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Abstract

Omicron, a variant of concern (VOC) of SARS-CoV-2, emerged in South Africa in November 2021. Omicron has been
continuously acquiring a series of new mutations, especially in the spike (S) protein that led to high infectivity and transmis-
sibility. Peptides targeting the receptor-binding domain (RBD) of the spike protein by which omicron and its variants attach
to the host receptor, angiotensin-converting enzyme (ACE2) can block the viral infection at the first step. This study aims to
identify antiviral peptides from the Antiviral peptide database (AVPdb) and HIV-inhibitory peptide database (HIPdb) against
the RBD of omicron by using a molecular docking approach. The lead RBD binder peptides obtained through molecular
docking were screened for allergenicity and physicochemical criteria (isoelectric point (pI) and net charge) required for
peptide-based drugs. The binding affinity of the best five peptide inhibitors with the RBD of omicron was validated further
by molecular dynamics (MD) simulation. Our result introduces five antiviral peptides, including AVP1056, AVP1059,
AVP1225, AVP1801, and HIP755, that may effectively hinder omicron-host interactions. It is worth mentioning that all the
three major sub-variants of omicron, BA.1 (B.1.1.529.1), BA.2 (B.1.1.529.2), and BA.3 (B.1.1.529.3), exhibits conserved
ACE-2 interacting residues. Hence, the screened antiviral peptides with similar affinity can also interrupt the RBD-mediated
invasion of different major sub-variants of omicron. Altogether, these peptides can be considered in the peptide-based thera-
peutics development for omicron treatment after further experimentation.
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Introduction

Since December 2019, the world has been battling the
SARS-CoV-2 pandemic. The constant rate at which new
Variants of Concern (VOC) are emerging, clasping more
risky mutations than previous variants, suggests that it will
be a long battle before it is over (World Health Organiza-
tion (WHO), https://www.who.int/en/activities/tracking-
SARS-CoV-2-variants). The VOC omicron was reported
as the variant with the highest number of mutations that
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led to higher transmissibility and some extent of resistance
to immunity induced by various vaccines (Variant; Kumar
et al. 2022). Omicron is represented by three sublineages,
including BA.1, BA.2, and BA.3 (Dyer 2021). Omicron
variant BA.1 is highly divergent from the Wuhan-Hu-1,
the ancestral strain, with some deletions and more than
30 mutations (e.g., 69-70del, T95I, G142D/143-145del,
K417N, T478K, N501Y, N655Y, N679K, and P681H)
(Chen and Wei 2022). BA.2 has 32 mutations in common
with BA.1 but 28 distinct mutations. The RBD of BA.2
has four unique mutations, and 12 mutations are shared
with BA.1 (Chen and Wei 2022). The BA.2 sublineage has
been reported with a higher replication rate and enhanced
fusogenicity than BA.1. All the variants of SARS-CoV-2
employ the surface-bound spike protein (S) to interact with
the angiotensin-converting enzyme 2 (ACE2) receptor of
the host cell for attachment, fusion, and entry (Lan et al.
2020; Wang et al. 2020c). S protein is divided into two
subunits, the S1 subunit, essential for binding receptors,
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and the S2 subunit, essential for fusing the cell mem-
branes. S1 subunit has the receptor-binding domain (RBD)
that interacts with the ACE2 receptors for viral entry into
the host cell (Wang et al. 2020a). Notably, the BA.3 vari-
ant has a recombinant S protein of BA.1 and BA.2 variants
(Das et al. 2022; Li et al. 2022), with 15 mutations in the
RBD domain like BA.1 and BA.2 (Chen and Wei 2022).

As the protein—protein interaction between RBD of S1
and hACE-2 is the first and most crucial step for SARS-
CoV-2 entry into the host cell (Sharifkashani et al. 2020),
this interaction site has been considered a promising target
for therapeutic interventions for blocking the SARS-CoV-2
infection. Molecules targeting this viral entry site need not
be cell-penetrating hence may have minimum detrimental
effects. Several chemical and natural compounds and small
molecules are employed to target the RBD and hACE-2
interaction (Bruno et al. 2013). Still, peptides and peptide-
based inhibitors represent the most attractive therapeutic
alternative as peptides are more specific, efficient, and can
be better tolerated than small molecule drugs (Unciti-Broc-
eta et al. 2013; Brauer et al. 2013). Moreover, peptides can
disrupt the protein—protein interactions more effectively
compared to small molecules as they can efficiently bind
the interface-binding region due to their larger surface area
(Kaspar and Reichert 2013). Peptide inhibitors from vari-
ous resources have also been reported to be effective against
SARS-CoV-2 during the COVID-19 pandemic (Schiitz et al.
2020). The peptide inhibitors specifically designed against
SARS-CoV2 RBD are shown to neutralize the binding
affinity of the virus and prevent the virus from entering the
human cell (Baig et al. 2020; Han and Krél 2020). As the
molecular docking method provide the opportunity to inves-
tigate biomolecular interactions at the atomic level in a time
and cost-effective manner (Moradi et al. 2019; Shahlaei et al.
2021), in this study, we screened 759 antiviral peptides from
the Antiviral peptide database (AVPdb) and HIV-inhibitory
peptide database (HIPdb) by using HDOCK docking pro-
gram against the RBD of the S protein of omicron. These
two databases consist of a wide range of experimentally veri-
fied natural and modified peptide sequences (Qureshi et al.
2014). As the amino acid residues selected in the docking
site of RBD are conserved in omicron and its three subline-
ages (Supplementary Fig. 2), the peptides with higher dock-
ing scores are predicted to bind the RBD of omicron and its
variants effectively.

The allergenicity and physiochemical properties of 177
peptides with a higher docking score were further analyzed.
This study demonstrates that 18 peptides are non-allergenic
and bear suitable druggable properties. The five best pep-
tides were further analyzed with molecular dynamics (MD)
simulation to obtain high-affinity binders for the RBD of S
protein of omicron and its variants. Therefore, these peptides
identified herein are worthy of further in vitro and in vivo
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experimental investigation to develop peptide-based thera-
peutics of omicron and its variants.

Materials and methods
Selection of efficient peptide libraries for screening

To begin, we chose the two most diverse and experimentally
confirmed peptide libraries for our investigation, the AVPdb
(https://crdd.osdd.net/servers/avpdb/) and the (HIV-Inhibi-
tory peptide database) (HIPdb) (https://crdd.osdd.net/serve
rs’/hipdb/). AVPdb and HIPdb are manually curated data-
bases that include antiviral agents experimentally validated
for antiviral activity. As per the AVPdb database, the pep-
tides target 60 medically significant viruses (Qureshi et al.
2013). HIPdb, on the other hand, contains peptides tested
on 35 different cell lines that can potentially halt the virus
from infecting the host cells (Qureshi et al. 2014). Out of
2683 antiviral peptides, we have selected 759 peptides based
on the availability of information on their known inhibitory
biological activity.

Retrieval of protein sequence and preparation
for docking

As the crystallographic structure of the SARS-CoV-2 omi-
cron variant spike protein was not determined at the initial
time of this study, a three-dimensional model of omicron
spike protein RBD was developed using homology mod-
eling. This computational approach matured into an essential
technique in structural biology, significantly contributing to
narrowing the gap between known protein sequences and
experimentally determined structures (Waterhouse et al.
2018). For homology modeling, we retrieved the amino
acid sequence of omicron spike protein from the NCBI data-
base (https://www.ncbi.nlm.nih.gov/). The obtained protein
sequence was modeled into a 3D protein structure using the
SWISS-MODEL server (https://swissmodel.expasy.org/),
which is regarded as the pioneer of automated comparative
modeling and the most frequently used server for 3D protein
structure modeling (Schwede et al. 2003). The interacting
amino acid residues of omicron RBD with hACE2 were
identified by sequence alignment with wild-type SARS-
CoV-2-RBD (Supplementary Fig. 2).

The modeled structure was validated by examining the
quality of the model in terms of global model quality estima-
tion (GMQE), QMEAN score, and conformational orienta-
tion through the structure assessment tool and Ramachan-
dran plot. Generally, the GMQE scores range between 0 and
1, with the higher the score indicating higher reliability of
the modeled structure. In the case of QMEAN, a score lower
than 4.0 shows reliability (Patel et al. 2019). Furthermore,
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to get the best conformational state in terms of the lowest
energy of the modeled protein, we performed a MD simula-
tion for 10 ns using GROMACS 2020.5 before molecular
docking.

Molecular docking of selected peptides with spike
RBD

With the lowest energy state modeled RBD, we performed
molecular screening of 759 peptides using the high ambigu-
ity-driven protein—protein docking HDOCK server (https://
hdock.phys.hust.edu.cn/) (Yan et al. 2017b). We execute
site-specific docking in which amino acid residues of RBD
that are involved in the protein—protein interaction with the
hACE-2 receptor (N414, S443, Y446, Y450, 1452, F453,
A472, F483, N484, Y103, R490, S493, R495, T497, Y498,
G499, and H502) (Wang et al. 2020c) were given as input,
enabling peptides to dock at the hACE2 binding site of the
RBD. HDOCK enables information-driven, flexible docking
for complex biomolecular modeling. This HDOCK server
contains binding interface information from PDB as well as
user-supplied biological data such as residue constraints and
molecule size/shape information collected from small-angle
X-ray scattering (SAXS) to perform flexible docking. It uses
an intrinsic scoring function to determine protein—protein
interactions (Yan et al. 2020b). Besides this, it is a user-
friendly, highly integrated, and fast result-producing server,
which utilizes a hybrid docking strategy, i.e., template-based
and template-free method, which strengthens its prediction
accuracy over other docking servers (Yan et al. 2017a).

Physiochemical property and allergenicity toxicity
assessment of peptides

The physicochemical properties, including isoelectric point
(pD), and net charge at physiological pH of the lead peptides,
were analyzed. It was found that peptide/protein solubility
is directly related to their pl. Avoiding peptide aggregation
will allow for its efficient interaction with viral receptors.
pl between 11 and 13 avoids self-aggregation of peptides in
biological conditions (Giangaspero et al. 2001). Highly cati-
onic peptides, ranging from +2 to+9, directly correlate with
their attraction to negatively charged membranes, whereas
a lower net charge reduces interaction between ligand and
Receptor (Tossi et al. 1994; Gurtovenko and Vattulainen
2005). PepCalc, an online tool developed by Innovagen AB
(https://pepcalc.com/), calculated the isoelectric peptide
point (pI) and the net charge. (https://pepcalc.com/). We
have further assessed the allergenicity of peptides using the
AllerTop v2.0 online tool. (https://www.ddg-pharmfac.net/
AllerTOP/method.html). Using amino acid E-descriptors
and k-nearest neighbor (kNN) machine-learning approaches,

the tool has been demonstrated to predict allergenicity accu-
rately and reliably (Dimitrov et al. 2014).

Molecular dynamics (MD) simulation

The molecular dynamic simulation (MDS) was car-
ried out for the top five successful protein-peptide com-
plexes (AVP1056-RBD, AVP1059-RBD, AVP1225-RBD,
AVP1801-RBD, and HIP755-RBD) using GROMACS
2020.5 (Adewole et al. 2022). A 100 ns of MDS was con-
ducted for each complex at 1.0 bar pressure and 300 K tem-
perature by placing each complex in a periodic cubic box
(1.2-nm edge). All the simulated systems were set at pH 7.5.
For all complexes, the topology files were prepared using
the pdb2gmx program (Kumar and Ramanathan 2015). A
CHARMM?27 all-atom force field (Huang and MacKerell
2013) and TIP3P water model (Mark and Nilsson 2001) were
employed in this MDS study. The added water molecules
for AVP1056, AVP1059, AVP1225, AVP1801, and HIP755
complex systems were 17,801, 14,787, 15,726, 14,770,
and 15,297, respectively. Each of the systems was neutral-
ized by using Na* or Cl~ ions. For instance, the AVP1056,
AVP1059, AVP1225, AVP1801, and HIP755 complexes
were neutralized by adding 8Cl, 9Cl, 6Cl, 6Cl, and 6ClI ions
respectively to the system. The steepest descent algorithm
(Banavath et al. 2014) was being used for the energy mini-
mization of the complexes with 50,000 steps. Following this,
pre-equilibration was done by NVT and NPT for 1 ns each
to attain constant pressure (1 bar) and temperature (300 K).
Long-range electrostatics were calculated using Particle
Mesh Ewald Method (Wang et al. 2010). The final MD pro-
duction run was carried out for 100 ns for each complex
(Kumari and Subbarao 2021). The MDS trajectories of each
complex were analyzed through the root mean square devia-
tion (RMSD), root mean square fluctuation (RMSF), radius
of gyration (Rg), solvent accessible surface area (SASA),
and hydrogen bond interactions parameters to study their
conformational changes and stability in the system. Further,
the result analysis was done through XMGrace (GRaphing,
Advanced Computation, and Exploration of data) software
(Cowan and Grosdidier 2000).

Results

Homology modeling, assessment, and validation
of Spike RBD

In the absence of crystallographic spike protein of omi-
cron, we developed a homology model of omicron’s RBD
using its amino acid sequence, retrieved from the NCBI
database. Omicron RBD’s interacting amino acid residues
with hACE2 were identified by sequence alignment with
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wild-type SARS-CoV-2-RBD (Lan et al. 2020) (Supplemen-
tary Fig. 2). The homology model was created using the
SWISS-MODEL server. Validation of structure was done
based on Ramachandran plot analysis. The RBD was mod-
eled on template 7e8m.1.A (RBD of SARS-CoV-2) with
a resolution of 2.09 A and an overall sequence identity of
93.08%. The GMQE and QMEAN scores of the modeled
RBD were 0.81 and —0.45, suggesting the best quality
model. Ramachandran plot reveals 97.66% of RBD amino
acid residues lie in the favored region (Supplementary
Fig. 1). Before molecular docking, we ran a MD simulation
for 10 ns to find the optimal conformational state in terms
of the lowest energy (—927,143.56 kJ/mole) of the modeled
protein. The original numbering of amino acid residues of
the omicron RBD crucial for interaction with ACE2 recep-
tors after homology modeling is changed from N414 to N31,
5443 to S60, Y446 to Y63, Y450 to Y67, L452 to L69, F453
to F70, A472 to A89, F483 to F100, N484 to N101, Y103
to Y486, R490 to R107, S493 to S110, R495 to R112, T497
to T114, Y498 to Y115, G499 to G116, and H502 to H119,
respectively.

Molecular docking of peptides against spike RBD

A molecular docking approach reveals the binding affinity
of the individual ligand to a specific target protein struc-
ture to assist rational drug design (Jones and Willett 1995).
Understanding the interaction dynamics and possible bind-
ing mechanisms will facilitate the discovery of strong pro-
tein inhibitors (Liu et al. 2018; Patel et al. 2019). Using
the HDOCK server, we evaluated the binding affinities,

interactions between the query peptide sequences from
AVPdb and HIPdb, and the amino acid residues of omi-
cron RBD crucial for interaction with hACE2.

The RBD of the virus interacts mainly with the a-1
helix of host ACE-2 (Yan et al. 2020a). By introducing
mutations in the non-interacting residues of the a-1 helix,
Panda et al. (2021) designed peptides that showed a bet-
ter binding affinity for SARS-CoV?2 RBD than hACE-2’s
a-1 helix. Among all his designed mutated peptides, P13
exhibited the highest affinity for the SARS-CoV2 RBD
(Panda et al. 2021). Our study considered P13 (IDWQFW-
FHYDKWDHEWEDEWYQSS) as a reference peptide
for the molecular docking analysis. One hundred seventy-
seven peptides from the AVPdb and HIPdb have shown
better docking scores than reference peptides indicating
a higher affinity for omicron spike protein RBDs. The
docking scores of the best eighteen peptides after filter-
ing through physiochemical and allergenic parameters
(explained in detail in the following section) are illustrated
in Fig. la. The molecular docking of the best five pep-
tides is further performed using PATCHDOCK docking
program. The PATCHDOCK docking scores are shown in
supplementary Table 1. The docking scores of AVP1059
and AVP1801 were found more than the control, however,
the docking scores of AVP1056, HIP755, and AVP1225
are slightly lower than the control peptide. This visual
difference is in the docking score is seen due to the dif-
ferent algorithm used by these two free web servers. The
PATCHDOCK server, uses geometric hashing and pose-
clustering matching techniques to detect the best-docked
peptide (Duhovny et al. 2002). Whereas, the HDOCK web

Docking Score of anti-viral peptides

e i H 3 -243.54
-266.01
277.71 27113

-250.43 -246.9
260.42 25464

-304.87

mAVP1056 m AVP1059 m HIP755
mAVP1162 m AVP1806 m HIP597

AVPI1801 m AVP1225 m HIP947

HAVP1230 mHIP1168 = AVP1169 m AVP1227 mHIP703

IIIIH HI

231.28 -230.21 -229.06 -229.01 -226.99 -226.1
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Fig. 1 Graphical illustration of docking Score of 18 antiviral peptides and their control
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server uses a template-based hybrid docking algorithm to
generates the docking scores (Yan et al. 2020b).

Hydrogen bonds (H-bonds) significantly strengthen the
ligand—protein interaction (Chen et al. 2016). The hydrogen
bonds involved in the molecular interactions between the
best five peptides (AVP1056, AVP1059, HIP755, AVP1801,
and AVP1225) and the omicron-RBD are depicted in
Table 1.

Investigation of physicochemical and allergenicity
parameters of peptides

The cationic (+2 to+9) charge of peptides significantly
impacts their affinity for binding to the anionic target site
(Fry 2018). AMPs’ cationic nature causes electrostatic
attraction to the negatively charged phospholipids of micro-
bial membranes, and their hydrophobicity facilitates inte-
gration into the microbial cell membrane (Cederlund et al.
2011). Furthermore, the solubility of peptides and proteins

Table 1 Hydrogen bond interaction details of five best-screened pep-
tide molecules with RBD

Peptide ID Interacting residues Length of
(RBD-Peptide) H-bond (A)
AVP1056 PHE 104-GLN 26 2.5
ARG 107-TRP 27 2.5
ARG 107-TRP 27 2.4
ARG 107-PRO 28 2.6
SER 108-HIS 10 2.2
TYR 63-ARG 11 29
TYR 63-PHE 9 3.4
SER 110-PHE 9 32
SER 60-ARG 11 22
AVP1059 ARG 112-THR 22 23
LEU 66-ARG 5 1.9
ARG 80-ARG 2 34
ARG 80-ARG 2 32
GLU 79-ARG 2 2.7
AVP1225 THR 84-ARG 10 29
THR 84-ARG 10 35
GLU 85-ARG 10 2.1
ARG 107-THR 21 3.1
SER 108-TRP 5 33
TYR 115-LEU 1 2.5
AVP1801 ARG 112-ILE9 35
SER 108-ARG 10 2.5
SER 108-ARG 10 2.4
TYR 67-ASN 1 32
TYR 109-LYS 6 2.8
ASN 31-ASN 1 2.7
HIP755 GLU 79-ARG 25 2.9

is proportional to their pl. Peptide aggregation will not allow
it to interact with the viral receptors. A pl between 11 and
13 at physiological pH prevents self-aggregation, which is
required for a peptide to interact well with the cellular recep-
tor (Giangaspero et al. 2001). Therefore we determine the
net charge and the theoretical pl of all the 177 peptides using
the PepCalc server.

The Th2 response is triggered when our body is exposed
to allergenic stimuli, causing B cells to produce IgE, which
binds with eosinophil receptor FceRI to promote eosinophil
activation. Inflammation and tissue damage are associated
with activated eosinophils (Brock 1995) (Dimitrov et al.
2013; Huby et al. 2000). Therefore, we evaluated the 177
antiviral peptides’ allergenicity properties using the Aller-
Top server. The AllerTop server contains a training set of
2427 recognized allergens from various species and 2427
non-allergens to evaluate the antigenic property of the query
peptides (Dimitrov et al. 2013). The above investigations
demonstrated that 18 antiviral peptides out of 177 have a
net charge range between +2 and +9, a pl range between 11
and 13, and were non-allergenic (Table 2). This indicates
that these 18 peptides may be suitable for peptide-based
therapeutics.

Description of the interactions of the five lead
peptides with the omicron RBD

AVP1056

Costin et al. (2010) designed a peptide AVP1056 (DN57opt),
which interacts with the Dengue Virus E protein and inhib-
its viral infection in culture. The peptide AVP1056 inhib-
its virus binding to cells through binding directly to the E
protein (Diizgiines et al. 2021). In our molecular docking
study, AVP1056 is ranked first (docking score of -305.87)
and interacts with ARG107, PHE104, SER108, TYR63,
SER60, and SER110 residues of the modeled RBD of omi-
cron (Fig. 2). Notably, the peptide can strongly intervene in
the viral infection by binding with four crucial amino acids
including ARG104, Tyr63, SER60, and SER110 (Table 1)
of the omicron RBD involved in the ACE2 binding process.

AVP1059

The AVP1059 (DNBLK1) is a light-chain dynein bind-
ing protein with an arginine tail (8R) at the N-terminus
that was designed to compete with p54 for cytoplasmic
dynein interaction during ASFV infection developed by
Bruno et al. (2013) to combat the African swine fever
virus (ASFV) infection (Alonso et al. 2001; Hernaez et al.
2010). In our search, we found that AVP1059 has a high
affinity (docking score of -277.71) for the omicron RBD,
which can neutralize the viral attachment by binding
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Table 2 Physicochemical properties (pI and pH) and allergenicity properties of 18 antiviral peptides

AVPdb/HIPdb ID Peptide sequences Isoelectric Net charge at ~ Allergenicity
point (pl) pH7.0

AVP1056 RWMVWRHWFHRLRLPYNPGKNKQNQQWP 12.5 6.2 Non-allergenic
AVP1059 RRRRRRRRHPAEPGSTVTTQNTASQTMS 12.5 6.2 Non-allergenic
HIP755 GAWKNFWSSLRKGFYDGEAGRAIRR 114 4 Non-allergenic
AVP1801 NADIIKSLIRKTIINASKNTASLSILQHLYVLRS 11.0 4.1 Non-allergenic
AVP1225 LLDCWVRLGRYLLRRLKTPFT 11.3 4 Non-allergenic
HIP947 GCKKYRRFRWKFKGKFWFWG 11.7 8 Non-allergenic
HIP1131 SGIVQQLNNQLRAEEANQHLEQLSVWGSKQNQARRLK 12.5 3.1 Non-allergenic
AVP1223 LLDCWVRLGRYLLRRLKT 11.3 4 Non-allergenic
HIP743 FFHHIFRGIVHVGKTIHRLVTG 12.5 3 Non-allergenic
AVP1170 CVRLASHLRKLRKRLLRDADDLQKRLAVY 114 6 Non-allergenic
AVP1162 CEEIRARLSTHLRKMRKRLMRDADDLQKRLAVY 10.9 5 Non-allergenic
AVP1806 WLVFFVRRKK 12.5 4 Non-allergenic
HIP597 GIKQFKRIVQRIKDFLRNLV 12.2 5 Non-allergenic
AVP1230 LDCWVRLGRYLLRRLKTP 11.3 4 Non-allergenic
HIP1168 TRQARRNRRRWRERQRAAAAC 12.8 8 Non-allergenic
AVP1169 VRLASHLRKLRKRLLRDADDLQKRLAVY 11.9 6.1 Non-allergenic
AVP1227 LLDCWVRLGRYLLRRLK 11.3 4 Non-allergenic
HIP703 SWKSMAKKLKEYMEKLKQRA 10.6 5 Non-allergenic

SER-108

PHE-104

Fig.2 Representation of molecular interaction diagram of AVP1056 in the binding site of RBD
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with the amino acid residues such as ARG112, GLU79,
LEUG66, and ARGS80 of the omicron RBD (Fig. 3).

AVP1801

AVP1801 is a glycoprotein gH (gHH3) peptide from the
Marek's disease virus (MDV) of the Herpesviridae fam-
ily. AVP1801 exhibited potent antiviral activity for MDV
in plaque formation assays in vitro and lesion formation
assays in vivo (Wang et al. 2011). In the HDOCK and
PTACHDOCK molecular docking studies, the AVP1801
has shown a better docking score than the control.
Moreover, the AVP1801 forms six H-bonds at SER108,
TYR109, ARG112, TYR67, and ASN31 residues of RBD
SARS-CoV-2 omicron (Table 1, Fig. 4). We predict that
the peptide can potentially neutralize the viral infec-
tion by binding with the three amino acids, including
ARG112, TYR67, and ASN31 (Fig. 4), which are crucial
for ACE2 binding.

AVP1225

AVP1225 (GBVA3) is a peptide derived from the GB Virus
A (GBV-A), belonging to the Flaviviridae family. AVP1225
was shown to inhibit HCV infection by targeting its entry
into hepatocytes in human hepatoma-derived HuH-7 cell
lines (Huh7.5.1) (Liu et al. 2013). In our study, AVP1225
showed a binding score of -260.42 with the RBD of the
spike protein of omicron. AVP1225 forms six H-bonds with
TYRI115, ARG107, THR84, GLUS85, and SER108 residues
of RBD of SARS-CoV-2 omicron (Fig. 5). Notably, it poten-
tially interacts with two amino acids (TYR115 and ARG107)
involved in the ACE2 binding process.

HIP755

HIV755 (D94) peptide has been tested for its ability to
inhibit Human Immunodeficiency Virus (HIV) entry (Buck-
heit et al. 1995). In our study, HIP755 showed a stronger
affinity for the binding site of omicron RBD (docking score
of -271.13). Notably, this peptide does not interact with the
crucial amino acids of RBD involved in the ACE2 binding

LEU-66

ARG-5

’}, TH;'

K

ARG-112

Fig. 3 Illustration of molecular interaction diagram of AVP1059 in the binding site of RBD
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SER-108

ARG-107

ARG-10

THR-84 gy
GLU-85

Fig.4 Illustration of molecular interaction diagram of AVP1801 in the binding site of RBD

(Fig. 6); hence may interfere with the viral attachment with
ACE2 by blocking the interacting site of omicron RBD.

Molecular dynamics simulation

The top five docked complexes were selected for the MD
simulation to study the conformational stability of the
complexes through the analysis of RMSD, RMSF, Rg,
SASA, and hydrogen bond parameters. After completing
the simulation of five protein-peptide complexes, we ana-
lyzed the trajectory of each simulated complex. The average
RMSD of C—a atoms for all the five complexes AVP1056-
RBD, AVP1059-RBD, AVP1255-RBD, AVP1801-RBD,
and HIP755-RBD were estimated to be ~0.314 nm,
~0.317 nm, ~0.297 nm, ~0.261 nm, and ~0.366 nm, respec-
tively (Fig. 7A). It was found that the average fluctuations
detected in the backbone of all the complexes are below 3 A
or 0.3 nm, which suggests that the binding of the antiviral
peptides at the RBD does not alter the protein's backbone
(Banavath et al. 2014; Pandey et al. 2017). Hence, RMSD
analysis revealed that the binding of the five peptides with
the omicron RBD is stable and consistent throughout the
100 ns of the simulation period. The dynamic nature of
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each amino acid residue of the RBD protein was analyzed
with the help of RMSF parameters. Figure 7B illustrates
the RMSF plot for each complex with respect to the aver-
age time position. From the graph, it is clear that there are
no noticeable fluctuations in the ligand-binding residues of
the complexes. Although for AVP1059, there was a slight
fluctuation up to 1 nm seen in the initial five residues, after
which it was stable with no significant fluctuations. The
average RMSF values for AVP1056, AVP1059, AVP1225,
AVP1801, and HIP755 docked complexes were found to
be ~0.160,~0.193,~0.158,~0.159, and ~0.201 nm, respec-
tively. Notably, key interface interacting residues of RBD
with the hACE2 receptor show a minimal fluctuation of less
than 0.5 nm (Fig. 7B), indicating the favorable binding of
antiviral peptides with RBD (Pundir et al. 2021; Naik et al.
2020). The radius of gyration or Rg parameter was analyzed
to study the compactness of the protein-peptide complexes
in a dynamic environment. Figure 7C shows the relation
between Rg values of all the five complexes with respect to
the 100 ns time range. It is seen that the trajectories of all the
five complexes remain constantly compacted, specifying the
high binding compatibility of each peptide within the active
site of the RBD. The average Rg for AVP1056 and AVP1059
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Fig. 5 Illustration of molecular interaction diagram of AVP1225 in the binding site of RBD

is ~1.69 nm, while the average Rg values for AVP1225,
AVP1801, and HIP755 were found to be ~1.64,~1.67,
and ~1.66 nm, respectively which fall within the acceptable
range of ~1.64 +0.2 nm (Lobanov et al. 2008). Furthermore,
the SASA estimates the free energy of nonpolar solvation
of each atom in the molecule throughout the simulation
(Kumari and Subbarao 2021). Figure 7D shows the SASA
plot of the complexes in relation to simulation time, indi-
cating stable surface accessibility of the protein complexes
throughout the simulation time. The calculated average val-
ues of SASA for AVP1056, AVP1059, AVP1225, AVP1801,
and HIP755 docked complexes were 87.65, 87.31, 84.73,
85.01, and 89.51 nm?, respectively. The consistent solvent
accessibility of these complexes throughout the simulation
period indicates the least conformational changes and hence
stable binding between peptides and protein (Marsh Joseph
and Teichmann Sarah 2011; Naik et al. 2021).

Figure 8 plots the no of hydrogen bonds formed between
the protein-peptide complexes with respect to the simula-
tion time (100 ns). The average no of H-bonds formed by
AVP1056, AVP1059, AVP1225, AVP1801, and HIP755
docked complexes were ~7,~3,~8.4,~1.8, and ~5.2, respec-
tively. The hydrogen bond interactions turn out to be one of

the major forces for inhibition (Panda et al. 2021). The num-
ber of hydrogen bond formations between the protein and
peptides is directly proportional to the stability of the com-
plex (Al-Karmalawy et al. 2021). H-bond indicates the for-
mation of strong interactions during the simulation period.
This simulation study reveals that the potential antiviral
peptides can strongly bind with the RBD of omicron with-
out creating any significant conformational changes, thus
providing evidence for stable complex formation between
peptides-RBD of omicron (Pundir et al. 2021).

Discussion

Peptides and peptide-based inhibitors as therapeutics are
an appealing alternative to small molecules since peptides
exhibit numerous advantages such as high specificity and
affinity, low associated toxicity, low immunogenicity, and
comparatively short development time (Lau et al. 2018; Lee
et al. 2019; Jitendra et al. 2011; Loganathan et al. 2020; Lu
et al. 2020). That resulted in the rise of FDA approval of
peptide-based therapeutics in the last decade (Sharma et al.
2020). Hence, peptide-based therapeutics have gained more
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Fig. 6 Illustration of molecular interaction diagram of HIP755 in the binding site of RBD

interest, and many peptides of various origins are now being
studied to combat viral infection (Nag et al. 2021). Peptides
of natural origin exist as part of the innate immune system
like protegrin, defensins, and LL-37 (Karthik et al. 2014;
Vilas Boas et al. 2019; Wilson et al. 2013; Wang et al.
2020a), whereas some of the peptides, including endoge-
nous peptide-based inhibitors of VIRIP (Eggink et al. 2019;
Miinch et al. 2007) and CXCR4 (Buske et al. 2015), are
released from precursor proteins by proteolytic cleavage
(Buske et al. 2015). Additionally, peptides can be designed
based on virus-associated proteins’ function and structure
like myrcludex B targeted against hepatitis-B (Schulze et al.
2010; Blank et al. 2016) and T20 targeted against HIV-1
(Eggink et al. 2019).

The continuous evolution of SARS-CoV-2 results in the
emergence of a new variant of concerns, and omicron is
one of them characterized by 30 mutations, 15 of which
occur in the RBD of the spike protein (Singhal 2022). The
protein—protein interaction between the RBD of S protein of
SRAS-CoV2 and omicron with hACE2 is the sole cause of
the COVID-19 pandemic and has been considered a promis-
ing target for therapeutic interventions. Peptides have been
shown to efficaciously disrupt protein—protein interactions
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(PPIs) as they have a larger surface area bound explicitly to
the interface-binding region (Kaspar and Reichert 2013).
Unlike small-molecule drugs, single mutations on target
sites do not render peptide drugs non-functional (Sorolla
et al. 2020).

Targeting the RBD—ACE?2 interaction with linear pep-
tides has been considered a strategy for virus neutralization
supported by previous in-silico and experimental studies
(Byrnes et al. 2020; Shi et al. 2020; Ju et al. 2020; Yuan
et al. 2020). This study aims to identify the peptide inhibi-
tors targeting omicron RBD from two experimentally vali-
dated AVPdbs such as AVPdb and HIPdb. For that, we opted
molecular docking method to screen the peptides against
omicron RBD. The molecular docking approach allows
positioning peptide/ligands into a receptor structure in vari-
ous orientations, conformations, and positions, resulting in
a complex with a reduced binding free energy (Meng et al.
2011; Singh et al. 2021b) that can be ranked and grouped
using the scoring function of the software.

Molecular docking analysis using the HDOCK program
revealed that 177 peptides have a better binding affinity
for the omicron RBD than the control peptide. As the next
step in this study, we examined physiochemical features
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Fig.7 Graphical representation of A Root Mean Square Deviation
(RMSD), B Root Mean Square Fluctuation (RMSF), C Radius of
Gyration, and D Solvent Accessible Surface Area (SASA) through

such as the net charge, the pl, and allergenicity to identify
peptides suitable for therapeutics. The study demonstrated
that 18 peptides fulfilled the required physicochemical
parameters (Table 2) for peptide-based therapeutics. The
molecular interaction analysis of the best five antiviral
peptides (AVP1056, AVP1059, AVP1225, AVP1801, and
HIP755) reveals that all the peptides have relevant inter-
actions with omicron RBD (Figs. 2, 3, 4, 5, 6). Further-
more, the MD simulation, RMSF, Rg, and SASA analysis
of these five peptides with omicron RBD revealed that
the peptide-protein complexes are stable and compact in
dynamic conditions (Fig. 7A-D). As these peptides are
targeted for the viral surface protein and need not pen-
etrate the host cell, they may not interact with the proteins
within the cell, thereby having less chance of cross-reac-
tivity. However, as these peptides have antiviral activ-
ity, they may target other viral infections if the host has
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the molecular dynamics simulation of AVP1056-RBD (black),
AVP1059-RBD (red), AVP1225-RBD (green), AVP1801-RBD
(blue), and HIP755-RBD (yellow) docked complexes

co-infection. Computer-aided peptide-based drug develop-
ment targeting SARS-COV-2 RBD has been shown to be
successful in SARS-COV-2. For instance, Valiente et al.
(2021) computationally designed two D-peptides with an
affinity toward SARS-COV-2 RBD. They have tested these
peptides experimentally and showed successful viral neu-
tralization. Another such study identifies the potential of
Nspl inhibitors to promote the complete cessation of host
protein translation by aminoarylbenzosuberene molecules
(Singh et al. 2021a). Such studies showed that in-silico
lead candidates have potential efficacy, and experimental
results align with in-silico results for many cases (Singh
et al. 2022). However, our molecular docking study lacks
experimental validation. We propose that further in vitro
and in vivo studies may reveal the therapeutic potential of
our lead peptides to block the SARS-CoV omicron virus
infection.

Pisdlase clla)l auao @

KACST .6l roglell 2= Springer



198 Page 120f15 3 Biotech (2022) 12: 198

®) ©
e

W————

T T T

Number

ol

N " A

0 . 50 100 0 50 100
Time (ns) Time (ns) 0 Timseo(ns) 10
(D) E
7 ” L 20 _— (, ) —
. I\ i I ]
5 | | 15— —
AVP1056
. AVP1059 r b
£ AVP1225 5
s £10 -
= AVP1801 ____ 2
‘ HIP755 i |
2
l ‘ N M Wﬁ | _
T THATHIT | |
% 50 100 g 5|o T
Time (ns) Time (ns)

Fig.8 Hydrogen bonds graphs of protein—ligand interaction of five
top-ranked complexes A AVP1056-RBD (black), B AVP1059-RBD
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Conclusion

Even after 3 years of SARS-CoV-2, this pandemic contin-
ues to cause overwhelming death and infection worldwide
and demands effective therapeutics against present SARS-
CoV-2 VOCs. This study has implemented a molecular
docking approach to investigate antiviral peptides’ inhibitory
potential as effective leads for developing new therapeutics
against SARS-CoV-2 omicron. To initiate our investigation,
we screened peptide libraries AVPdb and HIPdb against
the RBD of SARS CoV-2 omicron. The assessment of the
physicochemical properties of the resultant antiviral pep-
tide molecules revealed the drug-likeness properties of 18
peptide molecules among 177 peptides. Further molecular
dynamic simulation study revealed that the top five antiviral
peptides (AVP1059, AVP1056, AVP1225, AVP1801, and
HIP755) form a stable and rigid peptide-protein complex
with omicron RBD. Thus, these findings may be valuable for
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HIP755-RBD (yellow) showing the presence of H-bond throughout
the time scale of 100 ns MD simulations

developing efficient antiviral therapeutics to combat SARS-
CoV-2 omicron at the first site of infection.
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tary material available at https://doi.org/10.1007/s13205-022-03258-4.
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