiple pathways. Interestingly,
among the chemical drugs that have recently been tested.against coronaviral infection in cell
culture models, Chloroquine (malaria drug), and, Remdesivir (RNA-dependent RNA
polymerase inhibitor) have shown sometherapeutic response. Both malaria and viral
infection require host cell PAK1 (Pathogenic kinase, an oncogenic Rac/CDC42-dependent
Ser/Thr kinase) (Maruta et al., 2020) ‘and hence the latter has been considered as a valid target
for anti-malaria drugs. Intriguingly, CAPE has been shown to be a strong inhibitor of PAK1
(Demestre et al., 2009; Coleman et al., 2016). On the other hand, Ashwagandha-derived
bioactive withanolide, Wi=A was also found to be effective against nuraminidase (a
membrane antigen) that*helps in the release of HIN1 influenza virus from host cell after
replication”(Cai._et~al., 2015). It has been reported to inhibit the expression of human
papilloma wvirus (hpv) oncogenes EG6/E7 (Munagala et al., 2011). Interestingly, an
independent study used bioinformatics screening of thousands of phytochemicals against
ACE2 protein, a cellular target involved in SARS-CoV-2 infection, and selected Wi-N as a
potential inhibitor (Balkrishna et al., 2020). Of note, our analyses predicted that Wi-N, but
not its closely related withanolide Wi-A, is capable of interacting with and inhibiting viral

MP™ endorsing its prioritized biological validation.
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4. Conclusion

The present study predicted a strong possibility that Wi-N and CAPE possess inhibitory
potential for SARS-CoV-2 protease MP°. Based on the data, although the natural resources
of these compounds (such as Ashwagnadha and honeybee propolis) are deemed helpful,
preparation of quality-controlled extracts to possess high level of Wi-N and CAPE and their
experimental validation in the laboratory and clinical studies are warranted. On the other
hand, the data may also provide leads for drug-designing/development for the treatment of
COVID-19. This would serve an important purpose of saving time and cost in initiating and
implementing the drug screenings in the current scenario of international health emergency

caused by COVID-19 epidemic and the lack of treatment modalities.
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Figure 1. Molecular structure of (A) N3 protease inhibitor, (B) CAPE, (C) Withanone, and (D) Withaferin-A.
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Figure 2. Sequence alignment showing high homology among proteases of various human CoVs strains. The

residues conserved among the substrate-binding pocket of various CoV proteases and interacting with all the

ligands in this study, namely N3 inhibitor, Wi-N and CAPE are highlighted for reference.
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Figure 3. (A) Molecular representation of N3 inhibitor within the substrate-binding pocket of SARS-CoV-2
main protease (MP°) (PDB: 6LU7). (B) Molecular interaction pattern of N3 inhibitor with the conserved
residues of MP™. N3 inhibitor was found to be interacting with Glu166 and Thr190 of MP™ by the formation of
hydrogen bonds. Conserved residues participating in other non-bonded interactions are shown in line
representation. (C) Molecular interactions of CAPE with SARS-CoV-2 MP® after docking. Hydrogen bond
interactions between CAPE and protease were found to be through Glul66 and Asnl142. The other residues
participating in other non-bonded interactions are highlighted in orange. The residues conserved in the substrate-
binding pocket of various coronaviruses and involved in interaction with all three ligands in this study- N3
inhibitor, CAPE and Wi-N are highlighted in B, C and D using line representation. (D) Molecular interactions of
Withanone with SARS-CoV-2 MP® in the best docking pose. Wi-N was forming one hydrogen bond with
Cys145, however many other residues (highlighted in orange) were participating in other non-bonded
interactions with the small molecule.
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Figure 4. (A) RMSD of the protein backbone along the simulation trajectory for the protein alone and all the
docked complexes. The overall structure of M did not change much after the binding of Wi-N or CAPE when
compared to N3 inhibitor. (B) RMSF of the amino acids comprising the MP™. No abrupt fluctuations were
observed in any region of the protein with or without the three ligands. (C) Superimposition of the three docked
complexes. All the three small molecules- N3 protease inhibitor, Wi-N and CAPE were bound in the same site
suggesting their similar mechanism of action. (D) RMSD plot for all the three ligands over the entire simulation
trajectory. Similar to N3 inhibitor, Wi-N and CAPE stayed bound in almost the same docked pose throughout
the simulation run.
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Figure 5. Hydrogen bond occupancy of various important residues of the main protease during the
simulation run in case of binding with N3 inhibitor (A), Wi-N (B) and CAPE (C). (D) Binding free energy
calculated using MM/GBSA for the three protein-ligand complexes- SARS-CoV-2 MP°-N3, SARS-CoV-2
MP-Wi-N and SARS-CoV-2 MP°-CAPE.
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Table 1. Residues of SARS-CoV-2 MP interacting with the three ligands before and during the simulation run.

Ligand Docking Types of interactions and residues of main protease involved
bound score
(Kcal/mol) Pre-MD interactions Interactions during MD simulations
H- Hydrophobic H-bonds Hydrophobic
bonds interactions and pi-pi interactions and pi-pi
stacking stacking
N3 -5.68 Glul66, His41, Cys44, Met49, Asnl42, Glul66, | His4l, Serd6, Met49,
inhibitor Thr190 Pro52, Tyr54, Phel40, | Argl88, GIn189, | Lys138, Ser139, Phel40,
Leuldl, Asnl42, Thr190, GIn192 Asnl42, Gly143, Ser144,
His164, Met165, Cys145, His163, His163,
Leul67, Prol68, His164, Met165, Glul66,
Thr169, Gly170, Leul67, Prol68, Thr169,
His172, Asp187, Gly170, Hisi72, Val186,
Arg188, GIn189, Arg188, GIn189, Thr190,
Alal91, GIn192 Alal92, GIn192
Wi-N -4.42 Cysl145 Thr24, Thr25, Thr26, Thr26, His41, GIn19,Thr24, Thr25,
Leu27, His41, Met49, Cys44, Asn119, Thr26, His41, Cys44,
Tyr54, Asnl42, Asnl42, Gly143,;=| Thr45, Ser46, Glu47,
Gly143, His164, GIn189, Thr190,. | Met49, Pro52, Tyr54,
Met165, Glu166, GIn192 Asnl19, Asnl42, Gly143,
Arg188, Asp188, Serl44, Cysl45, His164,
GIn189 Met165, Glul66, Leul67,
Pro168, Gly170, Asp187,
Arg188, GIn189, Thr190,
GIn192
CAPE -4.79 Asnl42, | Leu27, Cys44,Met49, | Thr25, Cys44, Thr24, Thr25, Thr26,
Glul66 Pro52, Tyr54, Phel40, | Ser46, Phel40, Pro39, His41, Cys44,

LeuldlySerl44,
Cys145,,His163,
His164, Met165,
Glul66, His172,
Aspl87, Argl8s,
GIn189

Asnl42,
Cys145, Glul66,
His172, GIn189,
Thr190, Ala191,
GIn192

Thr45, Ser46, Glu47,
Met49, Leu50, Asn51,
Cys85, Phel40, Leul4l,
Asn142, Gly143, Ser144,
Cys145, His164, Met165,
Glul66, Leul67, Prol68,
His172, Phe181, Val186,
Aspl87, Arg188, GIn189,
Thr190, Alal191, GIn192,
Alal93, Ala194
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