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Abstract

The present study investigated antiviral peptides (AVPs) as inhibitors of SARS-CoV-2 Orf9b protein, a novel target for
disrupting the Orf9b—TOM70 complex crucial for viral infection. In silico screening via molecular docking and MD simu-
lations identified AVP1442 and AVP1896 with high binding affinities to Orf9b (— 846.3 kcal mol~! and — 820 kcal mol ™!,
respectively), comparable to the Orf9b—TOM?70 complex (— 810.99 kcal mol™!). These AVPs interacted with key amino
acid residues in Orf9b, including phosphorylation sites. In addition, AVPs also closely interacted with conserved regions in
Orf9b. AVP1896 formed a hydrogen bond with Orf9b’s threonine at position 84. AVP1442 interacted with Orf9b’s leucine at
position 15. Favorable Ramachandran plots and compactness during MD simulations for up to 100 ns suggest good stability
of formed complexes. These non-toxic AVPs warrant further in vitro and in vivo evaluation, potentially as components of
drug cocktails with small molecules or interferon-based therapies.
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Introduction

Severe acute respiratory syndrome coronavirus (SARS-
CoV-2) is the etiological agent for coronavirus disease 2019
(COVID-19). It is a positive-sense single-stranded RNA
virus from the family Coronaviridae. The coronavirus fam-
ily includes a large group of viruses, once associated with
the common cold, which has now produced some of the
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deadliest pathogens known to human beings. In the last 2
decades, members of this family, such as SARS-CoV, Mid-
dle East respiratory syndrome coronavirus (MERS-CoV),
and SARS-CoV-2 have challenged our current public health
systems, causing epidemic and pandemic situations in 2002,
2012, and 2019, respectively. Although SARS-CoV-2 has
a low case fatality rate compared with its predecessors, its
ability to spread has made it a global public health crisis

Faculty of Applied Sciences and Biotechnology, Shoolini
University of Biotechnology and Management Sciences,
Solan 173229, Himachal Pradesh, India

Department of Computational Biology and Bioinformatics,
Sam Higginbottom University of Agriculture, Technology,
and Sciences, Prayagraj 211007, Uttar Pradesh, India

Rajiv Gandhi Institute of Information Technology
and Biotechnology, Pune 411045, Maharashtra, India

Department of Applied Biology, University of Science
and Technology, Meghalaya 793101, India

Department of Forensic Science, Himachal Pradesh
University, Summer Hill, Shimla 171005, Himachal Pradesh,
India

School of Applied Sciences and Technology, Gujarat
Technological University, Ahmedabad 382424, Gujarat, India

Pigllae cllo &y .
l)(JACSTaz::.l:iélqu mﬁ @ Springer


http://orcid.org/0000-0003-0351-9425
http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-024-04032-4&domain=pdf

192 Page2of11

3 Biotech (2024) 14:192

(Gordon et al. 2020). As of February 18, 2022, more than
418 million COVID-19 cases have been reported, with
nearly 6 million deaths worldwide (https://covid19.who.
int/). Concerted global efforts to find novel antiviral drugs/
vaccines to debilitate the pathogen have resulted in a flood
of studies and clinical trials (Armstrong 2021). Despite these
efforts, the emergence of various new SARS-CoV-2 strains
(Mahase 2021) with only a few available vaccines has placed
a tremendous burden on the pharmaceutical industry to find
novel treatment options (Batista et al. 2021). These new
variants have ability to cause severe infection due to their
continuous evolution (by fast mutation rate), with better sur-
vival fitness, and wide spread into less vaccinated countries
(Thakur et al. 2022a, b), (Thakur et al. 2022a, b*).

Emerging evidence suggests that multifaceted approaches
can contribute to short-term goals in COVID-19 manage-
ment, such as preventing infection (Kumaravel et al. 2020).
These approaches include good diet which influences gut
microbiota (Rishi et al. 2020), and traditional medicines
(Patel et al. 2020, (Ratre et al. 2021). However, a compre-
hensive understanding of transmission, mortality, and long-
term efficacy alongside the multifaceted roles of immunity
and health remains crucial. Hence, some novel therapeutics
are required to facilitate healthcare sector.

Interferon (IFN) regulation is the crucial event of activat-
ing innate immunity in human body. TOM70 is a mitochon-
drial surface receptor, which helps in the IFN regulation
by activating mitochondrial antiviral signaling pathway.
Generally, host pattern recognition receptors (PRR), such
as Toll-like receptors (TLR) and retinoic acid-inducible gene
I (RIG) receptors, are specialized receptors that recognize
viral components in the host. Upon sensing a virus, RIG
-1/ melanoma differentiation-associated protein 5 (MDA-5)
recruits downstream adaptor proteins, such as mitochondrial
antiviral signaling protein (MAVS), where a surface receptor
TOMT70 is a crucial receptor. Subsequently, the activated
factors initiate the transcription of type I interferon (IFN),
type III interferon, and other proinflammatory cytokines,
which lead to the host immune response (Bowie and Unter-
holzner 2008, Han et al. 2021). There are reports that sug-
gest the cause of intracellular infection by SARS-CoV-2. In
the presence of SARS-CoV-2, its intracellular viral protein
Orf9b affects the interaction between TOM70 and natural
ligands by blocking TOM70 (Jiang et al. 2020).

IFNs are pleiotropic signaling proteins that act as the
first line of defense against viruses (Nan et al. 2014). Their
activities include blocking viral transcription, degrading
viral RNA, and inhibiting viral translation (Sadler and Wil-
liams 2008). Numerous studies and clinical trials have dem-
onstrated antagonizing properties of interferons on SARS-
CoV-2 (Bosi et al. 2020; Monfared et al. 2020). Such as
efficacy of IFN-beta 1a and 1b was checked, where IFN-beta
l1a has been found suitable for an effective add on therapy
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(Rahmani et al. 2020; Darazam et al. 2021). Trials with
IFN-alpha 2b also showed efficacy for the clearance of viral
load from infected lungs (Zhou et al. 2020). However, recent
studies suggest the development of an evasion mechanism
that enables SARS-CoV-2 to escape from the interferon-
based innate response by impeding the IFN pathways (Oh
and Shin 2021). This viral evasion mechanism is exhibited
by the expression and localization of the alternative SARS-
CoV-2 open reading frame (Orf)9b on the mitochondrial
membrane, suppressing IFN pathways by interacting with
TOM70 (Jiang et al. 2020).

In this COVID-19 pandemic situation, antiviral peptides
(AVP) are also being explored to fight against SARS-CoV-2
(Huan et al. 2020; Su et al. 2022; Madhavan et al. 2021),
such as ricin-based peptide BRIP from Hordeum vulgare
inhibits the Mpro (main protease) of SARS-CoV-2 (Kashyap
et al. 2022). This study aimed to bring attention to the antivi-
ral peptides as novel therapeutics to address threat of intra-
cellular infection caused by Orf9b protein of SARS-CoV-2.
Here, we performed a high-throughput virtual screening of a
library of 267 antiviral peptides from the AVPdb, which is a
manually curated, comprehensive database of antiviral pep-
tides targeting many medically important viruses (Qureshi
et al. 2014), to find small peptides that can competitively
bind to Orf9b. The interaction between AVPs and TOM70
leaving TOM70 disengaged for further MAVS (Mitochon-
drial antiviral signaling pathway) signal transduction to
initiate interferon response pathways (Fig. 1). Ultimately,
it suggests the potential of AVPs to be used as prospective
therapeutics to treat intracellular infection related to the
host’s immunity.

Materials and methods

To investigate the potential inhibitory effect of SARS-
CoV-2 Orf9b on TOM70 binding, crystal structures of the
unbound Orf9b (PDB ID: 6Z4U) (Weeks et al. 2020) and
the Orf9b—-TOM70 complex (PDB ID: 7KDT) (QCRG
Structural Biology Consortium 2020) were retrieved from
the Protein Data Bank (PDB) (Berman et al. 2000). Along-
side, potential inhibitors for Orf9b were also investigated.
A library of antiviral peptides for virtual screening was gen-
erated by retrieving the list of antiviral peptides from the
AVPdb database and modeling the structure of all the small
peptides having more than 90% identity and e-Value O to its
template homologs.

Antiviral peptides (AVPs) structure prediction
and model generation

The structural prediction of these peptides was carried out
using Modeller 10.3 and HHpred (Fiser and Sali 2003,
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Fig. 1 IFN response pathways are hindered by the Orf9b TOM70
complex (A), and Orf9b is bound to small antimicrobial peptides,
promoting innate immunity (B). Panel A: This panel likely illustrates
how the Orf9 TOM?70 complex suppresses the interferon (IFN)
response pathways, a vital component of the innate immune system.

Soding et al. 2005), which are widely used homology mod-
eling-based structural prediction tools. A hex command line
interface, Hex 8.0, was utilized to virtually screen the pep-
tide library for potential antiviral peptides that have more
affinity for Orf9b than its natural ligand, TOM70 (Ritchie
and Kemp 2000). For modeling the sequences of AVPDB,
we used the modeller command line tool. The process was
to be performed for almost 2000 AVPDB sequences, so the
process was automated with the help of Perl programming
language. In the first step, the search for structures related
to peptides was performed. Then the template was selected.
In this step, templates having e-Val =0 and identity > =95%
were selected for the next step; in case the model did not
have these features, the peptides were kept aside and con-
tinued with the accepted templates. The selected templates
were sent to next for comparison among them. The templates
having low resolution and good coverage were selected for
the next step. After that, aligning the peptide with the tem-
plate was done. Rest, all other parameters were kept default.

Next was to build the model. Over here we were asked
for the number of conformations which we wanted from
the template to be built, which was set to 100. After which,
based on dope score, the best among all the models was

Antiviral
B < J‘d Jv Peptide
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Immune Response

Efficient Interferons
Production

This suggests Orf9b, when bound to TOM70, might act as an immune
antagonist. Panel B: Conversely, Panel B portrays Orf9b bound to
small antimicrobial peptides. This interaction might enhance innate
immunity, potentially signifying a role for Orf9b as an immune acti-
vator when complexed with these specific peptides

to be selected. The best model was selected comparing the
DOPE score and GA341 assessment score. For the present
modeling, we considered the DOPE score, the lowest DOPE
score indicated the best model. These scores are the internal
scoring functions of the modeller.

Docking

Hex 8.0 was used as a docking tool to carry out molecular
docking between AVPs and Orf9b, Orf9b,as and TOM70.

Molecular mechanics Poisson-Boltzmann surface
area (MM-PBSA)

The MM-PBSA was done for the two groups, i.e., ligand and
the protein group. The protein group contained the Orf9b
protein, and the ligand group contained the AVPs and the
TOMT70 receptor, respectively. All the frames were consid-
ered for this analysis, starting from 0 to 100 ns at the interval
of 1. Rest all parameters were generated for the three com-
plexes using gmx_mmpbsa create input command.
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Analysis of hydrogen bonds

Hydrogen bonds were determined based on cutoffs for
the angle hydrogen—donor—acceptor and the distance
donor—acceptor. OH and NH groups were regarded as
donors, where O is an acceptor always, N is an acceptor
by default. Dummy hydrogen atoms were assumed to be
connected to the first preceding non-hydrogen atom. The
cutoff in our case was set to default (CompChems 2022).

SASA (solvent accessible surface area)

SASA was calculated by following built-in gromacs
module.

A group for the surface calculation was considered, which
consisted all the non-solvent atoms. To compute the SASA,
one group from the protein was selected to compute SASA.
Surface protein was calculated using GROMACS SASA.
SASA value for the protein was calculated as a result in xvg
format (sasa.xvg). The output was passed to Xmgrace, where
a plot of the surface area (nm?) as a function of time (ps) was
generated (CompChems 2022).

GMX_Cluster

GMX clustering data were accessed by following the
gromacs manual. Here, the cutoff was set to 0.5 (https://
manual.gromacs.org/current/onlinehelp/gmx-cluster.html#:
~:text=gmx%20cluster%20can%20cluster%20structur
es,define%20the %20distance %20between%20structures.)

The entire process was automated using in-house written
Perl scripts. Peptides with a high affinity for Orf9b were
further studied using atom-interaction map and molecular
dynamic simulations. The interaction maps were generated
using Ligplot+, and molecular dynamics studies were car-
ried out using GROMACS 2021.4 (Laskowski and Swindells
2011, Pronk et al. 2013).

MD simulation

For the molecular dynamics (MD) simulation, top two
AVPs-Orf9b protein complexes with Orf9b-Tom70 com-
plex were taken for the simulation. For this, GROMACS
was used. GROMACS is a full-featured suite of programs
to perform MD simulations, i.e., to simulate the behavior of
systems with hundreds to millions of particles using Newto-
nian equations of motion. After this, the simulation graphs
were generated using xmgrace/gracebat. Following guide-
lines based manual was applied for this study. (http://www.
mdtutorials.com/gmx/lysozyme/01_pdb2gmx.html).
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Results and discussion

The spread of SARS-CoV-2 results from its ability to
evade host innate immunity (Oh and Shin 2021; Taef-
ehshokr et al. 2020). In this regard, competitive inhibition
of Orf9b—TOM70 binding is seen as a promising strat-
egy for fighting COVID-19 (Han et al. 2021; Jiang et al.
2020). Our screening indicated that two AVPs, AVP1896
and AVP1442, have a higher affinity of binding with Orf9b
than the general interaction between Orf9b and TOM70
(Table 1).

The AVP1896 heptad is a repeat-derived peptide, which
has shown an inhibitory effect on SARS-CoV virus (Bosch
et al. 2004), whereas AVP1442 is a viral fusion inhibi-
tory peptide derived from the HIV-1 gp41 protein and was
reported to restrict the transmission of HIV to uninfected
cells (U.S patent and Trademark office, 2006). Our molec-
ular interaction study of Orf9b-AVP1896 (Supplemen-
tary Fig. 1) and Orf9b-AVP1442 (Supplementary Fig. 2)
shows that both peptides were able to form strong hydro-
gen bonds with the Orf9b protein. Specifically, AVP1896
hydrogen bonded with Orf9b’s threonine at location 84
with a 2.95 A bond distance, whereas AVP1442 bound to
Orf9b’s leucine at position 15 with a 3.05 A bond distance
(Fig. 2). Other crucial interactions were also analyzed.

The molecular dynamics simulation (MDS) for 100 ns
on these peptide-Orf9b complexes are consistent with the
docking studies. There are 10 states observed after an
interval of 10 ns from O to 100 ns (Fig. 4). This interac-
tion depicts the hydrogen bonding within the complex for-
mation. Overall interaction between amino acid residues
within the formed complexes between AVPs and Orf9b
is similar to the amino acid residue sites of interaction
between TOM70 and Orf9b, and other additional sites
reported in the literature (Bouhaddou et al. 2020). The
calculated hydrogen bonds, SASA, RMSF show optimum
results in MDS (Supplementary Data, Sect. 9 and Sect. 10).
RMSD values for both complexes, AVP1442-Orf9b and
AVP1896-0rf9b, were observed up to 1.2 nm similar to
standard complex TOM70-Orf9b. It shows that the formed
complexes were similar to standard structure in the time
frame of 1 to 100 ns. Radius of gyration (Fig. 3) further
supported this data, where the radius of gyration values
in the plot fluctuate around a central value suggests that
the structures of the molecules in these simulations are
relatively stable over time. The radius of gyration values
for all three simulations appear to be relatively constant
throughout the simulation time. This suggests that the
overall size and shape of the molecules in these simula-
tions are not changing significantly over time. Ultimately,
the radius of gyration (Fig. 3) and RMSD (Fig. 4a) values
from the MDS indicated that both the peptide complexes,
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Table 1 The affinity of small peptides for Orf9b in comparison with TOM70

S.No AVPdb/PDB ID  Sequence/description Total energy ~ Source
(kcal mol™")
AVP1896 ELDSPKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLID - 846.3 Modeller
AVP1442 WERKVDFLEENITALLEEAQIQQEKNMYELQKLNS — 820 Modeller
7KDT Natural Receptor (TOM70) —810.99 PDB

MAASKPVEAAVVAAAVPSSGSGVGGGGTAGPGTGGLPRWQLALAVGAPLLLGA-

GAIYLWS

RQQRRREARGRGDASGLKRNSERKTPEGRASPAPGSGHPEGPGAHLDMNSLD-

RAQAAKNK

GNKYFKAGKYEQAIQCYTEAISLCPTEKNVDLSTFYQNRAAAFEQLQKWK-
EVAQDCTKAYV ELNPKY VKALFRRAKAHEKLDNKKECLEDVTAVCILEGFQN-

QQSMLLADKVLKLLGKEKA

KEKYKNREPLMPSPQFIKSYFSSFTDDIISQPMLKGEKSDEDKDKEGEA-

LEVKENSGYLK

AKQYMEEENYDKIISECSKEIDAEGKYMAEALLLRATFYLLIGNANAAKPDLD-

KVISLKE

ANVKLRANALIKRGSMYMQQQQPLLSTQDFNMAADIDPQNADVY-

HHRGQLKILLDQVEEA

VADFDECIRLRPESALAQAQKCFALYRQAYTGNNSSQIQAAMKGFEEVIKKFPR-

CAEGYA

LYAQALTDQQQFGKADEMYDKCIDLEPDNATTY VHKGLLQLQWKQDLDRGLE-

LISKAIEI

DNKCDFAYETMGTIEVQRGNMEKAIDMFNKAINLAKSEMEMAHLYSLCDAA-

HAQTEVAKK
YGLKPPTL

Table shows binding affinity of antiviral peptides with Orf9b of SARS-CoV-2 (in S. No. 1 and 2). Whereas natural complex (Orf9b-TOM70)
has been considered (in S. No. 3) for the suitable comparison with other AVP-Orf9b complexes. Consequently, antivirals show high interaction

energy more than the natural complex (Orf9b—TOM?70)

10

. '
MDP - KISEMHP
MDP - KVNVVPP#
MDPNKINVVPPJ
MDP - KTSVVPP
ARO76391.1/1-98 MDPNKTNVVPP
POCS5A6.1/1-97 MDP - KTSVVPPJ
YP_009825062.1/1-98 MDPNQ TNVVPP#
AAZ67044.1/1-97 MDP - KTSVVLP
AAU04659.1/1-98 MDPNQTNVVPP#
AAT76156.1/1-98 MDPNQTNVVPP
ACB69869.1/1-98 MDPNQTNVVPP
AAV91641.1/1-98
AGT21089.1/1-98
QING6. 1/1-97

AAU04643.1/1-98
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ANA96036.1/1-97

. d . '
IQLAVTRMENAVGRDQNNVGP
IQMT | TRMEDAVVHDQNNAGP
”OLTITRMENAVGOGONSADP
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QLT | TRMEDAMGQGQNNADP
,'LTIIRMEDAVVNOOSNAVP
IQLT | TRMEDAMGQGQNSADP
IQLTTTRMEDAVVHGQNNADL
[QLTTTRMEDAMGQGQNSADP

PODTD2.1/1-97
Q3LZX3.1/1-97
AHX37567.1/1-98
AAZ67041.1/1-97

DN- KDRAMRL

Fig.2 Multiple sequence alignment of Orf9b with its homologs. The
blue box shows the conserved binding site for AVP1896, and the red
box depicts the conserved binding site for AVP1442 on Orf9b. The
conservation in this region suggests that this binding site is essential
for AVP1896 and AVP1442 function and likely remains consistent

AVP1442-0Orf9b and AVP1896-Orf9b, are relatively com-
patible, and highly compact than the counterpart reference
complex, i.e., TOM70-Orf9b complex. In addition, the
in silico analysis of these peptides using the ToxinPred

mp» »pPrPPpc<PPPPPPPPPPPPDIIP

VCRL I PTVAKM

across these Orf9b homologs. Each row in the alignment represents
a different protein sequence, and the columns represent correspond-
ing amino acid positions across the sequences. Matching amino acids
across sequences are shown with identical letters, while mismatched
positions are shown with different letters

server elucidates the non-toxic nature of these peptides
(Gupta et al. 2013).

In addition, several parameters were analyzed through
MM-PBSA. Here, complex energy, ligand energy, receptor

| ol a
e et ©) Springer
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Fig.3 The radius of gyration trajectories of antiviral peptide—protein
complexes over 100 ns. Complexes are indicated in blue (Orf9b-
TOMT70), orange (Orf9b-AVP1896), and green (Orf9b-AVP1442).
Rg reflects compactness (low) or spread (high). All complexes show
stable Rg trajectories, suggesting minimal peptide-induced conforma-
tional changes within the simulated timeframe

energy, and delta energy were calculated with respect
to the other factors, such as angle and bond, in the com-
plex formation (Table 2). Overall, end state energy was
found to be suitable in AVPs-Orf9b interaction than the
Orf9b—TOM70 complex. RMSD cluster index was also
plotted for the same (Fig. 5). SASA (solvent accessible
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Fig.4 RMSD trajectories of antiviral peptide—protein complexes (a)
up to 100 ns of MD simulation (b,c,d). The figure shows root mean
square deviation (RMSD) trajectories of several antiviral peptide—
protein complexes over a 100 ns molecular dynamics (MD) simula-

4
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surface area) shows suitability of complexes structure in
respective to the solvent (Supplementary Fig. F20).

In an attempt to find novel strategies against SARS-
CoV-2, several in silico studies have been carried out in the
past (Chowdhury et al. 2020a, Jang et al. 2021, and Hosseini
et al. 2021). This pursuit has resulted in several candidate
small molecules/peptides that are currently under further
trials. However, the majority of these efforts revolved around
restricting the entry of SAR-CoV-2 into the host cell by tar-
geting spike proteins.

In this study, all the antiviral peptides (AVPs) were
docked with protein Orf9b. The binding region was speci-
fied through random docking and as per predicted active site
of Orf9b protein by CASTp server. The amino acid residue
regions of active site were detected in both chain A and
chain B. There were 11 active sites present in the chain A
amino acid residues, such as Ala(Alanine)57, Lys(Lysine)67,
Phe(Phenylalanine)69, Leu(Leucine)71, respectively,
with the atoms, whereas in chain B, there were 25 active
sites in amino acid residues, such as Asp(Aspartic acid)?2,
Pro(Proline)3, Lys4, Ile(Isoleucine)5, Met(Methionine)8,
Leul2, Ile45, Arg(Arginine)47, Thr(Threonine)84, Leu87,
Phe91, Val(Valine) 93 with respect to the different atoms
within these amino acid residue locations. The overall active
site region contains the pocket surface area of 173.315 and

TOM70 - Orf9h

b)
3 4 -
" 'ﬁ g .
E o Y § W
Mi-0s M2-10s M3 - 205 M4 -3 \|.<:4n-
g2 r e S
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IS L i . S 1S
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tion. The RMSD trajectories of all the complexes (b, ¢, and d) appear
to reach a plateau after a short initial increase, which suggests that
the peptide—protein complexes achieve structural stability during the
100 ns simulation timeframe
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Table2 MM-PBSA and S.No  Sample MM-GBSA MM-PBSA
MM-GBSA of interaction
between antivirals (AVP1442, Complex Delta total Complex Delta total
AVP1896), Orf9b, and natural energy (kcal/ energy (kcal/mol) energy (kcal/ energy (kcal/
receptor TOM70 mol) mol) mol)

1 AVP1442-Orf9b —2789.30 -36.73 —2276.25 -17.89

AVP1896-Orf9b —3044.90 —36.86 —2527.50 - 16.57
3 Orf9b-TOM70 —10,190.80 —30.66 — 8842.58 —35.86

RMS Deviation / Cluster Index

Time (ps)
Time (ps)

20000

40000 60000
Time (ps)

0 RMSD (nm)

80200

20000

5.37 0

Fig.5 Comparison of RMSD cluster index between natural blocked
complex in infection (a) and AVPs facilitated blocking (b and c).
The figure shows that the Orf9b—TOM70 complex (a) has the highest
RMSD cluster index, followed by the AVP1896-Orf9b complex (c)

volume of 226.262 (SA). The binding affinity of docked
complexes was analyzed and compared with the control.
Here, we considered Orf9b—TOM?70 binding affinity as a
standard complex for reference. However, we found binding
affinity of Orf9b—TOM70 complex, which was -810 kcal.
mol~!. As per our knowledge, there is no report of binding
affinity value (in kcal.mol™") of Orf9b—TOM?70 complex up
to date. There were 283 antiviral peptides—Orf9b protein
docked complexes, out of which only four AVPs showed the
close and competitive binding affinity with Orf9b in com-
parison to the reference complex (shown in supplementary
Table T1). Out of those, most favorably interacted AVPs
were AVP1896 and AVP1442 with the binding affinity
of — 846.3 kcal.mol~! and — 820 kcal.mol ™!, respectively
(Table 1). Accordingly, these AVP—Orf9b complexes were
carried out for ligplot analysis to determine the amino acid
interaction sites.

Protein Orf9b consists of two chains, chain A and chain
B. In this investigation, the core interaction between chain
A of Orf9b protein and TOM70 receptor amino acid resi-
dues was Lys(Lysine)97 and Glu(Glutamic acid)419,
respectively. Additional amino acid interacting residues
of Orf9b in this complex were Thr95, Lys59, Phe69, and

RMS Deviation / Cluster Index
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Time (ps)
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RMS Deviation / Cluster Index
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RMSD {nm)
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and the AVP1442-Orf9b complex (b). This suggests that the Orf9b—
TOM70 complex is the most structurally variable of the three com-
plexes, while the AVP1442-Orf9b complex is the least structurally
variable

Thr 24 and interacting residues of TOM70 were Leu384,
GIn(Glutamine)222, and Lys230, respectively. Between
Orf9b Chain B and TOM70 interaction, amino acid resi-
dues were His(Histidine)9 and Asp415, Thr79 and Lys233,
Thr84 and GIn222, and Asp89 and GIn222. Similarly, here
also, other interacting residues for complex formation in
Orf9b were Prol0, Glu7, Prol7, Glnl8, Gly(Glycine)49,
Ser(Serine)50, Pro51, Leu52, Ser53, Asn(Asparagine)55,
Ala75, Met(Methionine)78, Leu48, GIln77, Pro73, Pro3,
Glu86, Glu85, Leu87, Pro88, Pro43, and Leul4. Other side,
interacting amino acids residues of TOM70 receptor were
Thr451, Argd47, Tyr450, Lys230, Leu234, Gln416, Thr387,
Pro383, Leu384, GIn380, GIn381, Leu414, Lys237, GIn382,
Asn453, Met225, Phe219, Asn221, Leu226, and Asn229,
respectively. We also found reported interaction regions S50
and S53 of Orf9b interacted with Gln416 and Pro383 of
TOMT70, respectively.

The amino acid residues of Orf9b chain A involved in
the core interaction with AVP1442 were Leu33 and Arg25,
and Asn34 and Arg25, respectively. The amino acid residues
of Orf9b chain B found to be involved in interaction with
AVP1442 were Pro73, lle74, Ala75, Val76, Met78, GIn77,
Aspl6, Pro51, Leu52, Leud8, Gly49, Prol0, His9, Alall,
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Arg(Arginine)13, Lys80, and Arg58 (for protein Orf9b),
whereas AVP1442 interaction sites are Tyr(Tyrosine)28,
Glu24, Ile21, Lys25, GIn22, Thr33, Glul7, Glul0, Phe7,
Leu8, Asnll, Alal4, Glul8, Leul5, and Ser35. The deter-
mined amino acid residues of core interaction between chain
B and AVP1442 were Lys25 and Asp16, Gln17 and Leu52,
Asnll and His9, Asnll and Argl3, Glul8 and Argl3, and
Glul8 and Ly80, respectively (Supplementary Tables T5 and
T6). These results showed additional interaction possibilities
of AVP1442 with Orf9b.

There are other infection-driven phosphorylation sites in
Orf9b protein, which are already reported, i.e., Ser50 and
Ser53 (Bouhaddou et al. 2020). Two hydrogen bonds are
contributed by Ser53 site with Glu477 site in TOM70, dur-
ing Orf9b—TOM70 complex formation (Brandherm et al.
2021). We also found these interaction sites in the complex
formation between Orf9b and TOM70. In addition, recent
report does not suggest new sites of interaction other than
Glu477. Here, alongside the site Ser50 and Ser53, Leu52
also contributed (a site of interaction behind S53). Leu52
was blocked by Glul7 of AVP1442 (Supplementary data
Fig. F2). It suggests the possibility of disrupting the complex
formation between Orf9b and TOM70.

AVP1896 has also shown interaction with phosphoryl-
ation-driven infection-based region. Amino acid residues
found to be involved in the core interaction between protein
Orf9b chain A and AVP1896 were Thr84 and Asn35, respec-
tively. Other interacting residues of chain A were Asp2,
Met8, Metl, Ala82, Lys4, Thr83, Ile5, Glu85, Pro3, Argd7,
Thr 95, Val 96, and Lys 97, whereas AVP1896 interacting
residues were Val33, GIn37, Asp41, Lys38, Ile36, Ser32,
Asn30, [1e29, and Gly28. Core interaction residues between
chain B and AVP1896 were Argl3 and Val21, Argl3 and
Asp22, Lys80 and Asp20. Other interaction residues of Or9b
were Leu48, Leu52, GIn77, Met78, Pro51, Leu64, Glu65,
and Lys67. And AVP1896 interaction residues, respectively,
for the mentioned amino acid residues are Leu23, Prol9,
Gly24, Asp25, Ile26, 11e29, Thr17, Arg42, Glu39, and
Lys38. Supplementary Figure F4, F5, F6, F7, F8 illustrates
the core interacting residues of protein Orf9b-AVP1896
complex (Supplementary Table T7 and T8).

These interactions create an evidence of AVPs flexibility
for an early interaction with Orf9b (even in its dimer form).

The toxicity analysis of these AVPs was performed by
analyzing the subsets of peptides under various parameters,
such as SVM score, hydrophobicity, steric hindrance, side
bulk, and hydropathicity. A detailed value analysis of these
parameters is mentioned in Supplementary Table T3 2.1, for
AVP1442, and in Supplementary Table T4 2.2 for AVP1896.
Analysis of the peptide fragments under the specified condi-
tions showed no toxicity. This suggests that these peptides
have potential as antiviral agents, and further studies could
be conducted to assess their overall quality.
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Accordingly, with the help of SAVES server, quality fac-
tor of antiviral peptides was determined. The Ramachan-
dran plot, according to the plot statistics, of AVP1442 (Sup-
plementary Fig. F23a) and AVP1896 (Supplementary Fig.
F23b) showed torsion angles consisting amino acid residues
in the allowed regions. In case of AVP1442, there were 33
residues found in the most favored regions (A, B, L) which
were non-glycine and non-proline residues. Number of
end residues excluding glycine and proline were only two.
Therefore, according to plot analysis, the total number of
residues involved were 35. In case of AVP1896, residues in
the most favored regions (red) (A, B, L) were 46 in number.
Residues in the additional allowed region (yellow colored)
were four. Accordingly, number of non-glycine and non-
proline residues were found to be 50, alongside the number
of end residues, glycine residues, and proline residues were
two. Therefore, total number of residues were 56. Subse-
quently, AVP1442 and AVP1896 provided the quality factor
of 96.293% and 56.8182%, respectively. This quality factor
can be considered suitable for AVPs action.

The interaction and stability of docked complexes were
analyzed under MD simulation, which was conducted using
GROMACS tool. There were four parameters such as pres-
sure, density, radius of gyration, and RMSD of docked com-
plexes considered for MD simulation. Radius of gyration
(Rg) shows compactness of peptide—proteins in a complex
(Lobanov et al. 2008). Rg in case of TOM7-Orf9b was found
to be ranging from 2.8 to 2.9 nm, whereas AVP1442—-Orf9b
interaction showed more compactness with 1.8-1.9 nm
under 100 ns. AVP1896-Orf9b interaction lies in the region
of 2.3-2.4 nm, which is again less than the Rg of stand-
ard complex under 100 ns. Accordingly, we found that both
AVP1442 and AVP1896 are substantially compact and more
stable in complex with Orf9b for up to 100 ns of time dura-
tion similar to the standard complex TOM70-Or{9b.

Potential of AVPs as binding inhibitors has been stud-
ied since COVID-19 pandemic. AVPs are structurally and
functionally versatile due to their simple primary struc-
ture (Tonk et al. 2021). Some AVPs are also found against
main protease protein and nucleo-protein of SARS-CoV-2
(Mahdi et al. 2022). AVPs are also shown effective against
spike protein under in silico analysis based on the structure
activity relationship (Chowdhury et al. 2020b). It is evident
that AVPs can be efficiently delivered as therapeutics for
intracellular infection with nano-delivery system (Essa et al.
2022). In these recent studies, most of the targets were those
proteins whose blocking can prevent viral entry, replication
or post-translational modifications. Ultimately, therapeutics
for preventative approach has been tried instead of focusing
on post-infection stage. Intracellular infection causing pro-
teins of SARS-CoV-2 like Orf9b is a novel target to address
due to its direct interference with host’s immune system.
Also, this protein is capable of fold switching (Porter 2021).
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As our study suggested both interaction sites of interest for
therapeutics development. Hence, flexible peptides with an
approach to target different regions close to core interaction
regions also become crucial.

Our human body has a complicated and well-developed
immune system that is competent enough to prevent patho-
genic success. Despite this, SARS-CoV-2 has mastered
mechanisms that allow it to escape from our immune system.
Therefore, our study seems to be a need-of-the-hour strat-
egy because it attempts to identify peptides that can check
and counteract these viral evasion mechanisms. Since these
peptides are expected to restrict viral evasion via the host
immune response, we propose and intend to check their
efficacy in vitro and in vivo as a drug cocktail component
in small molecule peptide cocktails and with interferon-
based therapeutics. We believe our findings will facilitate
the development of the next generation of drugs against the
current menace of COVID-19.

Conclusion

Virtual screening of AVPs and their molecular docking with
Orf9b of SARS-CoV-2 showed substantial binding affinity
to block Orf9b interaction with the TOM70 receptor. The
top two AVPs provided the indications to block Orf9b with
higher binding affinity in comparison to Orf9b—TOM70
complex. Structural analysis of formed AVP-Orf9b com-
plexes showed that interaction sites occur at conserved
regions and other crucial regions of interaction mentioned
in the recent studies, which suggests the appropriate binding
potential of AVPs. MD simulations of docked AVPs with
Orf9b were suitable in terms of different parameters such as
pressure, density, radius of gyration, and RMSD along with
the respective timing of 10-100 ns. Further, the potential
AVPs were found to be non-toxic, with a good quality fac-
tor of 50-90%. The findings of present study indicate that
AVP1442 and AVP1896 can be propounded for prospective
in vitro experiments for their adequate validation against
Orf9b of SARS-CoV-2. Prospective studies can support the
development of novel therapeutics to maintain interceptive
MAVS pathway for interferon production.
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