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ABSTRACT

The scientific community is continuously working to discover drug candidates against potential targets of
SARS-CoV-2, but effective treatment has not been discovered yet. The virus enters the host cell through
molecular interaction with its enzymatic receptors i.e.,, ACE2 and TMPRSS2, which, if, synergistically
blocked can lead to the development of novel drug candidates. In this study, 1503 natural bioactive com-
pounds were screened by HTVS, followed by SP and XP docking using Schrodinger Maestro software. Bio-
0357 (protozide) and Bio-597 (chrysin) were selected for dynamics simulation based on synergistic bind-
ing affinity on S1 (docking score —9.642 and —8.78 kcal/mol) and S2 domains (-5.83 and —5.3 kcal/mol),
and the RMSD, RMSF and Rg analyses showed stable interaction. The DFT analysis showed that the
adsorption of protozide/chrysin, the band gap of protozide/chrysin-F/G reduced significantly. From
SERS, results, it can be concluded that QDs nanocluster will act as a sensor for the detection of drugs.
The docking study showed Bio-0357 and Bio-0597 bind to both S1 and S2 domains through stable molec-
ular interactions, which can lead to the discovery of new drug candidates to prevent the entry of SARS-
CoV-2. This in-silico study may be helpful to researchers for further in vitro experimental validation and
development of new therapy for COVID-19.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

tality of 2%-5% [3-5]. The world health organization (WHO), after
careful consideration of the emerging situation, announced it as

The emergence and spread of a novel corona virus (SARS-CoV-2)
from Wuhan city of China to the rest of the world has posed a glo-
bal health emergency due to its highly contagious nature [1]. The
symptoms caused by this virus are similar to previous cases of sev-
ere acute respiratory syndrome corona virus (SARS-CoV) and the
middle east respiratory syndrome corona virus (MERS-CoV), which
outbroke in 2003 and 2012, respectively [2]. SARS-CoV-2 causes
severe acute respiratory syndrome (SARS) with an associated mor-
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Public Health Emergency of International Concern (PHEIC) on
30th January 2020 [6]. There are seven strains of human corona
viruses, including Alpha corona viruses (229E, NL63) and 0C43,
HKUT1, SARS, MERS, SARS-CoV-2 which are considered as Beta cor-
ona viruses [7,8]. Earlier SARS and MERS were the most well-
known pathogenic strains accounting for 10% and 36% mortality,
respectively, as per the WHO [9].

The SARS-CoV-2, causative agent of COVID-19 (Corona virus
disease-19), is a positive sense, single-stranded RNA viruses,
encoding two major groups of protein viz., structural and non-
structural proteins. The structural proteins include Spike(S), Envel-
ope (E), Nucleocapsid (N), and Membrane (M), and Non-Structural
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proteins entail nsp1 through nsp16 [10]. These structural and non-
structural proteins are being assessed as potential targets for novel
drugs as no specific, safe and effective drugs are available for SARS-
CoV-2 till date. Therefore, researchers are actively engaged in iden-
tifying potential target proteins for drug discovery by employing
myriad of tools and techniques. Besides, multiple FDA-approved
drugs, including Chloroquine, Hydroxychloroquine, Lopinavir,
Favipiravir, Ivermectin, Ritonavir and Remdesivir, are also being
repurposed/repositioned for the COVID-19, however, their clinical
outcomes have reportedly been variable, necessitating new drug
(s) with consistent effectiveness and specificity [11].

In recent times, in silico analysis is considered as one of the suit-
able and fastest approaches to screen the innumerable number of
therapeutic molecules and/or drugs in order to discover the new
drug for emerging diseases. Therefore, recently, numerous in-
silico docking studies were carried out and published, primarily
targeting the spike (S) protein [12,13], main protease [14-19], N
protein [20-23], and RNA-dependent RNA polymerase amongst
others. Despite consistent scientific efforts around the world to
contrive potential drug molecules, antibody cocktails, and vaccines
against potential targets of this tiny virus, there have not been suc-
cessful findings of the effective drug candidate for COVID-19 till
date. During SARS-CoV-2 infection, the crucial role is played by
two types of protein domains/subunits, S1 and S2, present on
membrane-bound spike protein. The S1 plays an important role
during initial attachment and entry of the virus to the host cells
through Receptor Binding Domain (RBD) [24], and thereafter, it
tends to dissociate whereas, S2 achieves a more stable fusion state
through conformational transitioning [25]. The human
Angiotensin-Converting Enzyme 2 (hACE2) binds to the RBD,
located on S1 subunit (RBD/S1) of the homotrimeric spike proteins
and TMPRSS2 plays an important role in the cleavage of S1/S1 sub-
units responsible for viral entry in the human host cell [26]. Nan-
oclusters, like fullerene and graphene are potential candidates to
build a new generation of sensors and drug carriers [27]. Many
drug adsorption studies of nanoclusters have recently been
reported [28,29].

Considering above mentioned fact, this study claims to identify
promising drugs that can synergistically block the interaction of
ACE2 and TMPRSS2 on S1 and S2 domains of spike protein hot-
spots, and thus may prevent the entry and fusion of SARS-CoV-2.
The systematic drug repurposing of bioactive compounds was
done with molecular docking and molecular dynamics simulations.
The parameters calculated include estimated docking score, inter-
molecular hydrogen bonds (HB), Root Mean Square Deviation
(RMSD), Root Mean Square Fluctuation (RMSF), and Radius of
Gyration (Rg).

2. Material and methods
2.1. Target selection and protein & ligand preparation

The purpose of this study was to obtain detailed information
regarding the newly hypothesized receptor on human cells,
ACE2, which interacts with corona virus surface proteins to estab-
lish viral infection. The three-dimensional crystal structure of
SARS-CoV-2 spike glycoproteins (PDB IDs: 6XR8) was retrieved
from the RCSB protein data bank (https://www.rcsb.org/struc-
ture/6XR8). The downloaded protein was further prepared by
using Schrodinger’s protein preparation wizard in which we have
removed the undesired protein’s subunits, het atoms, and water
molecules [30]. Chain A of spike protein was taken for further
preparation. It corrected the structure by adding hydrogen atoms
to the source structure. Additionally, the OPLS3e force field was
utilized for optimizing protein energies and removing steric hin-
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drance. A total of 789 compounds were used from the IBS Intra-
BioScreen compounds database. The 2D structures of potential
ligands were downloaded and prepared for docking study. The
ligands were prepared by using the Ligprep module with suitable
parameters like optimization, tautomers, ring conformation, 2D
to 3D conversion, determination of promoters, ionization states
at pH 7.0 with partial atomic charges using OPLS3e force field A
[30].

2.2. Receptor grid generation and active ligand binding Site prediction

The most important aspect of the computational docking of the
novel chemical entities is to identify and recognize the binding site
of the target protein structure. The active site of 6XR8 contains
hydrophobic and hydrophilic regions with hydrogen donors and
acceptors. The active ligand binding sites for receptor-ligand bind-
ing interaction of spike protein (pdb id: 6XR8) were predicted
using sitemap modules of the Schrodinger suite [31]. The receptor
grid box was generated using the grid generation module of the
Schrodinger suite by preferring active site residues after their pre-
diction. The atoms of protein were fixed within the default param-
eters of the radii of Van der Waal’s scaling factor of 1 A with a
partial charge cut-off of 0.25 A using the OPLS3e force field and
20 A docked ligand length. The dimensions of the receptor setup
and grid box werex=10A, y=10A,z=10Aand x =204,y =
20 A, z = 20 A, respectively with1 A grid box space [32].

2.3. Virtual screening and ligand-protein docking

The virtual screening process involves three main steps (Fig. 1).
The first step was the high throughput virtual screening (HTVS)
mode employed for structural conformation of all the 1503 ligands
used in this study. The second step was 375 (25% of HTVS) ligands
were screened by the SP docking process. The third step was to
finalize the 100 (25% of SP docking) compounds based on their
binding affinity to the XP docking protocol. The same procedure
was followed for docking with Site-2 and Site-3. Finally, the top
ten ligands were selected from Site-1, Site-2, and Site-3. The algo-
rithm used in molecular docking by Standard Precision (SP) and
Extra Precision (XP) has proved to be an accurate and reliable
one [33]. It is generally used to explore the protein-ligand interac-
tions in terms of their hydrogen bond interactions, Van der Waals
(vdW) forces, hydrophobic interactions, and m-m interactions. It
can also reflect other aspects of protein-ligand interactions,
including corresponding binding free energies.

2.4. Protein-protein docking

The ClusPro2.0 server (http://ClusPro.bu.edu/) was used to pre-
dict the possible interaction between two different protein struc-
tures. Table 1 shows the properties of the protein structure of
spike protein, ACE2, and TMPRSS2. The chain-A of spike protein
structure (PDB ID: 6XR8) docked with chain D of ACE2 (PDB
ID:7A92) and modeled structure TMPRSS2 were submitted to the
ClusPro server. Each cluster is characterized by its number of mem-
bers, the ClusPro score of the center of the cluster, and the lowest
ClusPro score found in the cluster. The balanced ClusPro score was
used for possible interaction prediction between docking proteins.
For each monomeric input, we kept the dimeric solution present-
ing the lowest ClusPro score. For the determination of the interac-
tions at the interface of the protein-protein complex, the Protein
Interaction Calculator (PIC) was used, which helped to determine
the various interactions at the interface of the dimers [34]. Predic-
tive interactions residues involved in hydrophobic contacts, salt
bridges, and hydrogen bonds were identified.
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Fig. 1. Virtual screening and docking workflow. HTVS (High throughput virtual screening); SP (Standard precision); XP (Extra precision); MDS (Molecular dynamics

simulation).

Table 1
Three dimensional structures of spike protein, ACE2 & TMPRSS2, and their properties.

Protein structure PDB ID Method Resolution Sequence length Number of chains
Spike glycoprotein 6XR8 Electron Microscope 290 A 1310 AB,C
ACE2 6MO] X-RAY DIFFRACTION 2.45 A 603 A

2.5. Molecular dynamics simulation

Molecular dynamics simulation (MDS) was performed using the
Gromacs 2020.4 version [35]. Missing atoms and residues in pro-
tein structure were completed with Swiss PDB Viewer [36]. The
protein of 1148 residues and ligand topology were created with
pdb2gmx and CGenFF server and Charmm36-Jul2020 force field,
respectively [37]. It was minimized by solvation with the TIP3P
water model, and 6Na+ ions were added. The total system energy
was minimized by the protein-ligand complex Canonical ensemble
(amount of substance (N), pressure (P) and temperature (T) - NVT)
and Isothermal-isobaric (amount of substance (N), volume (V), and
equilibrium steps temperature (T) - NPT) were carried out at
100 ps. Molecular dynamics of 10 ns duration were run. Root mean

square deviation (RMSD), Root mean square fluctuation (RMSF),
Radius of gyration (Rg), hydrogen bond analyses between protein
and ligand were calculated.

2.6. DFT analysis

For modelling protozide and chrysinon on fullerene and gra-
phene, all the structures are optimized independently (Fig. 2). To
find protozide/chrysin-F/G interaction, (initially, protozide/chrysin
is put in a parallel position with F/G), wB97xD/6-31G* level was
used with Gaussian09 and Gaussview [38,39]. The adsorption
energy (E.q) calculation of protozide/chrysin-F/G is as by Almuqrin
et al. [40].
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Fig. 2. Optimized structures of (a) fullerene (b) graphene (c) chrysin (d) protozide.

3. Results and discussions
3.1. Protein structure reliability and active site selection

The PROCHECK server was used to generate a Ramachandran
plot displaying allowed and disallowed regions (https://servicesn.

mbi.ucla.edu/PROCHECK/) [41]. It needs more than 90% residues
in the most favored region to be a standard model of good quality
and reliability of three-dimensional structures. The protein struc-
ture used in this study (6XR8) has 92.3% residues in the most
favored region and the rest 7.7% are in the additional allowed
regions (Fig. S1-Supporting information). Therefore, the structure
used in our study is reliable as 100% of the residues lie in allowed
regions. Since the disallowed regions are generally involved in
steric hindrance, therefore, this plot shows minimum steric inter-
actions and good stereo chemical quality of 3D protein structure.
The active binding pockets on spike protein were predicted using
the Sitemap tool of Maestro 12.4 version of Schrodinger software
(Table 2). Total five active sites were predicted (Fig. S2), among
them sitel was found on S1 subunit with associated residues
involving Leu18, Ala243, Leu244, Ser254, Ser255, Gly257, Trp258,
Thr259, Ala260, Gly261, Ala262, 1 Le68, Hie69, Ly597, Ser98,
Asn99, Ile100, Phe140, Val143, Tyr144, Tyr145, Trp152, Glu156,
Arg158, Leul79, Gly181, Lys182, GIn183, Gly184. The Site-2 was
predicted on fusion peptide (788-806) and HR1(912-984) of S2
subunit, and associated residues are Val729, Ser730, Met731,
Thr732, Lys733, GIn774, Asp775, Thr778, Phe782, Phe823,
Ala831, Gly832, Phe833, Leu861, Pro862, Pro863, Leu864,
Leu865, Thr866, Asp867, I1le870, Ser1055, Ala1056, Pro1057,
Hie1058, Gly1059. The site-3 was predicted on receptor binding
domain of S1 subunit of spike protein, and active site residues of
site-3 are Cys336, Pro337, Phe338, Val341, Phe342, Ile358,
Ala363, Tyr365, Leu368, Tyr369, Ala372, Phe374, Phe377, Leu387,
Phe392, Val395, Cys432, 1le434, Leu513, Phe515, Val524. Site 3
and 4 were predicated on the S1 subunit and HR1 & HR2 of the
S2 subunit but both sites were excluded from the study due to less

Table 2
Dscore, size and active site residues of 6xr8 predicted by Schrodinger’s sitemap tools.
S/ Active DScore Residues
N Site
1  Site-1 1.00 Leu18, Ala243, Leu244, Ser254, Ser255, Gly257,
Trp258, Thr259, Ala260, Gly261, Ala262, I Le68,
Hie69, Ly597, Ser98, Asn99, Ile100, Phe140, Val143,
Tyr144, Tyr145, Trp152, Glu156, Arg158, Leu179,
Gly181, Lys182, GIn183, Gly184
2 Site-2  1.09 Val729, Ser730, Met731, Thr732, Lys733, GIn774,
Asp775, Thr778, Phe782, Phe823, Ala831, Gly832,
Phe833, Leu861, Pro862, Pro863, Leu864, Leu865,
Thr866, Asp867, 11e870, Ser1055, Ala1056, Pro1057,
Hie1058, Gly1059
3  Site-3 1468 Cys336, Pro337, Phe338, Val341, Phe342, 1le358,

Ala363, Tyr365, Leu368, Tyr369, Ala372, Phe374,

Phe377, Leu387, Phe392, Val395, Cys432, 1le434,

Leu513, Phe515, Val524.

94, 96, 99, 101, 102, 103, 104, 119, 121, 126, 128,
177, 190, 192, 194, 203, 226, 227

907, 910, 911, 912, 914, 1091, 1092, 1093, 1104,

1105, 1106, 1107, 1108, 1111, 1113, 1119

4 Site-4 0.9

5 Site-5 08

than one DScore. Three receptor grids were generated on sitel, 2,
and 3 using the associated active site residues for the docking
study.

3.2. Protein-ligand docking

Three binding pockets (Site1, 2, and 3) on S1 and S2 subunits of
spike proteins were selected for screening and docking of 1503
bioactive Phyto-compounds. After high throughput virtual screen,
25% (375 ligands) ligands were used in standard precision and
25% (95 ligands) of SP docking were used for XP docking. Finally,
the best 10 ligands were finalized for further study based on the
lowest docking score (Table 3). Magnolol, Curcumin, Protozide,
Auraptene, Acitretin, Fosenazide, Chrysin, Alizarin, GT-44, and
Aripiprazole were top 10 ligand molecules and their docking score
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Table 3

Docking Results of Bioactive Phyto-compounds Compounds from ibscreen database against site 1, 2 & 3 1.46 of 6XR8 target protein.
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Site-3 (DScore 1.46)

Site-2 (DScore 1.09)

Site-1 (DScore 1.00)

S/No Compound ID Docking Score Compound ID Docking Score Compound ID Docking Score
1 Bio-0675 -10.38 Bio-0174 -6.73 Bio-0613 —6.85
2 Bio-0677 -9.85 Bio-0043 —6.53 Bio-0109 —6.34
3 Bio-0357 —9.642 Bio-0287 —6.42 Bio-0312 —6.18
4 Bio-0625 —-9.592 Bio-0924 —-5.96 Bio-0034 -6.12
5 Bio-0002 -9.577 Bio-0597 —5.83 Bio-0219 —6.02
6 Bio-0437 -9.153 Bio-0617 —5.63 Bio-0247 -5.79
7 Bio-0597 -8.78 Bio-0640 -5.45 Bio-0047 —5.78
8 Bio-0224 —8.678 Bio-0357 —-5.30 Bio-0594 —-5.76
9 Bio-0385 —8.649 Bio-0369 -5.19 Bio-0444 —5.71
10 Bio-0004 —8.632 Bio-0808 —5.18 Bio-0357 —5.69
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Fig. 3. Physiochemical interactions of protein-protein docking complex. A) protein-protein. Docking interactive residues between spike protein and ACE2. B) Protein-protein

docking interactive residues between spike protein and ACE2 with TMPRSS2.

are —10.38, —9.85, —9.642, —9.592, —9.577, —9.153, —8.78, —8.678,
—8.649, —8.632 respectively. These ligands predicted to be able to
interact with the receptor-binding site of spike protein, thereby
excluding the possibility of virus binding with ACE2 receptor and
entry in the host cell. Interactive residues of these ligands are
Ser373, Tyr369, Phe374, and Leu387. Bio-0174, Bio-0043, Bio-
0287, Bio-0924, Bio-0597, Bio-0617, Bio-0640, Bio-0357, Bio-
0369, Bio-0808 are best ten ligands docked with S2 subunit, and
docking score are -6.73, —6.53, —-6.42, —5.96, —5.83, —5.63,
—5.45, -5.30, —5.19, —5.18, respectively. Protein-ligand interactive
residues on S2 subunits are Asp867, Pro863, Ser730, Thr778,
Ser730, Thr778, Thr778, Gly1059, Ala1056, Ser730, Ser730,
Asp867, and Gly832. Molecular docking analysis of several plant
compounds against S protein (6VXX) and MP™ (6LU7) gives bind-
ing free energies in the ranges —10.4 to —-5.5 and —-8.3 to
—5.3 kcal/mol [42].The phytochemical emodin binds with spike
protein fragment and its receptor human ACE2 protein similar to

that of hesperidin but its binding energy —6.19 kcal/mol is less
than that of hesperidin (-8.99 kcal/mol) [43].

TMRPSS2 binds with the S2 subunit, thereby facilitating molec-
ular interaction between receptor binding domain and human
ACE2, and eventually cleaves between S1/S2 subunit of the spike
protein. Bio-0613, Bio-0109, Bio-0312, Bio-0034, Bio-0219, Bio-
0247, Bio-0047, Bio-0594, Bio-0444, Bio-0357 are the best ten
ligands docked with site 1 associated S1 subunit residues includ-
ing, Hie69, Leul79, Ser98, Val143, Thr259, Leu244, Val143,
Glu156, Ser254, Gly181, Ala262, Tyr145, Gly257. Docking score
of all ten ligand compounds are —6.85, —6.34, —6.18, —6.12,
-6.02, —5.79, —5.78, —5.76, —5.71, and —5.69, respectively.

Ligand Bio-0357 binds with both S1 and S2 subunits with all
three active sites (Site 3, 2, and 1) with good docking score (-
9.642, —5.30 and —5.69, respectively) (Table 3). Whereas ligand
Bio-0597 binds both subunits through Site 3 and 2, and docking
scores are —8.78 and —5.83 with site 3 and 2, respectively (Table 3).
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The number of Intermolecular H bonds between the ligands (Bio-375 & Bio-597) and amino acid residues of SARS CoV-2 spike glycoprotein (pdb id: 6xr8) during 50 ns.

Previously ivermectin and remdesivir have been reported the bind-
ing affinity with spike protein and TMPRSS2 [44].Binding affinity of
ivermectin with spike protein found to be docked between the
viral spike and the ACE2 receptor. The molecular docking of iver-
mectin with TMPRSS2 suggested an important role of ivermectin
in inhibiting the entry of the virus into the host cell, probably by
increasing the endosomal pH [45].Hoffmann et al., reported that
remdesivir showed high affinity to spike but formed unstable com-
plex, however, it showed considerable high affinity to both
TMPRSS2 and ACE-2 might denote its possible roles in blocking cel-
lular receptor necessary for viral entry in addition to inhibiting
TMPRSS2 induced membranes’ fusion required for the SARS-CoV-
2 replication [26].

Figs. S3 and S4 show the physicochemical interaction of ligand-
protein complex of Bio-0357 and Bio-597 with S1 (site-3), and S2
(Site-2) subunit of spike protein, respectively, whereas Fig. S5
shows the physicochemical interaction of ligand Bio-0357 with
S1 subunit (Site-1). Interestingly, ligand Bio-0357 can block the
activity of TMPRSS2 through the S2 subunit and may also inhibit
the fusion of the S1 subunit with ace2 by blocking the receptor-
binding domain of spike protein. The chemical structure and bio-
logical activity of both selected and therapeutically promising
molecules are mentioned in Table S1 (supporting information).

3.3. Protein-protein docking

Attachment and proteolytic cleavage of the viral spike protein,
resulting in the formation of two fragments, S1/S2 and S2’ by host

ACE2 and TMPRSS2, are pre-requisite for viral entry into the host
cell [26]. The cleavage at the later site results in the production
of S1/S2 and S2’ fragments required for the viral entry into the cells
[46]. This provides an excellent basis on which docking simulations
could be directed. Therefore, in this study, we analyze protein-pro-
tein interaction between spike protein and ACE2 and TMPRSS2
using the ClusPro2.0 server. Fig. 3-(a) and (b) show the interactive
residues of spike protein with ACE2 and TMPRSS2 protein-protein
docking complex. The Thr430-Lys131, Glu516-Lys131, Ser514-
Cys133, Asn394-Cys133, Asn394-Glul71, Arg357-Glu171(2x),
Lys462-Glu150(2x), Arg355-Glu160, ARG466-Glu160 are the inter-
active residues between the S1 subunit of spike protein and ACE2
docking complex. The Asp839-Ala99, Glu836-Gly97, Asp745-
Lys83, Tyr837-Lys82, Ala845-Lys80, Thr768-Asp144, Glu787-
Lys223, Lys733-Gly141 are the interactive amino acids between
the S2 domain and TMPRSS2.

3.4. MD simulations

Molecular dynamics simulation studies of 50 ns duration were
carried out to further analyze the interactions of the complex
structure formed with the SARS-CoV-2 spike glycoprotein (PDB:
6XR8) and Bio-0357 and Bio-597, which gives the lowest value
according to the docking score. To validate the molecular dynamics
system, the spike protein was simulated with apo without ligand.
RMSD measurement of the complex structures according to the
ligand was performed. As shown in Fig. 4(a), Bio-0357, Bio-0597,
and spike complex structures showed an RMSD value between
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(a)

Fig. 5. Optimized structures of (a) protozide-F (b) protozide-G (c) chrysin-F (d) chrysin-G.

0.1 and 0.25 nm, and below 0.075 nm, respectively. Bio-0597
exhibited a lower RMSD profile than the Bio-0357 compound.
Accordingly, the Bio-0597 and Bio-0357 compounds formed a
stable and consistent structure with the spike protein. In this case,
it was seen that the ligand structures are stable, and the stability of
complex compounds was high.

The fluctuation of protein structures was calculated on a resi-
due basis by selecting ’c-alpha’. As shown in Fig. 4(b), the RMSF
value of the apo form and protein-ligand complex structures were
measured below 2 nm. Following RMSF graph examination, it was
determined that Bio-0357 had less fluctuation and a more stable
structure compared to apo form and Bio-0597. In contrast, Bio-
0597 showed less fluctuation than the apo form until the 720th
residue, but higher fluctuation than the apo form was measured.
Also, Bio-597 exhibited the highest fluctuation at 1.92 nm. Rg mea-
surement was performed to measure the compactness of apo form,
Bio-0357, and Bio-0597 ligands with spike protein complex struc-
tures. As shown in Fig. 4(c), while the apo form Rg value during
10 ns formed a stable curve between 4.75 nm and 5.00 nm, Bio-
0597 created an increasing acceleration from 4.75 nm to
5.42 nm, while Bio-0357 produced an acceleration that decreased
from 4.82 nm to 4.42 nm. If we look at molecular dynamics studies
in general, according to RMSD, RMSF, and Rg analysis Bio-0357 and
SARS CoV-2 protein form a stable molecular interaction. MD simu-
lations of zidovudine showed a very stable interaction with fluctu-
ation starting at 2.4 A on 2 ns and remained stable at 3 A from 13 to
50 ns with SARS-CoV-2 target proteins of PDB ID:6VYO [20].

Also, the analysis of the number of H bonds that Bio-0357 and
Bio-0597 formed with SARS CoV-2 spike glycoprotein at a distance
of 3.5 A (0.35 nm) during 10 ns was performed. As shown in Fig. 4
(d), the Bio-0357 compound formed 2 or 3H bonds during about
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7 ns and Bio-0597 rarely formed 1H bond. Bio-0357 compound
tends to form more H bonds than Bio-0597. It can be said that
Bio-375 interacted with the SARS CoV-2 spike glycoprotein with
higher stability than Bio-0597. MD simulations studies showed
that all the three complexes of 6VYO with alizarin, aloe-emodin
and anthrarufin were stable up to 50 ns with good binding affini-
ties [23].

3.5. Chemical and spectroscopic interactions of protozide/chrysin with
F/G systems

Fig. 5 shows optimized protozide-F/G and chrysin-F/G struc-
tures. After optimization, protozide get adsorbed nearly perpendic-
ular to F/G clusters (Fig. 5) while chrysin gets nearly parallel to F
and nearly perpendicular to G clusters. Adsorption energy is mea-
sured by subtracting from the total energy of the combined system,
protozide/chrysin over F/G clusters, the amount of individual
energy of protozide/chrysin and F/G. Adsorption energies are
—15.16/-16.35 kcal/mol for protozide-F/G and —16.52/—17.63 kca
1/mol for chrysin-F/G systems [47]. For p-acetanisidide and 4-(3-
chloropropoxy)acetanilide, the adsorption energies are reported
as -11.17 and —13.64 kcal/mol with graphene and as —11.30 and
—13.62 kcal/mol with fullerene systems [48]. In the case of letro-
zole/metronidazole, the adsorption energies with graphene and
fullerene nanoclusters are respectively, —4.5808/-3.8905 kcal/mol
and 1.8198/-1.1295 kcal/mol [49]. We explored FMOs (Fig. 6) of
protozide-F/G and chrysin-F/G to study binding affinity between
protozide/chrysin-F/G and F/G. In Fig. 6: HOMO is over the entire
molecule, except pyridine ring and LUMO over the entire molecule
except one OH for protozide; HOMO and LUMO over the fullerene
with the interchange of orbitals for protozide-F and HOMO over
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Fig. 6. HOMO-LUMO plots of (a) protozide (b) protozide-F (c) protozide-G (d) chrysin (e) chrysin-F (f) chrysin-G.

the entire protozide molecule except for pyridine and graphene
while LUMO is over the graphene only. In Fig. 6: HOMO is over
the entire molecule except mono-substituted phenyl ring and
LUMO is over the entire molecule for chrysin; HOMO and LUMO
are over the fullerene for chrysin-F system and HOMO is over chry-
sin except for mono-substituted phenyl ring and LUMO is over the
graphene alone for the chrysin-G system. HOMO and LUMO delo-
calization for all systems resulting in charge transfer and different
enhancements due to adsorption [50].

HOMO-LUMO gaps (Table S2) of protozide/chrysin over F/G are
less than that of pristine values (2.5100/3.0030 eV) with the least
value for F systems. These changes in Eg of protozide/chrysin over
all F/G show charge transfer. The chemical potential of protozide/
chrysin (-6.5848/-7.0117 eV) doped with F/G becomes more nega-
tive and electrophilicity values are very high, for F cages which
show the bioactivity clusters as nano-drug carriers [51].

In MEP (Fig. 7 for protozide and chrysin systems), red and blue
regions are electrophilic and nucleophilic [52]. Red gives negative

potential where positive charges are strongly bound and vice versa
for blue. For protozide/chrysin adsorbed on F/G, charges of O and N
atoms change due to the adsorption process (Table S3) and these
changes in charge confirm the enhancement.

The first order hyperpolarizability (x10~%esu) of protozide/
chrysin are 39.285/9.325 while that with fullerene are
44.686/25.518. The second order values (x1037esu) are
-43.161/-53.766 for chrysin-F/G and -52.581/-55.271 for
protozide-F/G. The first-order hyperpolarizability of protozide/
chrysin-F is greater than that of pristine molecules. Large enhance-
ment of the second hyperpolarizability of all protozide/chrysin-F/G
shows high NLO properties (Table S4). The polarizability also
shows enhancement [53]. The first order (x103? esu) and second
order (x10737 esu) hyperpolarizabilities of letrozole/metronida-
zole are 2.296/4.421 and -22.537/-4.777 respectively [49].

For letrozole/metronidazole adsorption in graphene/fullerene
nanoclusters, the polarizability values are reported as: first order
hyperpolarizability (x1073° esu), 2.296/4.421 for letrozole/
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Fig. 7. MEP plots of (a) protozide (b) protozide-F (c) protozide-G (d) chrysin (e) chrysin-F (f) chrysin-G.

metronidazole, 3.713/6.048 and 4.163/10.881 for letrozole/
metronidazole graphene and fullerene complexes [49]. The second
hyperpolarizability values (x10737 esu), for letrozole/letrozole-G/
letrozole-F and metronidazole/metronidazole-G/metronidazole-F
systems are respectively —22.537/-55.922/-67.560 and —4.777/
—45.330/-41.332 [49].

Figs. S6 and S7 show the Raman spectra of protozide and chry-
sin molecules and with F/G systems. For all QDs, there is an
increase in intensity for different modes of protozide/chrysin [54].

4. Conclusion

The present study was carried out to explore potential ligands
interaction with newly hypothesized binding sites of ACE2 and
TMPRSS2 on S1 and S2 domain of trimeric spike protein of SARS
coronavirus-2. A total of 1503 tautomer’s of bioactive compounds
were used forvirtual screening and docking with three active bind-
ing sites on the S1 and S2 domain of spikes protein. Molecular
dynamics (MD) simulation was performed for 10 ns to validate
the stability behavior of Bio-0357 (Protozide), and Bio-597 (Chry-
sin) bioactive compounds with S1 binding site of the spike protein.
The RMSD, RMSF, and Rg analysis of Bio-0357 and Bio-597 com-
pounds with spike protein forms a stable ligand-protein interac-
tion. In-silico docking and dynamic simulations study of both
bioactive compounds show good binding affinity (docking score
—9.642 and —8.78 kcal/mol with S1 domain and -5.83 and
—5.30 kcal/mol), and stable molecular interaction with both target
binding sites which can lead to thedevelopment of potential ther-
apeutic drug candidates for preventing the entry of SARS CoV-2
into the human host cell via ACE2 and TMPRSS2 interaction.

The adsorption of protozide/chrysin on F/G has been investi-
gated through DFT simulations. At adsorption of protozide/chrysin,
the band gap of protozide/chrysin-F/G is reduced significantly.
From SERS results it can be concluded that QDs nanoclusters will
act as a sensor for the detection of drugs. The molecular and pre-
dictive biological properties of Bio-0357 (Protozide), and Bio-597

(Chrysin) may be helpful for researchers in further experimental
validation through in vitro and in vivo studies.
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