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ABSTRACT
Several variants of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) were observed
since the outbreak of the global pandemic at the end of 2019. The trimeric spike glycoprotein of the
SARS-CoV-2 virus is crucial for the viral access to the host cell by interacting with the human angioten-
sin converting enzyme 2 (ACE2). Most of the mutations take place in the receptor-binding domain
(RBD) of the S1 subunit of the trimeric spike glycoprotein. In this work, we targeted both S1 and S2
subunits of the spike protein in the wild type (WT) and the Omicron variant guided by the interaction
of the neutralizing monoclonal antibodies. Virtual screening of two different peptidomimetics data-
bases, ChEMBL and ChemDiv databases, was carried out against both S1 and S2 subunits. The use of
these two databases provided diversity and enhanced the chance of finding protein-protein inter-
action inhibitors (PPIIs). Multi-layered filtration, based on physicochemical properties and docking
scores, of nearly 114,000 compounds found in the ChEMBL database and nearly 14,000 compounds in
the ChemDiv database was employed. Four peptidomimetics compounds were effective against both
the WT and the Omicron S1 subunit with the minimum binding free energy of !25 kcal/mol. Five pep-
tidomimetics compounds were effective against the S2 subunit with the minimum binding free energy
of !19 kcal/mol. The dynamical cross-correlation matrix insinuated that the mutations of the RBD in
the Omicron variant of the SARS-CoV-2 virus altered the correlated conformational motion of the dif-
ferent regions of the protein.
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1. Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2) belongs to the Coronaviruses (CoVs) subfamily, which
are characterized by the presence of spikes on their surface
(Cui et al., 2019; Kim et al., 2022; Zhu et al., 2020). CoVs
group was the cause behind several outbreaks: Severe Acute
Respiratory Syndrome Coronavirus (SARS-CoV), Middle

Eastern Respiratory Syndrome Coronavirus (MERS-CoV), and
recently SARS-CoV-2 (Knipe, 2013; Lu et al., 2015; Su et al.,
2016). Despite the development of vaccines, the global pan-
demic is still an issue of concern due to the emerging var-
iants of SARS-CoV-2. The emerging variants are associated
with enhanced transferability and a higher infection rate due
to the evasion of the immune system (Campbell et al., 2021;
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Hoffmann et al., 2021). These variants include B.1.1.7 (SARS-
CoV-2 a), B.1.351 (b), P.1 (c), B.1.617.2 (d), and B.1.1.529
(SARS-CoV-2 Omicron) (Colmenares-Mej!ıa et al., 2021; Du,
2022; Liu et al., 2021; Zhou et al., 2021). The observed muta-
tions in the emerging variants of SARS-CoV-2 are mostly
located in the receptor-binding domain (RBD) of the S1 sub-
unit of the spike glycoprotein.

The trimeric spike glycoprotein is a class I fusion protein
present on the surface of the SARS-CoV-2 virus facilitating
access to the host cell (Li, 2016; Walls et al., 2020). The S pro-
tein consists of two subunits: S1 and S2 (Zamzami et al.,
2022). The RBD of the S1 subunit recognizes and interacts
with the human angiotensin converting enzyme 2 (ACE2)
protein (Rabbani & Ahn, 2021). S2 subunit is essential for the
fusion of the host and the viral membranes (Hoffmann et al.,
2020; Li, 2015). As the spike protein has a crucial role in the
life cycle of the virus, the developed mRNA vaccines are
based on immunogens of the S protein (Baden, 2020; Polack
et al., 2020; Voysey et al., 2021).

Despite the discovery of peptides effective in inhibiting
the RBD of the spike protein of the SARS-CoV-2 virus
(Rabbani et al., 2021), peptides are subject to high proteoly-
sis and poor oral absorption resulting in low bioavailability.
On the other hand, peptidomimetics have better bioavailabil-
ity, duration of action, selectivity, and potency (Cowell et al.,
2004; Vagner et al., 2008). Peptidomimetics are designed to
interact with the biological targets and to produce a similar
biological effect to natural peptides or proteins. In other
words, peptidomimetics are compounds that resemble nat-
ural peptides or proteins but with better physicochemical
activity. Peptidomimetics were found to be effective in a
wide range of studies. For example, peptidomimetics were
used as antimicrobial agents mimicking the antimicrobial
peptides but with improved stability (Molchanova et al.,
2017), gastrointestinal prokinetic agents with enhanced oral
bioavailability (Dale et al., 2011), and antimalarial agents with
improved in-vivo activity (Patrick, 2020). In addition, peptido-
mimetics were used to mimic the specificity and the affinity
of the antibody binding and to produce the same biological
activity (Sachdeva et al., 2019). Therefore, using peptidomi-
metics to mimic the interactions of the monoclonal neutraliz-
ing antibodies to inhibit both S1 and S2 subunits of SARS-
CoV-2 spike protein is promising.

Several studies have been carried out so far targeting the
SARS-CoV-2 virus ranging from re-purposing the commer-
cially available drugs, using natural compounds, to virtual
screening of different databases as well as structure-based
approach (Pandey et al., 2021; Quimque et al., 2021; Sharma
et al., 2020). These studies targeted different proteins in the
life cycle of the virus. Some studies were targeting the
human ACE2 protein, others targeted the viral trimeric spike
protein, and some targeted the pp1a Mpro which is the pre-
cursor of all the viral proteins essential in the viral life cycle
(Dale et al., 2011; Molchanova et al., 2017; Patrick, 2020;
Sachdeva et al., 2019; Sharma et al., 2020). However, no
study focused on the use of the peptidomimetics com-
pounds or targeted the Omicron variant using this specific
class of compounds.

In this study, we targeted the RBD of the S1 subunit in add-
ition to the stem helix of the S2 subunit of the S protein. This
was guided by the interaction of two effective neutralizing
monoclonal antibodies. CV3-25 monoclonal antibody inhibits
the host-viral membrane fusion by binding to the S2 subunit
that is highly conserved among the coronaviruses (Li et al.,
2022). EY6A monoclonal antibody binds to the RBD of the S1
subunit preventing its interaction with the human ACE2 enzy-
me,resulting in preventing the viral access to the human cell
(Figure 1) (Zhou et al., 2020). Targeting both S1 and S2 subu-
nits at the same time provides a better chance of halting the
viral life cycle. This dual inhibition provides a good strategy to
deal with the mutations of the emerging variants. The RBD of
the S1 subunit is the main position of the mutations across the
different emerging variants. On the other hand, the S2 subunit
is not subject to mutations across the different variants provid-
ing the possibility of cross-reactivity. Virtual screening of
ChEMBL (Davies et al., 2015) and ChemDiv peptidomimetics
databases against both the wild type (WT) and the Omicron
variant of the SARS-CoV-2 virus was carried out to find com-
pounds with similar biological activity to the antibodies but
with better physicochemical activity. The work presented in
this study is unique in the use of peptidomimetics to inhibit
both the RBD of the S1 subunit and the stem helix of the S2
subunit guided by the interactions of the known monoclonal
neutralizing antibodies.

2. Methodology

2.1. Ligand preparation

113,903 compounds and 14,161 compounds were retrieved
from ChEMBL and ChemDiv peptidomimetic databases,
respectively (Davies et al., 2015). Lipinski’s rule of five was
applied to the peptidomimetic compounds followed by
excluding toxic-moieties containing compounds as well as
the removal of pan-assay interference compounds (PAINS)
using KNIME (Berthold et al., 2009). This filtration of the pep-
tidomimetics based on the physicochemical properties
resulted in 32,667 compounds from the ChEMBL database
and 9,062 compounds from the ChemDiv database. These
41,729 peptidomimetic compounds were subjected to a con-
formational search to account for the flexibility of the ligands
and to get the most stable conformations of the molecules
using the OMEGA2 package (Hawkins et al., 2010). OMEGA is
a knowledge-based method used to produce the bioactive
conformations of the molecule.

2.2. Active site preparation and molecular docking

The crystal structures of the RBD of the WT of the SARS-CoV-
2 bound with neutralizing antibodies (PDB ID: 7BZ5 (Wu,
2020)) and for the Omicron variant bound with EY6A and
Beta-55 monoclonal antibodies (PDB ID: 7QNW (Dejnirattisai
et al., 2022)) were obtained from protein data bank (PDB), as
well as the crystal structure of the stem helix of the S2 sub-
unit bound with CV3-25 antibody (PDB ID: 7NAB (Li
et al., 2022)).

2 M. TAREK IBRAHIM AND P. TAO



As the goal of this study is to find peptidomimetics with
binding modes similar to the neutralizing antibodies of the S
glycoprotein, the interacting site of the antibodies with the
glycoprotein is considered the docking site. The active sites
of the three crystal structures were prepared for docking
using the MakeReceptor package (Pandey et al., 2021;
Quimque et al., 2021; Sharma et al., 2020). MakeReceptor
package depends on generating a negative image for the
active site. A negative image is the shape of the active site
where ligands bind without clashes (Kelley et al., 2015;
McGann, 2011, 2012).

Molecular docking for the 41,729 compounds was
employed against the prepared active sites of the two crystal
structures of the S1 and S2 subunits of the WT SARS-CoV-2
virus using the FRED package (McGann, 2011, 2012). The
top-ranked five molecules targeting the RBD of the S1 sub-
unit were further docked against the RBD of the Omicron
variant of SARS-CoV-2 virus. FRED docking method is based
on a systematic examination of the possible docking poses,
the docked molecules are then arranged concerning the
Chemgauss4 scoring function, which depends on shape com-
plementarity (McGann, 2011, 2012).

2.3. Parameterization of the top ranked hits

Restrained Electrostatic potential (RESP) charges of the top-
ranked 25 hits based on Chemgauss4 scores of the final pepti-
domimetics database docked against RBD of WT SARS-CoV-2,
Omicron variant, and S2 subunit were calculated using R.E.D.

server (Vanquelef et al., 2011). Ab initio calculations carried out
by R.E.D. derives a reproducible partial charge of the non-
standard residues independent of the methodology employed
in the calculation. The ligands were then parameterized
according to the General AMBER force field 2 (GAFF2) using
the AnteChamber module (Wang et al., 2001, 2006).

2.4. Molecular dynamics simulations

The ligand-protein complexes of the top-ranked hits were
analyzed by molecular dynamics (MD) simulations to evalu-
ate their stability and to calculate the binding free energy.
Amber package was used for this purpose, Amber ff14SB
force field was used for the protein (Case, 2008; Case et al.,
2005; Maier et al., 2015). Each complex was solvated in a
cubic water box with a cut-off of 10.0 Å using the TIP3P
water model. The system was then neutralized by adding
counter charges in the form of Naþ and Cl- ions. The steep-
est descent algorithm was used to minimize the system. This
was followed by 50 picoseconds (ps) isothermal-isobaric
ensemble (NPT) equilibration at 300 K. A production of 150
nanoseconds (ns) simulations was carried out as canonical
ensemble (NVT) in the form of three-independent replicas. A
total of 25# 150¼ 3,750 ns MD simulations were carried out
for the top-ranked 25 protein-ligand complexes.

SHAKE algorithm was applied to all bonds containing
hydrogen atoms (Essmann et al., 1995). The Langevin
dynamic with the collision frequency 2.0 ps!1 was used to
couple the systems to a constant temperature of 310 K and a

Figure 1. S1 and S2 subunits of the trimeric S glycoprotein augmented with antibodies used for drug targeting in this study. (a) RBD of S1 subunit of WT SARS-
CoV-2 virus augmented with antibody (PDB ID: 7BZ5); (b) Stem helix of S2 subunit augmented with antibody (PDB ID: 7NAB); (c) RBD of S1 subunit of Omicron vari-
ant of SARS-CoV-2 virus augmented with antibody (PDB ID: 7QNW).
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pressure of 1 bar. The electrostatic interaction was evaluated
by the particle-mesh Ewald method (Essmann et al., 1995),
and Lennard-Jones interactions were evaluated using 8.0 Ð
as the cutoff.

2.5. MM/GBSA binding energy calculations

The binding free energy of the top-ranked protein-ligand
complexes was calculated using Molecular Mechanics/
Generalized Born Surface Area (MM/GBSA) approach (Miller
et al., 2012) implemented in AmberTools20 (Case, 2021). The
binding free energy of the ligand-protein complex is calcu-
lated as the average of the free energy of the three inde-
pendent replicas (Kollman et al., 2000).

!Gbind ¼ !Gbind, vaccum þ!Gsolv, complex

! ð!Gsolv, ligand þ!Gsolv, receptorÞ
(1)

!Gbind, vaccum ¼ !EMM ! T! S (2)

MM/GBSA method depends on three components to esti-
mate the binding free energy: the nonbonded interactions
between the ligand and the receptor, the solvation free
energy electrostatic contribution, and the solvation free
energy hydrophobic contribution. The nonbonded interac-
tions between the ligand and the receptor are estimated
using molecular mechanics (MM) which depends on the van
der Waals and electrostatic interactions
(Enonbonded ¼ Evdw þ EeleÞ: The electrostatic contribution to the
solvation free energy is assessed using Generalized Born (GB)
method. The hydrophobic contribution to the solvation free
energy is calculated using a surface area (SA) term.

2.6. Trajectory analysis

Root-mean-square deviation (RMSD) was calculated to evalu-
ate the stability of the protein-ligand complex and the con-
vergence of the simulations using AmberTools20 (Case,
2021). The first frame of the simulation was considered the
reference structure for the RMSD calculations.

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN

i¼1

ðUri ! rrefi Þ2
vuut (3)

where N is the number of atoms, ri is the coordinate of atom
i, rrefi is the coordinate of atom i in the reference structure,

and U is the best-fit rotational matrix to align a given struc-
ture onto the reference structure.

The binding modes of the top-ranked hits using the initial
frame of the 150 ns simulationswere explored to compare the
interaction of the peptidomimetics to the co-crystallized
monoclonal neutralizing antibodies. The stability of the
obtained protein-ligand interaction was investigated by calcu-
lating the occupancy of the formed hydrogen bonds.

Hydrogen bond analysis for the protein-ligand interaction
was carried out over the time course of the 150 ns simulations,
a frame was extracted every 100 ps. The analysis was based on
the default donor-acceptor distance of 3.0 Å and the default
angle of 20' implemented in VMD (Humphrey et al., 1996).

2.7. Principle component analysis

Principle component analysis (PCA) using pair-wise Ca dis-
tances was carried out to find the main modes of motion of
the RBD of the S1 subunit in the MD trajectories of the top-
ranked hits. Comparing the explored conformational space of
the RBD of the S1 subunit in the WT SARS-CoV-2 virus and
the Omicron variant can provide a better understanding of
the evasion of the Omicron variant to the immune system.

3. Results and discussion

3.1. Molecular docking

Molecular docking of 41,729 peptidomimetic compounds
against the RBD of WT SARS-CoV-2 virus was carried out
using FRED (McGann, 2011, 2012) to search for small mole-
cules that have better physicochemical properties than the
monoclonal antibodies. Chemgauss4 scores of the top-
ranked 10 hits range from !8.60 kcal/mol to !4.55 kcal/mol
(Table 1). The shape complementarity component associated
with the top 10 hits contributes more to the Chemgauss4
docking score than the hydrogen bond component. This
implies that peptidomimetics are similar to antibodies, which
rely mainly on the shape complementarity in their binding
to the RBD. In addition, the values of protein desolvation are
higher than the values of ligand desolvation in most cases.
This is attributed to the large protein size when compared to
the ligand size.

Table 1. The components of the docking score (shape complementarity, hydrogen bond, protein desolvation, and ligand desolvation) and Chemgauss4 final
score of the top ten hits obtained from docking 41,729 compounds from ChEMBL and ChemDiv databases against the S1 subunit of WT SARS-CoV-2 virus using
FRED (McGann, 2011, 2012).

Molecule
Shape

complementarity (kcal/mol)
Hydrogen

bond (kcal/mol)
Protein

desolvation (kcal/mol)
Ligand

desolvation (kcal/mol)
Chemgauss4

score (kcal/mol)

mol1_S1 !9.89 !3.07 2.46 1.91 !8.60
mol2_S1 !9.04 !3.07 2.45 1.59 !8.07
mol3_S1 !9.24 !8.48 4.00 5.80 !7.92
mol4_S1 !10.65 !2.08 3.44 1.82 !7.46
mol5_S1 !10.93 !1.91 3.85 1.77 !7.22
mol6_S1 !10.75 !2.19 4.04 1.82 !7.08
mol7_S1 !11.83 !2.02 4.99 1.81 !7.05
mol8_S1 !9.27 !3.97 3.88 2.40 !6.96
mol9_S1 !7.46 !1.44 1.44 0.57 !6.89
mol10_S1 !5.61 !5.57 1.88 4.75 !4.55
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Table 2. The components of the docking score (shape complementarity, hydrogen bond, protein desolvation, and ligand desolvation) and Chemgauss4 final
score of the top ten hits obtained from docking 41,729 molecules from ChEMBL and ChemDiv databases against the S2 subunit of WT SARS-CoV-2 virus using
FRED (McGann, 2011, 2012).

Molecule
Shape

complementarity (kcal/mol)
Hydrogen

bond (kcal/mol)
Protein

desolvation (kcal/mol)
Ligand

desolvation (kcal/mol)
Chemgauss

4 score (kcal/mol)

mol1_S2 !6.12 !5.14 1.32 1.95 !7.99
mol2_S2 !4.54 !5.52 0.87 1.83 !7.37
mol3_S2 !5.08 !5.00 1.16 1.57 !7.36
mol4_S2 !4.43 !5.34 0.65 2.00 !7.12
mol5_S2 !5.78 !4.32 1.50 1.50 !7.10
mol6_S2 !6.80 !3.46 1.35 3.11 !5.80
mol7_S2 !6.03 !3.92 1.40 2.91 !5.64
mol8_S2 !5.19 !4.46 1.38 2.79 !5.49
mol9_S2 !5.26 !4.49 1.42 2.89 !5.45
mol10_S2 !1.54 !7.53 1.15 2.51 !5.41

Figure 2. RMSD of the molecular dynamics simulations of the top ten protein-ligand complexes from the docking processes. (a) RMSD of the top-ranked ten hits
targeting the RBD of S1 subunit of WT of SARS-CoV-2 virus; (b) RMSD of the top-ranked ten hits targeting the stem helix of S2 subunit of S trimeric glycoprotein.

Figure 3. The binding free energies of the top ligands targeting both S1 and S2 subunits of S glycoprotein. (a) The binding free energy of the top nine hits target-
ing the RBD of the S1 subunit, ranging between !11 kcal/mol and !36 kcal/mol. Ligand mol9_S1 was not plotted as it was associated with positive binding free
energy. (b) The binding free energies of the top ten hits targeting the stem helix of the S2 subunit, ranging between !6 kcal/mol and !25 kcal/mol.
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The molecular docking of the final peptidomimetics data-
base against the stem helix of the S2 subunit of the SARS-CoV-
2 Virus is guided by the interaction of the CV3-25 antibody.
The Chemgauss4 scores of the top10 hits range from
!7.99 kcal/mol to !5.41 kcal/mol (Table 2). Both shape com-
plementarity and hydrogen bond component contribute to
the final docking score of the ranked top 10 hits. This implies
the importance of both components for the ligands to interact
effectively with the stem helix of the S2 subunit. The contribu-
tion of the ligand desolvation and protein desolvation compo-
nents to the final docking score varies from one ligand to the
other (Table 2). This may be attributed to the small size of
the target.

3.2. Molecular dynamics simulations

150 ns MD simulations were carried out as three independent
50 ns trajectories for each of the top10 hits resulting from
the molecular docking process. MD simulations were carried
out to allow both protein and ligand to be free and explore
different conformational spaces in their bound state. RMSD

was calculated with respect to the first frame of the simula-
tions. The fluctuation of the RMSD values in the three inde-
pendent 50 ns trajectories for each of the top-ranked ten hits
obtained from docking of the peptidomimetics database
against the RBD of the S1 subunit of WT SARS-CoV-2 virus
ranged between 0.2 and to 0.6 nm for all the ligands, where
the deviation of the RMSD values for each ligand is less than
0.1 nm (Figure 2a). This small fluctuation indicates the con-
vergence of the simulations and the stability of the binding
mode between the ligand and the protein. Similarly, the MD
simulations of the top-ranked ten hits obtained from molecu-
lar docking of the peptidomimetics against the stem helix of
the S2 subunit were associated with small RMSD fluctuations,
also ranging between 0.2 and 0.6 nm. These also indicate the
stability of the ligand binding and the convergence of the
simulations (Figure 2b).

3.3. MM/GBSA binding energy calculations

The binding free energies of the top hits targeting theRBD of
the S1 subunit and the stem helix of the S2 subunit, 10

Figure 4. The binding mode of the top 5 hits, with binding energy higher, more negative, than !25 kcal/mol, targeting the RBD of the S1 subunit of WT SARS-
CoV-2. The 2D interactions are generated by the PoseView interface (Stierand et al., 2006).
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each, were calculated using MM/GBSA method. The reported
binding free energy is the average of the binding energy cal-
culated from the three independent 50 ns simulations for
each ligand. The binding free energies of ligands targeting
RBD of the S1 subunit range from !11 to !36 kcal/mol
(Figure 3a). The ligands with binding free energy higher,
more negative, than !25 kcal/mol were selected to further
evaluate their binding mode. The binding free energies of
the molecules targeting the stem helix of the S2 subunit
were lower than those targeting the RBD (indicating weaker
interactions), where the binding free energies range from
!6 kcal/mol to !25 kcal/mol (Figure 3b). The ligands with
binding free energies higher, more negative, than !19 kcal/
mol were selected to further evaluate their binding mode
with the stem helix.

3.4. Binding mode analysis

The fluctuations in the RMSD values of the top five com-
pounds targeting the RBD of the S1 subunit, with binding
free energy higher than !25 kcal/mol, were found to be less
than 1Å. This indicates the stability of the interaction
between the protein and the ligand. The top five compounds
were structurally similar to each other and thus were
expected to have similar binding modes. The first frame of
the 150 ns MD simulation was utilized to investigate the
binding mode of the top-ranked five hits. All five compounds
form a hydrogen bond with residues Ser373 and Ser371,
except for mol6_S1, which forms a hydrogen bond with
Ser373 only (Figure 4). Additional p-p stacking is formed
with Phe374 by both mol6_S1 and mol7_S1. Compound

Figure 5. Hydrogen bond analysis of the top 5 hits, with binding energy higher than !25 kcal/mol, targeting the RBD of the S1 subunit of WT SARS-CoV-2.
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mol10_S1 forms a unique hydrogen bond with Asp364,
which is not found in the other four compounds (Figure 4).
Both Val367 and Leu368 were in close contact with these
top-ranked five compounds.

The top five hits share the same active site as EY6A
monoclonal antibody. However, the binding modes of these
top five ligands against RBD of the S1 subunit are quite dif-
ferent. The light and the heavy chains of the EY6A monoclo-
nal antibody form bonds with different residues including
Tyr369, Phe377, Leu378, Gly381, Val382, Ser383, and Pro384
(Zhou et al., 2020). These residues are in proximity to the
residues the top 5 hits peptidomimetics interact. In other
words, they share the same active site but form different
interactions. The common interaction of the top-ranked
peptidomimetics with Ser373 in the RBD highlights the
importance of other non-interacting residues with EY6A
monoclonal antibody in the same active site. To further eluci-
date the importance of this residue, the distance distribution
of the top-ranked hits targeting the RBD and Ser373 was
explored (Figure S3). The small variation in the distance
along the simulations indicates the stability of the binding
between the top hits and Ser373.

The stability of the formed hydrogen bonds between the
top five hits and the RBD of the S1 subunit was investigated
by calculating the frequency of the hydrogen bond over the
time course of the entire trajectory. The top-ranked five hits
were found to form three hydrogen bonds in mol1, four hydro-
gen bonds in mol6 and mol8, five hydrogen bonds in mol7,
and seven hydrogen bonds in mol10. Two hydrogen bonds in
complexes formed with mol1, mol6, and mol8, and three
hydrogen bonds in complexes formed with mol7 and mol10
were found to be stable over the time course of 150 ns simula-
tion (Figure 5). The occupancy of two hydrogen bonds, repre-
sented as the percent of frames that form at least two
hydrogen bonds, in mol 1, mol6, and mol8 were 63.4%, 62.2%,
and 58.8%, respectively. The occupancy of three hydrogen
bonds in mol7 was 37%, and in mol10 was 46.2%. The high
occupancy of double hydrogen bonds in mol1, mol6, and
mol8 and of triple hydrogen bonds in mol7 and mol10 support
that the binding mode of the top five hits indicated in Figure 4
as the most probable binding mode.

The RMSD values of the top five compounds, with binding
free energy higher than !19 kcal/mol, targeting the stem helix
of the S2 subunit are less than 1Å. This reflects the stability of

Figure 6. The binding mode of the top 5 hits, with binding energy higher than !19 kcal/mol, targeting the stem helix of the S2 subunit of WT SARS-CoV-2. The
2D interactions are generated by the PoseView interface (Stierand et al., 2006).
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the interaction between the top hits and the target protein.
The binding modes of the top five compounds, based on the
initial frame of the simulations, targeting the stem helix of the
S2 subunit were very similar to each other (Figure 6). All five
compounds form a hydrogen bond with Asp1153 and p-p
stacking bond with Phe1156. Phe1156 and Pro1162 are in
close contact with the top hits targeting the stem helix. This

suggests the importance of these residues in the development
of effective inhibitors against the stem helix of the S2 subunit.
These compounds could provide cross-reactivity across the dif-
ferent variants of the SARS-CoV-2 virus as they inhibit the con-
served S2 subunit, which is not subject to mutations.

The binding modes of the top five peptidomimetics hits are
similar to CV3-25 Fabs that interact with the hydrophobic face

Figure 7. Hydrogen bond analysis of the top 5 hits, with binding energy higher than !19 kcal/mol, targeting the stem helix of the S2 subunit of WT SARS-CoV-2.

Table 3. The components of the docking score (shape complementarity, hydrogen bond, protein desolvation, and ligand desolvation) and Chemgauss4 final
score of the top five hits against the S1 subunit of Omicron SARS-CoV2 virus using FRED (McGann, 2011, 2012).

Molecule
Shape

complementarity (kcal/mol)
Hydrogen

bond (kcal/mol)
Protein

desolvation (kcal/mol)
Ligand

desolvation (kcal/mol)
Chemgauss

4 score (kcal/mol)

mol1_S1 !7.90 !0.19 2.49 0.88 !4.72
mol6_S1 !7.21 !0.20 3.60 0.91 !2.91
mol8_S1 !7.25 !0.06 3.89 0.97 !2.45
mol10_S1 !5.15 !5.04 2.88 4.59 !2.72
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of the stem helix by forming a bond with the charged residues
Asp1153 and Lys1157 (Li et al., 2022). All five compounds form
hydrogen bonds with charged Asp1153. Lys1157 residue is in
close contact with mol7_S2 and mol8_S2. This implies the likeli-
hood of these molecules as good inhibitors against the stem
helix of the S2 subunit as they share the same binding mode of
CV3-25 Fabs. The same binding mode highlights the import-
ance of the role of Asp1153 residue in the S2 subunit across the
different variants of the SARS-CoV-2 virus for the possibility of
cross-reactivity. The distance distribution of the top-ranked hits
and the Asp1153 in the stem helix of the S2 subunit was calcu-
lated to investigate the stability of the identified binding mode
(Figure S4). The small deviation in the distance along the simu-
lation reflects the stability of the identified binding mode of the
top-ranked hits. This highlights the importance of Asp1153 in
the interaction of effective inhibitors against the S2 subunit.

The binding modes of the top-ranked five hits targeting
the stem helix of the S2 subunit were further validated by
the frequency of the hydrogen bond over the time course of
the simulations. All the top-ranked five hits form 5 hydrogen
bonds, except for mol9 which forms six hydrogen bonds
(Figure 7). Only three hydrogen bonds were found to be the
most stable in all the top-ranked five hits. The binding mode
of the triple hydrogen bonds in the top-ranked five hits

targeting the stem helix of the S2 subunit occupies at least
40% of the simulation time. The persistence percent, occu-
pancy, of the formed three hydrogen bonds in mol1 was
37%, in mol6 was 76.3%, in mol7 was 49.1%, in mol8 was
52.8%, and in mol9 was 51.4%. This reflects that the binding
mode including three hydrogen bonds is the most abundant.
This agrees with the suggested binding modes in Figure 6.

3.5. Targeting the RBD of the Omicron variant of SARS-
CoV-2 virus

3.5.1. Molecular docking
The top five molecules targeting the RBD of the S1 subunit of
WT SARS-CoV-2 virus were docked against the RBD of the
Omicron variant of SARS-CoV-2 virus (PDB ID: 7QNW) to check
their effectiveness against the new variant of SARS-CoV-2
virus. The active site used in the molecular docking was the
interaction site between the RBD and the EY6A monoclonal
antibody (similar to the one used in the case of the WT
SARS-CoV-2). Molecular docking employed by the FRED pack-
age (McGann, 2011, 2012) showed a lower Chemgauss4 dock-
ing score when compared to the scores obtained from the
molecular docking against the RBD of the WT SARS-CoV-2 virus
(Table 3). These lower docking scores were observed in four of
the five top-ranked hits, except for mol7_S1, which exerts no
interaction with the active site. Shape complementarity was
found to be the largest component of the final docking score.
The contribution of the protein desolvation was much higher
than the ligand desolvation to the final docking score (Table
3), similar to the docking results against the WT virus (Table 1).

3.5.2. Molecular dynamics simulations
RMSD was calculated over the time course of 150 ns molecu-
lar dynamics simulations, carried out in the form of three
independent trajectories, for the top-ranked four hits target-
ing the RBD of the Omicron variant of SARS-CoV-2 virus. The
RMSD fluctuations of these simulations range between
0.2 nm and 0.3 nm, except for replica 2 for which the RMSD
fluctuations range from 0.2 nm to 0.4 nm (Figure 8). These
small RMSD fluctuations indicate the stability of the protein-
ligand binding.

Figure 8. RMSD of the three independent 50 ns molecular dynamics simulations of the top-ranked 4 hits targeting the RBD of the Omicron variant of SARS-CoV-
2 virus.

Figure 9. The binding free energy of the top-ranked four hits targeting the
RBD of the Omicron variant of the SARS-CoV-2 virus.
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3.5.3. MM/GBSA calculations
The binding free energies of the top-ranked four compounds
were estimated as the average of the binding free energy
calculated from the three independent 50 ns trajectories
using the MM/GBSA method. There was a slight decrease in
the binding free energy of the top-ranked four hits targeting
the RBD of the Omicron variant of the SARS-CoV-2 virus
(Figure 9) when compared to the binding free energy of the
same molecules targeting the RBD of the WT of SARS-CoV-2

virus (Figure 3a). This is consistent with the results of the
molecular docking (Table 3) where lower Chemgauss4 dock-
ing scores were observed.

3.5.4. Binding mode analysis
The binding modes of the four top-ranked targeting the RBD
of the Omicron variant, obtained from the first frame of the
simulations, were analyzed to insinuate the cause of the

Figure 10. The binding mode analysis of the top-ranked four hits targeting the RBD of the Omicron variant of the SARS-CoV-2 virus. The 2D interactions are gener-
ated by PoseView interface (Stierand et al., 2006).

Figure 11. PCA of the RBD of the S1 subunit in the MD trajectories of the top-ranked hits. (a) Explored conformational space of the RBD of the WT SARS-CoV-2
virus. (b) Explored conformational space of the RBD of the Omicron variant.
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decrease of the binding free energy when compared to the
WT. The binding mode analysis showed that all the top four
compounds form p-p stacking interaction with Phe377
(Figure 10). In addition, Pro384 was in close contact with the
ligands. These compounds lack the interaction with Ser371
and Ser373, which form prominent interactions with these
compounds in the cases of the RBD of the WT of the SARS-
CoV-2 virus. On the other hand, these binding modes of the
top 4 hits are similar to the binding mode EY6A monoclonal
antibody (Zhou et al., 2020). Despite the slight decrease in
the binding free energies and the different binding modes
against the Omicron variant of the SARS-CoV-2 virus, these
top-ranked four hits are expected to be effective in inhibiting
the RBD of the trimeric S glycoprotein with a minimum bind-
ing free energy of !20 kcal/mol (Figure 9).

3.6. Insight into the effect of the mutation in WT and
the Omicron variant of the SARS-CoV-2 virus

The mutations in the RBD of the S protein altered the bind-
ing mode of the top-ranked hits as indicated by the 2D inter-
actions and the frequency of the hydrogen bonds over the
time course of the 150 ns simulations. PCA was implied as a
dimension reduction technique using pair-wise Ca distances
to compare the conformational spaces explored by the RBD
in both the WT and Omicron variant. The explored conform-
ational space of the protein associated with the top-ranked
hits in the case of the WT was found to be distinctive from
each other (Figure 11a). On the other hand, the explored
conformational space of the protein in the case of the
Omicron variant overlapped with each other (Figure 11b).

Dynamical Cross-Correlation Matrix (DCCM) was employed
to analyze the correlated conformational of the RBD in the
WT and the Omicron variant of the SARS-CoV-2 virus. High
positive correlations indicate strongly correlated motions
between the residues of the N-terminal and residues 1–50 of
the RBD of the WT (Figure 12a). This strongly correlated
motion is reduced immensely in the case of the Omicron
variant (Figure 12b). Residues 50–100 were associated with a
high negative cross-correlation with residues 1–50 (Figure
12a). This negative cross-correlation indicates that the move-
ment of these two regions of the protein is opposite to each

other. The motion of these regions in the Omicron variant
was found to be much less correlated (Figure 12b). DCCM
shows that the mutations in the RBD highly affected the cor-
related motion between the different regions of the RBD of
the S1 subunit.

4. Conclusion

In conclusion, the global pandemic caused by SARS-CoV-2 virus
is still an issue of concern due to the emerging Omicron variant
that evades the immune system. It is important to find potent
inhibitors that are effective against both the WT and the
Omicron variant. The developed vaccines are based on immu-
nogens of S trimeric glycoprotein. S glycoprotein is essential in
the life cycle of the SARS-CoV-2 virus to facilitate the binding
and the membrane fusion to the host receptors using the S1
and S2 subunits, respectively.

In this study, molecular docking of nearly 42,000 peptido-
mimetic compounds was carried out against the RBD of the
S1 subunit of both WT and Omicron variants of SARS-CoV-2
virus and the stem helix of the S2 subunit guided by the
interaction of effective monoclonal neutralizing antibodies:
EY6A and CV3-25, respectively. The top-ranked hits with
respect to the Chemgauss 4 docking score were subject to
molecular dynamics simulations to explore more conform-
ational space. Five hits were found to be effective against
the RBD of WT SARS-CoV-2 virus with binding free energy
higher than !25 kcal/mol. Four of these five hits were found
to be effective against the RBD of the Omicron variant with
binding free energy higher than !20 kcal/mol. Moreover, five
ligands were identified to inhibit the stem helix of the S2
subunit with binding free energy higher than !19 kcal/mol.

The binding mode analysis of the top ligands insinuates
the role of different residues as Ser371 and Ser373 in the
RBD of WT SARS-CoV-2 virus and Phe377 in the RBD of the
Omicron variant in the effective interaction of the ligands.
Asp1153 and Phe1156 were elucidated to be essential for
the interaction of the peptidomimetic inhibitors with the
stem helix of the S2 subunit. Further studies should be car-
ried out to investigate the role of these residues in the life
cycle of the SARS-CoV-2 virus and its emerging
Omicron variant.

Figure 12. Dynamical Cross-Correlation Matrix (DCCM) of the RBD of the S1 subunit generated by Bio3d (Grant et al., 2006). (a) Cross-correlation of the residues of
the RBD of the WT SARS-CoV-2 virus; (b) cross-correlation of the residues of the RBD of the Omicron variant of SARS-CoV-2 virus.
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