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Abstract

The COVID-19 virus emerged as a global health issue and its spike protein requires angiotensin-converting enzyme2 (ACE2)
and hemagglutinin-acetylesterase (HE) glycoprotein receptor for cell entry and replication, as revealed by biophysical and
structural evidence. Target inhibition can lead to therapy against the COVID-19 virus. In silico analysis was employed with
plant-derived phytochemicals and synthetic drugs. The molecular docking, pharmacophore, ADMET prediction and molecular
dynamics simulations techniques revealed that the Withania somnifera (ashwagandha) and Asparagus racemosus (shatavari)
plants possessed various steroidal saponins and alkaloids which could potentially inhibit the COVID-19 virus targeted HE

glycoprotein receptor.
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Molecular Interaction Studies of Natural Compounds against Coronavirus Hemagglutinin-
Esterase in complex with ACE2 receptor: AnlIn Silico Approach

INTRODUCTION

Coronavirus, a SARS (Severe acute respiratory syndrome) betacoronavirus is a positive-sense, single-strand
RNA virus2that attacks the gastrointestinal system, heart, kidney, liver, and central nervous system and
mainly lower respiratory system leading to multiple organ failure®. The first step in viral infection is the
interaction of its coat spike protein with sensitive human cells . Spike proteins are surface homotrimers



present on the virus surface composed of an S1 forms receptor-binding domain (RBD)>®and S2 protease
activation subunits which exists in a metastable prefusion conformation and undergo a dramatic structural
rearrangement to fuse the viral membrane with the host cell membrane’. Betacoronaviruses also have
a shorter spike-like protein called hemagglutinin-esterase (HE) 8. It is a viral envelope glycoprotein that
mediates reversible binding to O-acetylated sialic acid of the host cell membrane and helps in the attachment

expressed by some strains of coronavirus®!!.

SARS-CoV-spike is the largest known virus spike protein'? SARS-CoV-spike binds to target cells through
angiotensin-converting enzyme2 (ACE2) expressed on the surface of epithelial cells of lungs, intestine, kid-
ney, and blood vessels 3. SARS-CoV-spike-protein bolsters the interaction with ACE2 molecules due to
diverseness in the receptor-binding domain (RBD)!*. After binding to the cell host, a cell protease cleaves
the spike protein to release a fusion peptide which allows host-cell entry'®. The genome of SARS-CoV en-
codes different proteins and the structural spike protein binds the ACE2 receptor along with hemagglutinin
esterase, and after establishing a connection with sugar elements on cell membranes, the hemagglutinin
esterase (HE) of the virus produces messenger RNA and performs replication process!®1?. This structural
protein represents a potential target for the inhibition of replication.

As per the Ancient Indian scriptures including Rig-Veda, Atharvaveda, and Charka Sanhita, Medicinal
plants are the natural sources of various phytochemicals which have high-value alkaloids, flavonoids, phenols,
chalcones, coumarins, lignans, polyketides, alkanes, alkenes, alkynes, simple aromatics, peptides, terpenes,
and steroids and shows antimicrobial, antifungal and antiviral properties2%-2!. Plant phytochemicals are used
in various viral diseases for their antiviral activity, Therefore, in silico analysis was carried out to search for
potential and specific inhibitors of Coronavirus using phytochemicals and synthetic drugs.

MATERIALS AND METHODS

To obtain potential leads against coronavirus HE protein various molecular modeling techniques were em-
ployed including molecular docking, pharmacophore mapping, ADMET prediction, molecular dynamics sim-

ulations, dynamic correlation matrix and binding free energy calculations??.

Data collection and curation

One hundred fifteen phytochemicals were selected from various medicinal plants like Withania som-
nifera®, Asparagus racemosus %4, Zinziber officinalis 2°,Allium sativum®S, Curcuma longa 27, Adhatoda
vasica 2®. based on their antiviral activity (Table-S1 ). Besides this, we have also performed com-
parative studies of these phytochemicals with 437 synthetic drugs i.e. Atazanavir (Reyataz), Darunavir
(Prezista), Fosamprenavir (Lexiva), Indinavir (Crixivan), Lopinavir/Ritonavir (Kaletra), Nelfinavir (Vira-
cept), Ritonavir (Norvir), Saquinavir (Invirase), Tipranavir (Aptivus), Atazanavir/Cobicistat (Evotaz) and
Darunavir/Cobicistat (Prezcobix) (Table-S2 ) (Clercq & Li, 2016) as potential inhibitors of the HE fusion
complex?®. However, the coronavirus hemagglutinin-esterase (PDB ID:3CL5) structure was selected as a
receptor which contains 4,9-O-diacetyl sialic acid as a natural inhibitor ®. These receptor, phytochemicals
and protease inhibitors were passed through YASARA energy minimization involving Amber03 force field
and geometry optimized using the steepest gradient approach (100 iterations)3°.

Docking calculation

Molecular docking experiments were implemented using hemagglutinin-esterase (HE) protein and two
datasets which were pre-processed by water removal and other parameters in YASARA 20.4.24 with
AutoDock Vina algorithm?' and AMBERO3 force field 32. Docking validation is necessary for the confor-
mational flexibility of a protein’s binding site3":33. The 4,9-O-diacetyl sialic acid was re-docked to decipher
the various interactions and binding mechanisms. After that, the two datasets were applied for docking and
top-ranked compounds chosen for ADMET and MD simulations analysis.

The docking score was calculated based on:

AG = AG’vdVV + AC;Hbond + AGelec + AG’tor + AG‘desol



Where AG,qw = van der Waals term for docking energy; AG ppong = H bonding term for docking energy;
AG e = electrostatic term for docking energy; AGy,, = torsional free energy term for the compound when
the compound transits from unbounded to bounded state; AG gesorw = desolvation term for docking energy®°.

Pharmacophore modeling

Ligand-based pharmacophore models®* were generated for 4,9-O-diacetyl sialic acid and top-ranked com-
pounds from natural as well as synthetic drugs using Accelrys Discovery Studio v20.1.0.19295. The phar-
macophore hypothesis relies on the interactions formed by the protein-ligand complex which shows various
features. The conventional approach has pertained with default: H bond acceptor (HBA) and donor (HBD),
hydrophobic (HY), ring aromatic (RA) and positive-negative ionizable centers. Due to the unavailabil-
ity of the decoy datasets and literature the generated pharmacophores were compared with each other for
conformation generation3®:36.

Lipinsky’s rule and ADMET prediction

Based on Lipinski 37and Veber 3® rules the drug-likeness properties (molecular weight, hydrogen bond ac-
ceptor, hydrogen bond donor, lipophilicity, topological surface area, rotatable bonds) and adsorption, dis-
tribution, metabolism, excretion and toxicity (ADMET) descriptors (human intestinal absorption (HIA),
blood-brain membrane, CYP-2D6 enzyme inhibition, hepatoxicity, Ames mutagenicity, carcinogenicity, rat
oral LD50, etc.) were developed using SwissADME webserver®*°and TOPKAT module of Accelrys Discov-
ery Studio v20.1.0.19295. This procedure leads to identify the potency of drug-like molecules*!.

Molecular dynamics and derivation of the dynamic cross-correlation matrix

Molecular dynamics simulations of the top-ranked five compounds were subjected to 20 ns time interval
using the YASARA Structure suite (academic license) 3. To perform the MD simulations in YASARA
software certain parameters were employed accordingly which relies on energy minimization using the steepest
gradient technique (100 cycles) of the YASARA energy minimization module (YASARA Biosciences, GmbH)
with YAMBER (YASARA assisted model building with energy refinement) force field*?, assigned AM1BCC
charges (Austin model 1 semi-empirical method with bond charge correction) and restored the hydrogen
bonding network in the complex*®. To simulate the complex structure acid dissociation constant (pKa)
was appointed to every polar amino acid in the orthorhombic cell using the AutoSMILES method with
default parameters of periodic boundary condition. The simulation cell was filled with TIP3P (transferable
intermolecular potential 3 points) water model which pertained 0.997 g/1 density and 0.9 % ion concentrated
NaCl with Berendsen thermostat (298 K) and barostat (1 pressure bar)*445. The receptor-ligand interactions
were analyzed using simulation snapshots at every 25 step time trajectory?S.

The dynamic cross-correlation matrix of top-ranked five compounds was constructed through Coa backbone
atoms within the 8 A cut off radius to ligand atoms. The heatmaps were generated online with the help
of MORPHEUS Versatile matrix visualization and analysis software*” which shows the anticorrelation and
correlation between -1 and +1 matrix values. The residue motions were calculated using:

Dynamic cross correlation matrix ; ;= di)
J (di%) (dj?)

Here, d is the displacement vector between the i th Co atom of a particular residue with j th Co atom of
another residue as a function of time. <> denotes the time ensemble average of the displacement quantities.

Binding free energy calculations

Molecular mechanics generalized born surface area (MM-GBSA) and molecular mechanics Poisson-
Boltzmann surface area (MM-PBSA) are being used for the binding free energy calculations*®-51. Hence,



YASARA AMBERI14 with the “single trajectory approach” was used for the top-ranked five MD simulated
complexes. The following equations were applied for the calculations of binding free energy (Alg, s ) values:

AC;bind = AC;f:omplex(minimized) - [AGligand(minimized) + AC;lreceptor(1’1rlini10(1ized)]

and

Where Aras is the conformation entropic contribution, and Ay, is the molecular mechanics interaction
energy (electrostatic + van der Waals interaction) between protein and ligand. AI'yp andAI's;4 depict the
polar solvation energy and the nonpolar solvation energy, respectively®?.

RESULTS AND DISCUSSION

Mbolecular docking of coronavirus hemagglutinin-esterase with plant-derived phytochemicals
and synthetic drugs

Receptor-based molecular docking was employed to identify the potential and specific inhibitors of Coron-
avirus. However, re-docking of 4,9-O-diacetyl sialic acid was done with the HE glycoprotein and it possessed
5.23 kcal/mol with 0.1945 kcal/(mol*Atom)] efficiency with competitive inhibition. Based on the 1.84 A
RMSD value it was confirmed that the re-docking of co-crystal ligand was performed successfully.Figure-1
depicts the three- and two-dimensional poses of co-crystal ligand and HE glycoprotein, in which, 3 hydro-
gen bonds were formed with Thr 114, Ser 116 and Tyr 184, while 2 hydrophobic interactions were also
formed Phe 211 and Leu 267, this moiety plays a pivotal role in the HE glycoprotein inhibition. So, 115
plant-derived phytochemicals and synthetic drugs were docked with the coronavirus hemagglutinin-esterase
complex. Among 115 plant-derived phytochemicals, Withanoside V was found as a potent binder with 7.8
kcal/mol which possessed 9 hydrogen bonds with Ser 116, The 159, Tyr 184, Leu 212, Ser 213, Asn 214
and Thr 243 which resembled with the co-crystal ligand docking. The top-ranked compounds were listed for
further studies. Their binding energies ranged from 7.8 kcal/mol to 7.58 kcal/mol.Table-1 contains the list
of top-ranked compounds having the binding energy, hydrogen bonds, the dissociation constant, efficiency
(related to competitive inhibition) and contacting amino acid residues.

The synthetic drugs were also tested as a comparative study and Remdesivir bound with the highest binding
energy values of 7.50 kcal /mol which was higher than the co-crystal ligand. However, Saquinavir, Delavirdine,
Indinavir and Fosamprenavir were the most promising inhibitors for the HE glycoprotein (Figure-3 ).
Table-2shows detailed information regarding docking scores and other details. Based on the docked scores
of Withanoside V and Remdesivir was the robust binder of more than 7 kcal/mol binding energy. Thus,
these two could be employed for HE glycoprotein inhibition after the experimental validation

Pharmacophore modeling

Ligand-based pharmacophore modeling was carried out for co-crystal ligand and top-ranked compounds due
to the lack of the decoy datasets for coronavirus target and the generated pharmacophore scores were con-
sidered for the hypothesis generation from natural as well as synthetic drugs. A total of 11 pharmacophore
features were generated through Accelrys Discovery Studio which possessed 4-H bond acceptor (HBA) and
6-donor (HBD) and 1-negative ionizable center. Based on this hypothesis, two separate pharmacophores
were developed from top-ranked plant-derived phytochemicals and synthetic drugs and compared with the
developed hypothesis. The fit scores were used to decipher the pharmacophores reliability. However, phyto-
chemicals and proteases were notified with 2 which was more accountable for the development of developing
receptor-ligand interactions. Figure-4 demonstrates the comparative pharmacophores generated from the
co-crystal ligand and top-ranked phytochemicals as well as protease inhibitors. These comparative phar-
macophore modelling showed higher number of pharmacophore features development concerning co-crystal



ligand. Hence, these hypotheses indicate the potency towards the molecular level interactions with selected
HE glycoprotein targets.

Lipinsky’s rule and ADMET prediction

The Lipinsky’s rule of five and ADMET prediction of top-ranked compounds were studied to understand
the amenability of pharmacokinetic properties and toxicity properties. Table-3 and Table-4 depict the
Lipinski’s rule-of-five and ADMET prediction of top-ranked phytochemicals and FDA-approved protease
inhibitors. All phytochemicals were showed violations in Druglikeness and ADMET PSA 2D properties,
while ADMET Solubility Level, ADMET BBB Level, ADMET AlogP98 and logPo/w were successfully
satisfied.

Mbolecular dynamics simulations

MD simulations of top-ranked 5 phytochemicals were executed for 20 ns time interval. The structural
level of integrity and conformational changes were identified through energy, RMSD, RMSF plots of all
complexes. The DCCM and binding free energy calculations were carried out also. The total energy values
of all complexes were ranges from -1335000 to -1360000 kcal/mol (Figure-5 ). However, the RMSD values
have fluctuated between 1 to 4 while Shatavarin X was the only compound that possessed more variation
(Figure-6 ).Figure-7 to Figure-11 depicts the changes that occurred in the conformation during the MD
event. In Figure-7 , the changes in the structure of HE glycoprotein and Withanoside V were notified after
the 10 ns time trajectories which showed the decrease in the interaction generation. While Racemoside C
was found with a dramatic change in interaction development (Figure-8) . Withanoside IV depicted the
fewer changes were observed in the MD event (Figure-9 ). The fluctuation was found in the Shatavarin X
at every time trajectories (Figure-10 ). However, Shatavarin X pertained the fall of the interactions after
10 ns (Figure-11 ).

Dynamic cross-correlation matrix to study residue motions of cross-terms

The correlative motions of different pocket residues were developed from the Dynamic cross-correlation
matrix. Figure-S1 to Figure-S5 . The DCCM was plotted through heatmap in the MORPHEUS online
tool which provides blue and red color intense representation to decipher the residue motions of selected
protein-ligand complexes. The blue color shows the negative or anti-correlated movements of pocket residues
while the positive correlation in the residue motions indicated by red color. Tyr 108, Lys 112, Thr 115, Ser
116 and Thr 243 were the most common amino acid residues for the positive correlation.

Binding free energy evaluation

YASARA software was used to calculate the binding free energy of all protein-ligand complexes which
included a 20 ns time interval with 200 snapshots. Figure-12 shows the MM-/PBSA calculation of all
complexes, in which, Withanoside IV and Withanoside V showed the same stability with energy values. The
higher energy values were observed in Racemoside C which ranged between -309.216 to -20.871 KJ/mol. The
overall stability was noted to be Racemoside C, Shatavarin VII, Shatavarin X followed by Withanoside IV
and Withanoside V which illustrates the partial contribution towards the inhibitory activity (Table-5 ).

CONCLUSION

The current pandemic COVID-19 virus is largely untreatable with present therapeutic drugs and no vaccine
is currently available. The spike protein with HE fusion complex was targeted in silico with plant-derived
phytochemicals and synthetic drugs. The in silicoanalysis of HE glycoprotein and these datasets revealed the
robust natural repositories as well as the potency of current therapeutic drugs. This study found prominent
interactions between the selected target and compounds. Among all datasets, Withanoside V, Racemoside
C, Withanoside IV, Shatavarin VII and Shatavarin X emerged as promising compounds that targeted with
the best binding affinity. Notably, the pharmacophore modeling of these compounds revealed high potency
towards the inhibition of HE glycoprotein. The MD simulations were depicted as the best binding stability
with correlative motions generated from the Dynamic cross-correlation matrix. Also, the distribution of



hydrogen bonds and the energy contribution of all simulated complexes were calculated through binding free
energy. Overall, these in silicoanalysis revealed that the coronavirus hemagglutinin-esterase glycoprotein
complex was inhibited by Withania somnifera(ashwagandha) and Asparagus racemosus (shatavari). This is
primary level anticipation which can be validated by in vitro andin vivo studies.
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Figure Legends

Figure-1 (A) Docked pose of the HE glycoprotein with re-docked ligand 4,9-O-diacetyl sialic acid (Green
color — native ligand and Yellow color — amino acids) and (B) Protein-ligand interaction maps developed
from PoseView.

Figure-2 Docked pose of the HE glycoprotein with top-ranked plant-derived phytochemicals (Green color
— ligands and Cyan color — amino acids). (A) Withanoside V, (B) Racemoside C, (C) Withanoside IV, (D)
Shatavarin VII and (E) Shatavarin X.

Figure-3 Docked pose of the HE glycoprotein with top-ranked Synthetic drugss (Pink color — ligands
and White color — amino acids). (A) Remdesivir, (B) Saquinavir, (C) Delavirdine, (D) Indinavir and (E)
Fosamprenavir.

Figure-4 Ligand-based pharmacophore modelling: (A) Mapped pharmacophore features of co-crystal ligand,
(B) Comparative pharmacophore features of co-crystal ligand and top-ranked phytochemicals, (C) Compara-
tive pharmacophore features of co-crystal ligand and top-ranked protease inhibitors (Hydrogen Bond Donor:
Pink sphere, Hydrogen Bonds Acceptor: Green Sphere and Ionizable area: Blue, Orange and Red Positive
Aromatic rings).

Figure-5 Molecular Dynamics Simulation analysis: Time vs. Total energy and Time vs. RMSD graph. Color
denotation: Yellow-Withanoside V; Purple-Racemoside C; Green-Withanoside IV; Magenta-Shatavarin VII;
Skyblue-Shatavarin X.

Figure-6 Structural Stability analysis: Pocket residue vs. Pocket RMSD and Pocket residues vs. Pocket
RMSF. Color denotation: Yellow-Withanoside V; Purple-Racemoside C; Green-Withanoside IV; Magenta-
Shatavarin VII; Skyblue-Shatavarin X.

Figure-7 Graphical representation of the interactions between Coronavirus Hemagglutinin-Esterase with
Withanoside V simulated molecule by Discovery studio visualiser ((A) 0 nanoseconds, (B) 5 nanoseconds,
(C) 10 nanoseconds, (D) 15 nanoseconds, (E) 20 nanoseconds).

Figure-8 Graphical representation of the interactions between Coronavirus Hemagglutinin-Esterase with
Racemoside C simulated molecule by Discovery studio visualiser ((A) 0 nanoseconds, (B) 5 nanoseconds,
(C) 10 nanoseconds, (D) 15 nanoseconds, (E) 20 nanoseconds).

Figure-9 Graphical representation of the interactions between Coronavirus Hemagglutinin-Esterase with
Withanoside IV simulated molecule by Discovery studio visualiser ((A) 0 nanoseconds, (B) 5 nanoseconds,
(C) 10 nanoseconds, (D) 15 nanoseconds, (E) 20 nanoseconds).



Figure-10 Graphical representation of the interactions between Coronavirus Hemagglutinin-Esterase with
Shatavarin VII simulated molecule by Discovery studio visualiser ((A) 0 nanoseconds, (B) 5 nanoseconds,
(C) 10 nanoseconds, (D) 15 nanoseconds, (E) 20 nanoseconds).

Figure-11 Graphical representation of the interactions between Coronavirus Hemagglutinin-Esterase with
Shatavarin X simulated molecule by Discovery studio visualiser ((A) 0 nanoseconds, (B) 5 nanoseconds, (C)
10 nanoseconds, (D) 15 nanoseconds, (E) 20 nanoseconds).

Figure-12 Binding free energy calculations of coronavirus hemagglutinin-esterase and top ranked phy-
tochemicals. Color denotation: Yellow-Withanoside V; Purple-Racemoside C; Green-Withanoside IV;
Magenta-Shatavarin VII; Skyblue-Shatavarin X.

Table Legends

Table-1 Binding modes of top-ranked plant-derived phytochemicals with HE glycoprotein with Binding
energy, Hydrogen bonds, Dissociation constant, Efficiency and contacting receptor residues.

Table-2 Binding modes of top-ranked Synthetic drugss with HE glycoprotein with Binding energy, Hydrogen
bonds, Dissociation constant, Efficiency and contacting receptor residues.

Table-3 Prediction of Lipinski’s ‘Rule of 5, Veber and ADMET for the top-ranked phytochemicals.

Table-4 Prediction of Lipinski’s ‘Rule of 5°, Veber and ADMET for the top-ranked FDA-approved Protease
inhibitors.

Table-5 The Binding free energy of binding for a series of top-ranked hits using MM-/PBSA approach.
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