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ABSTRACT

At the very beginning of the new decade, the COVID-19 pandemic has badly hit modern human soci-
eties. SARS-CoV-2, the causative agent of COVID-19 acquiring mutations and circulating as new variants.
Herein, we have found three new antiviral peptides (AVPs) against the SARS-CoV-2. These AVPs are anal-
ogous to the spike glycoprotein of the SARS-CoV-2. Antiviral peptides, i.e., Seq12, Seq12m, and Seq13m,
can block the receptor-binding domain (RBD) of the SARS-CoV-2, which is necessary for communicating
with the angiotensin-converting enzyme 2 (ACE2). Also, these AVPs sustain their antiviral properties, even
after the insertion of 25 mutations in the RBD (Rosetta and FoldX based). Further, Seq12 and Seq12m
showed negligible cytotoxicity. Besides, the binding free energies calculated using MM-PB/GBSA method
are also in agreement with the molecular docking studies. The molecular interactions between AVPs and
the viral membrane protein (M) also showed a favorable interaction suggesting it could inhibit the viral
re-packaging process. In conclusion, this study suggests Seq12, Seq12m, and Seq13m could be helpful to
fight against SARS-CoV-2. These AVPs could also aid virus diagnostic tools and nasal spray against SARS-
CoV-2 in the future.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

suggest that repurposing known antiviral drugs [7], drugs [8], dif-
ferent phytochemicals [9] against COVID-19 could be fruitful. How-

At present, the entire World is facing challenges to handle ever, none of them has reached a final definitive clinical treatment

the COVID-19 pandemic [1]. SARS-CoV-2 is the causative agent
of COVID-19, and it is new to the scientific community. There-
fore, in-depth monitoring of all aspects of the COVID-19 is on-
going. For example, signs and symptoms [2], mode of transmis-
sion [3], WHO-solidarity trials [4], contact tracing by mobile apps
such as “Arogya Setu” by India [5], CRISPR based rapid diagnos-
tic of SARS-CoV-2 [6], and also monitoring daily cases by crowd-
sourcing (https://www.covid19india.org/). Besides, recent reports
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for COVID-19. Indeed to address the urgent need for a safe and
efficacious vaccine against the COVID-19 several vibrant initiatives
have been started as never before. For example, vaccine manufac-
turing front-runner come-up with mRNA vaccines [10], viral vector
vaccine [11], classical attenuated vaccine etc. [12]. However, reports
showed COVID-19 vaccines would not be a silver bullet for the im-
munization of a community.

Furthermore, alternatives to traditional therapeutics would be
necessary for the long run as before [13,14]. Moreover, SARS-CoV-
2 acquires new mutations in its genome in a concise time frame
[15], for instance, B.1.1.7, B.1.351, P.1, B.1.427, and B.1.429, etc. [16].
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These SARS-CoV-2 variants are one of the main concerns for all
anti-COVID-19 efforts [17]. SARS-CoV-2 encodes a spike glycopro-
tein that assembled as a trimer for function. The notorious en-
try of SARS-CoV-2 inside a human host is primarily mediated via
a protein-protein interaction between angiotensin-converting en-
zyme 2 (ACE2) and the receptor-binding domain (RBD) of the
SARS-CoV-2 [18]. Therefore, RBD holds importance as a potential
pharmaceutical target. Herein, we made an effort to find out new
antiviral peptides against SARS-CoV-2. In such an effort, we uti-
lized Machine Learning and Supported Vector Machine for antiviral
peptide predictions. After that, we opt for residue-resistant molec-
ular docking, molecular dynamics simulations, and MM-PB/GBSA
analysis to characterize the antiviral peptides and the molecu-
lar interactions between AVP-RBD complexes. Hydrogen bonds (H-
bonds) are weak non-covalent interactions with a binding strength
of one-tenth than a typical covalent bond [76]. However, H-bonds
are essential for proteins and nucleic acids function [76,77]. And
this study is no exception, as many H-bonds were formed during
the molecular dynamics trajectory between the AVP-RBD complex
and water. Best of our knowledge, this is the first report of antivi-
ral peptides against the SARS-CoV-2 derived from its RBD of the
spike glycoprotein.

2. Materials and methods
2.1. Data sampling and analysis

Nucleotide sequences of the SARS-CoV-2 were obtained
from NCBI viruses [19]. The complete genome sequence of
the SARS-CoV-2 strain Wuhan-Hu-1 (GenBank Sequence Acces-
sion: MN908947) was used as the query sequence. The viral
spike glycoprotein (S-Protein) and membrane protein (M-Protein)
(QHD43416.1) were studied using PSI-BLAST. Homology models
of the M- and S-Protein were built using i-TASSER and SWISS-
MODEL, respectively [20,21], followed by structure validation using
PROCHECK [22].

2.2. Motif search

The aligned sequences of spike protein resulted from the PSI-
BLAST were used to discover motifs using the MEME suite [23,24].
The primary query included a set of 69 protein sequences, between
16 to 1196 amino acids in length (average length 214.3 amino
acids), with the following settings: Background: A order-O back-
ground generated from the supplied sequences. Discovery Mode:
Classic: optimize the E-value of the motif information content. Site
Distribution: Zero or one occurrence (of a contributing motif site)
per sequence. Motif Count: for 3 motifs. Motif Width: Between 15
wide and 47 wide (inclusive).

2.3. Antiviral property prediction

Identified motifs were checked and validated as antiviral pep-
tide using a Machine Learning algorithm (MLA), and Supported
Vector Machine (SVM), i.e., Meta-iAVP [25], and AVPred [26] with
four prediction model settings viz., AVP motif, sequence align-
ment, composition analysis, physio-chemical properties (threshold
value of 50). The theoretical half-maximum inhibitory concentra-
tion (ICsq) value was calculated using AVP-ICsgPred [27].

2.4. Homology modeling and peptide characterizations

The predicted antiviral peptide sequences were used to build
three-dimensional (3D) structures using the PEP-FOLD (v3.5) [28].
The structures obtained were then subject to energy minimiza-
tion (GROMACS, v5.0) to remove unusual torsions and clashes
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from their structural geometry [29]. Properties of the predicted
antiviral peptides were calculated using Innovagen peptide prop-
erty calculator [30], ProtParam [31], AlPpred [53] AlgPred (Map-
ping of IgE epitopes and PID, MEME/MAST motif, Blast search
on allergen representative peptides (ARPs)), [32], ToxinPred (SVM
(TrEMBL) + Motif based and SVM (Swiss-Prot) based), [33],
HemoPred, (SVM + Motif (HemoPI-2) based), IL4pred (Hybrid
(SVM + motif) based), [34]. AVP-ICsqPred (Hybrid Model Features
a: Composition (mono-di) + Physico + Secondary structure + Sur-
face accessibility and Features b: Binary (N8/C8) + Physico + Sec-
ondary structure + Surface accessibility) was used by selecting a
Machine Learning Techniques: Supported Vector Machine (SVM-
light) Random Forest (R package), IBk (Weka), KStar (Weka), [27].

2.5. In silico mutant model of the receptor-binding domain

Crystal structure of the receptor-binding domain (6W41) of the
SARS-CoV-2 was obtained from RCSB-PDB [35]. We manually select
Chain C of the 6W41 as it is annotated as RBD for ACE2. The in
silico multi-point mutant models were build using FireProt [36].

2.6. Molecular docking

HADDOCK-v2.2 was used for molecular docking between AVPs
and receptor-binding domain (RBD) of the viral spike glycopro-
tein, viral membrane protein (M), RNA-dependent-RNA-polymerase
(RdRp) [37]. Results were visualized using Discovery Studio Visual-
izer [38].

2.7. Molecular dynamics (MD) simulation

The MD-simulation of the antiviral peptides, i.e., Seq12, Seq12m,
and Seq13m, were carried out for 50 ns using GROMACS (v2019)
[39]. In addition, 100 ns MD-simulation studies of the AVP-RBD
complexes were performed using NAMD as described previously
[8,40]. In brief, input files were generated using the web-based
server CHARMM-GUI (http://www.charmm-gui.org/). All systems
were neutralized with KCI at 0.15 Molar, using the Monte-Carlo ion
placing method. Systems were solvated using TIP3 water model,
and CHARMM36m force field was used to assign charges. The MD
simulations were performed in two stages. At the first stage of
the MD run, the energy minimization was performed for 20,000
steps by the steepest descent method followed by restrained 5 ns-
equilibration at NVT ensemble. We did not provide any trajectory
analysis for this stage as it is a restrained system and would be
a biased and unreliable examination in our study. At the second
stage, unrestrained 100 ns production at 310 K was performed un-
der the NPT ensemble. RMSD, RMSF, Radius of gyration (Rg), H-
bonds, and SASA were analyzed using VMD. The average values of
multiple replicated MD simulations were used for analysis. A de-
tailed method of the MD simulation is described in the supple-
mentary section.

2.7.1. Binding free energy calculation using MM-PB/GBSA method
The molecular mechanics Poisson-Boltzmann and Generalized
Born and Surface Area continuum solvation (MM-PB/GBSA) meth-
ods were employed for the calculation of the binding free en-
ergy of the AVP-RBD/RBDm complexes. MM-PBSA calculations were
performed using the Calculation of Free Energy (CaFE) tools [41].
In addition, MM-GBSA calculations all-atom MD simulations were
performed using the AMBER 16 package with the FF99SB for the
protein and peptide molecules. Entropy results (harmonic approx-
imation) were calculated with NMODE analysis tool in AMBER 16
package [42,43]. Additionally, HawkDock was also used for MM-
GBSA free energy calculations (per amino acid residues) [44]. The
results were analyzed using GraphPad Prism 6 (San Diego, CA,
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USA). A detailed method is described in the supplementary sec-
tion.

2.8. Characterization of immunogenic properties

Antiviral peptides were checked for their immunogenic proper-
ties using the IEDB epitope analysis tool, which includes sequential
B-cell epitopes [45], T-cell (MHC-II), NetCTL-1.2 [46] and, mapped
within the predicted epitopes.

3. Results and discussion

Genome sequences of the SARS-CoV-2 from the World’s dif-
ferent continents were obtained from NCBI Viruses [19]. The nu-
cleotide sequence of different genes enables researchers to look
into the virus behavior from a distance. Moreover, bioinformat-
ics tools accelerate new alternatives of therapeutics before expen-
sive, extensive research work. An antiviral peptide is one of such
new alternatives [47]. Besides, antiviral peptides are successful in
combating the SARS-CoV and MERS-CoV [48-50]. Therefore, with
a similar kind of anticipation for the SARS-CoV-2, we have found
three new antiviral peptides against the SARS-CoV-2 (Fig. 1a-c).
Initially, the peptide sequences were interpreted as an antiviral
peptide using AVPred [26] and Meta-iAVP [25]. The amino acid
sequences of the predicted antiviral peptides were then mapped
within the spike glycoprotein of the SARS-CoV-2. It is noteworthy
that antiviral peptides Seq12, Seq12m, and Seq13m are analogous
peptides of the spike glycoprotein (Fig. 1d). Fasta sequences of the
antiviral peptides are available in the supplementary section, Fig.
S1.

AVPred is an antiviral peptide prediction server that is based
on amino acid sequence features viz., motifs, alignment, amino
acid composition, and physicochemical properties [26]. Finally, the
prediction of the antiviral peptide is made during 5-fold cross-
validation using Supported Vector Machine (SVM). Antiviral pep-
tides were predicted by the AVPred (based on the physicochem-
ical model) can achieve up to 85% prediction accuracy with 0.70
Matthew’s Correlation Coefficient (MCC). However, the experimen-
tal validation dataset shows 86% prediction accuracy with 0.71
MCC. Conversely, Meta-iAVP is based on a novel sequence-based
meta-predictor with an effective features representation derived
from Machine Learning Algorithms (MLA) and MLA types of fea-
tures [25]. Interestingly, MLA and MLA types features have in-
creased the overall prediction accuracy and MCC by 95.20%, and
0.90 respectively. At present more than 15 peptide-based drugs
are in the pipeline of clinical trials [25]. However, a most wor-
rying concern of an antiviral peptide is its immunogenic profile
[51]. A low immunogenic profile is the desired characteristic of an
antiviral peptide because a low immunogenic profile reduces the
chances of elimination by the host defense system [52]. Therefore,
to intensify the immunogenic profile of the AVPs, we have per-
formed epitope prediction using IEDB tools. Soon after epitope pre-
diction, AVP sequences were mapped within the aligned sequence
of the epitopes (only most frequently human alleles were chosen).

Results showed that the epitopes do not have significant sim-
ilarities with the AVPs (Fig. S2). A few amino acid residues were
apparently similar to the predicted epitopes. However, the bind-
ing postures (AVP-RBD) suggest these apparently similar amino
acid residues were engaged with the AVP-RBD interactions. Fur-
ther, the AVPs in this study can induce IL-4, an anti-inflammatory
cytokine [53]. However, they are not capable of inducing IL-10
(a pro-inflammatory cytokine). Furthermore, AVPs were also non-
allergenic as they do not have any known epitope for human IgE
[32]. Other physicochemical properties viz., estimated half-life, in-
stability index, water-solubility, theoretical ICsy values, etc., are
summarized in Table 1. It is noteworthy that Seq12 and Seq12m
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Table 1
Physicochemical and biological properties of the antiviral peptides

Antiviral peptides

Properties

Seq12 Seq12m Seq13m
APVpred'-> AVP3:5 AVP3:4:5 AVP*5
Meta-iAVP® 0.716 0.752 0.85
PROB-HemoPI” 0.17 0.17 0.46
Hydrophobicity -0.23 -0.21 -0.10
Steric hindrance 0.69 0.67 0.65
Solvation 0.38 0.39 0.65
Hydropathicity -0.78 -0.70 -0.25
Amphiphilicity 0.72 0.62 0.73
Hydrophilicity 0.09 0.03 -0.20
Net hydrogen 47.0 46.0 30.0
Charge (pH = 7) 1.1 0.0 -1.0
Isoelectric point (pI)  8.71 7.10 4,79
Molecular weight® 5302.68 5374.75 4657.83
Instability index® 37.74° 46.154 53.32¢
Aliphatic index 72.77 72.77 76.10
GRAVY'? -0.777 -0.711 -0.0246
Estimated half life'! 0.8 h 0.8 h 1h
Water solubility Good Good Poor

Epitope for IgE'?
IL-4 inducer’® Non-inducer*
IL-10 inducer' Inducer

ICso 39.38 pM**

Non-allergen Non-allergen
Non-inducer*
Inducer

39.31 pM*

Non-allergen
Non-Inducer*
Inducer
38.54 pM**

1 AVPpred is available at http://crdd.osdd.net/servers/avppred.
2 Motif.

3 Align

4 Composition
5 Physicochemical composition.

6 Meta-iAVP is available at http://codes.bio/meta-iavp/.

7 Hemolytic prediction = PROB score HemoPI was calculated using HemoPI-
1/1+motif and (SVM-+Motif (HemoPI-2)).

8 Molecular weight in dalton.

9 Instability index : s = stable, u = unstable.

10 GRAVY = Grand average of hydropathy.

11" predicted half-life in mammalian reticulocytes.

12 Calculated using AlgPred, it is available at http://crdd.osdd.net/raghava/
algpred|/.

13 IL-4 inducer predictions are made using the SVM method (SVM Thresh-
old = 0.5). *However, the complete antiviral sequence contains two motifs to
induce the IL-4 and hydride method (SVM-+motif ) score is 1.04, suggesting it
is an IL-4 inducer peptide.

14 1-10 inducing probability was calculated using RANDOM FOREST proba-
bility threshold = 0.5 and SVM method.

** The half-maximal inhibitory concentration (ICsp). It is a theoretical value.

have excellent PROB Score compared to the previously reported
antiviral peptides, ie., P7, P8, P9, and P10 (Fig. 2). These P7, P8,
P9, and P10 are actually human ACE2 peptide mimics, and they
block SARS-CoV-2 pulmonary cell infections [54]. In addition, we
have found that the predicted ICsq [27] values of these human
ACE2 peptide mimics are 41.13, 41.38, 40.81, and 42.06 pM, respec-
tively for P7, P8, P9, and P10 (Fig. 2). However, antiviral peptides
viz., Seq12, Seq12m, and Seq13m in this study have predicted ICsg
of only 39.38 uM, 39.31 uM, and 38.54 uM (Table 1), suggesting
these AVPs might be promising too. Furthermore, other research
groups have found antiviral peptides from a variety of different
sources [47], such as Fibronectin by Beddingfield et al. [55], Apro-
tinin by Bestle et al. [56], Glycopeptide antibiotic by Zhang et al.
[57], mouse B-defensin-4 by Zhao et al. [58], PCSK target motif by
Cheng et al.[59], and from heptad repeats 1 and 2 (HR1 and HR2)
in the S protein [60-63]. However, in this study, Seq12, Seq12m,
and Seq13m were derived from the RBD of the spike glycopro-
tein of the SARS-CoV-2. Besides, previous peer-reviewed works
have failed to demonstrate how the studied peptides are effective
against mutant RBD of the SARS-CoV-2. Here comes the unique-
ness of this study, which suggests that Seq12, Seq12m, and Seq13m
can sustain their properties with the mutant RBD model of the
SARS-CoV-2 (RBDm). Moreover, a recent study on the classification
of the circulating strains of novel coronavirus 2019 suggests there
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Fig. 1. Peptide sequence mapping and three-dimensional structure of the AVPs. (a) Seq12, (b) Seq12m, (c) seq13m, (d) sequence mapping of the AVPs with the spike

glycoprotein of the SARS-CoV-2 (Q913 - G972).

are A, B, and C types of coronavirus. A-type coronavirus is an-
cient/old, B-type is a bit new, meaning that it has acquired dozens
of new mutations, and C-type is the current type, more contagious,
and has more mutations [64]. The results depicted from this study
suggest Seq12, Seq12m, and Seq13m might be effective to type A,
B and C as well. As mentioned earlier, the interactions between
RBD-ACE2 are essential for viral entry inside a human host cell
[65]. A recent study has identified the molecular interactions be-

tween the RBD and ACE2 interactions [66], which include six aro-
matic amino acid residues viz., TYR449, TYR453, PHE456, PHE486,
TYR489, and TYR505, five polar uncharged amino acid residues
viz., ASN487, GLN493, GLN498, THR500, and ASN501. And three
non-polar aliphatic amino acid residues, viz., LEU455, GLY496, and
GLY502. We utilized this information in molecular docking studies
to zoom in on the molecular interactions of the AVPs-RBD com-
plexes. However, there is an increasing amount of fear of muta-
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Fig. 2. Comparison of antiviral properties of Seq12, Seq12m, and Seq13m with
other anti-SARS-CoV-2 peptides. *PROB score is the normalized SVM score and
ranges between 0 and 1, i.e, 1 very likely to be hemolytic, 0 improbable to be
hemolytic. **AVP-ICsoPred is a multiple machine learning technique based predic-
tion of peptides’ antiviral activity in terms of half-maximal inhibitory concentration
(IGsp).

tions in the RBD, which would probably make all anti-COVID-19
efforts nil [67]. Indeed, it is true that if mutations are incorpo-
rated into the RBD, then therapeutics have to evolve accordingly.
Therefore, we have constructed a few in silico mutant models of
the receptor-binding domain of the SARS-CoV-2, such as energy
mutant (RBDe), evolutionary mutant (RBDb), and combined mu-
tant (RBDc) (Fig. 3). The amino acid substitutions were incorpo-
rated based on Rosetta and FoldX suggestions [36] (Table 2). Ad-
ditionally, the combined mutant model was again manually mod-
ified by following amino acid substitutions F486P, Y489F, Q493M,
G496P, Q498L, T500Y, N501L, and Y505A. These manual amino acid
substitutions have led to an improvement of the free energy of the
combined mutant (Table 2) from - 27.63 kcal/mol (17 mutations)
to -32.88 kcal/mol (25 mutations). It is noteworthy that N501Y is a
common amino acid substitution among SARS-CoV-2 variants viz.,
B1.1.7, P1, and B1.351, SARS-CoV-2 Variants of Concern [68]. How-
ever, according to FoldX and Rosetta, N501L (-0.997 kcal/mol) sub-
stitution is better than N501Y (-0.668 kcal/mol) (Fig. S3). There-
fore, we speculate that Seq12, Seq12m, and Seq13m might also be
effective for the B1.1.7, P1, and B1.351 SARS-CoV-2 variants. How-
ever, detailed studies are required for further confirmation. Besides,
we have found that among the critical RBD-ACE2 interacting amino
acid residues [65], only N487 is conserved. Therefore mutation in
the RBD of the SARS-CoV-2 is wide open. A detailed structural
analysis of the receptor-binding domains (RBD) of the SARS-CoV-2
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Table 2
In silico mutant models of the receptor-binding domain of the SARS-CoV-2
Amino acid
residues (Wild
type to mutant FoldX Rosetta
type) (kcal/mol) (kcal/mol)
Combined A348P -1.66 -2.34
mutant -27.63 N354E -0.45 -
kcal/mol (17 A372T 0.20 -
mutations) S373M -2.30 -2.82
T393F -1.41 -6.03
N394S -0.63 -
S399M -3.17 -3.09
R403K 0.48 -
K417v* 0.21 -
N460K -0.75 -
1468L -0.40 -
T470Y -2.10 -2.19
S477G -0.03 -
S494Y -1.47 -2.12
G502P -1.94 -2.61
V503P -1.18 -2.72
H519N -0.02 -
Energy mutant: A348P -1.66 -2.34
-25.41 kcal/mol S373M -2.30 -2.82
(8 mutations) T393F -1.41 -6.03
S399M -3.17 -3.09
T470Y -2.10 -2.19
S494Y -1.47 -2.12
G502P -1.94 -2.61
V503P -1.18 -2.72
Evolution A348P -1.66 -1.66
mutant: -6.29 N354E -0.45 -0.45
kcal/mol (12 A372T 0.20 0.20
mutations) T393S 0.47 0.47
N394S -0.63 -0.63
R403K 0.48 0.48
K417v* 0.21 0.21
N460K -0.75 -0.75
1468L -0.40 -0.40
T470N 0.06 -0.06
S477G -0.03 -0.03
H519N -0.02 -0.02

In the manual mutant model of RBD (RBDm), F486P, Y489F, Q493M, G496P,
Q498L, T500Y, N501L, and Y505A substitutions were manually incorporated.
*Among SARS-CoV-2 variants, mutation at N501 is common in B1.1.7, P.1, B1.351,
and at K417 in B.1.617.2.1

has been summarized in Fig. 3. The RRdisMap analysis showed that
three-dimensional structures of the manual mutant of RBD (RBDm)
and RBD could be overlapped. However, RBD and RBDm have an
average distance of 51.74 (SD:1.486, at the selected site of the
map), suggesting they are structurally different (Fig. S4). Further-
more, the RBDb/c/e are structurally distinguished from RBDm/RBD,
and they cannot be overlapped with either RBD or RBDm. An av-
erage distance of the RBDb/c/e was 28.884 (SD:0.032, at the se-
lected site of the map), suggesting they are structurally close to
each other. In addition, the correspondence analysis also suggests
RBDb/c/e are structural neighbors. On the other hand, RBD and
RBDm are structurally distinguished from RBDb/c/e. The structural
tree (Fig. S5) showed that RBDb, RBDc, and RBDe are orthologous.
Conversely, RBD/RBDm are paralogous. Moreover, a comparison of
all four mutant types of the RBD (by selecting the wild type RBD as
a reference) revealed that all models have exactly the same RMSD
value of 1.7 except the RBDe (RMSD = 1.5). Besides, RBDc is 96%
identical with the wild type RBD, followed by RBDm (94%), RBDe
(88%), and RBDDb (84%). The Dali Z-scores are 25.3, 25.3, 25.2, and
23.9, respectively, for RBDm, RBDc, RBDe, and RBDb (Table 3).
Results from molecular docking studies showed that AVP-
RBD/RBDm complexes have thermodynamically favorable interac-
tions (Table 4). Besides, Seq12, Seq12m, and Seq13m were engaged
with nearly all critical amino acid residues of the RBD. Antivi-
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Fig. 3. Comparative structural analysis of the receptor-binding domain (RBD) of the SARS-CoV-2. (a) Wild type spike protein of SARS-CoV-2, RBD is highlighted in yellow (b)
RRDis map of wild type and manual mutant model of the RBD (c) RRDis map of energy mutant, evolutionary mutant, combine mutant (d) overlapping three-dimensional
structures of wild type RBD (gold) and manual mutant model of RBD (cyan), (e) overlapping three-dimensional structures of different mutant models of RBD, energy mutant
(pink), evolutionary mutant (gold), combine mutant (cyan), (f) correspondence analysis of different structural models (based on Dali Z-scores), (g) heatmap of different
mutant models of the RBD. *Corresponding analysis is a multidimensional scaling method. It positions data with the most similar structural neighborhoods near each other.

ral peptide of this study, i.e., Seq12, showed the best HADDOCK
score of -111.2 kcal/mol followed by Seq13m (81.4 kcal/mol) and
Seq12m (76.8 kcal/mol), suggesting AVPs were well-docked with
the RBD (Fig. 4). Moreover, molecular docking results also sug-
gest Seq12, Seq12m, and Seq13m retained the thermodynamically
favorable binding properties with the mutant RBD (Fig. S6). Fur-
thermore, Seq12 and Seq12m have negligible cytotoxicity (0.17;
while 1.0 or higher is considered toxic and can rapture the hu-

man RBCs) (Fig. 2). These findings combinedly justify the nov-
elty of the AVPs, and their possible therapeutic use in the future.
SARS-CoV-2 has a structural membrane protein called Protein-M
[69]. Protein-M is a tri-pass transmembrane protein (Fig. 5) which
is essential for re-assembling viral structural units into a mature
virus [70]. Therefore, protein-M also embraces importance as a po-
tential therapeutic target. Results from our investigation indicate
Seq12, Seq12m, and Seq13m are also participating in thermody-



K. Dutta, A.D. Elmezayen, A. Al-Obaidi et al. Journal of Molecular Structure 1246 (2021) 131113

Table 3
Structural analysis of mutant models of the receptor-binding domain (RBD) of the SARS-
CoV-2

SL. No.  Mutant models of RBD  RMSD?  Percentage of identities®  Z-score*

1 RBDm 1.7 94 253
2. RBDc 1.7 96 25.3
3. RBDe 1.5 88 252
4 RBDb 1.7 84 239

2 RMSD = root mean square deviations

b percentage of identities with the wild type RBD structure, RBDm = manual mutant,
RBDc = combined model, RBDe = energy mutant, RBDb = evolutionary mutant model
of the receptor-binding domain. *Dali Z-score.

Table 4
HADDOCK docking properties of the AVP-RBD complexes
Systems
Properties
Seq12 + RBD  Seql12 + RBDm?  Seq12m 4 RBD  Seq12m + RBDm  Seq13m + RBD  Seq13m + RBDm
HADDOCK Score -111.2 -92.8 -76.8 -76.7 -81.4 -41.7
Cluster size 104 36 13 27 40 14
RMSD'! 0.5 0.4 2.6 4.7 0.5 35
VDW? energy -68.8 -71.3 -71.9 -78.3 -75.2 -63.4
Electrostatic energy  -182.4 -142.0 -145.0 -53.2 -70.3 -73.8
Desolvation energy -36.9 -36.6 -4.9 -43.1 -20.9 -28.5

1 RMSD = Root mean square deviation from the overall lowest-energy structure. 2VDW = van der Waals energy. >RBDm = mutant model
of the receptor-binding domain of the SARS-CoV-2. Energy units are in kcal/mol.

(a) (b) (c)

Fig. 4. The binding posture of the AVPs with the receptor-binding domain of the SARS-CoV-2. wild type receptor binding domain complex with (a) Seq12, (b) Seq12m, (c)
Sqge13m, mutant receptor binding domain complex with (d) Seq12, (e) Seq12m, (f) Sqe13m.
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namically favorable interactions with the TM-1 region followed
by TM-2 and TM-3, respectively (Fig. 5a). However, the molecu-
lar docking studies between the AVPs and active site of the viral
RNA-dependent RNA polymerase (RdRp) were not thermodynami-
cally favorable. Antiviral peptides usually rupture the viral capsid
and eventually inhibit the viral replication cycles [69]. We specu-
late that the antiviral peptide, Seq12, Seq12m, and Seq13m could
act as an anti-SARS-CoV-2 peptide by two possible mechanisms.
Firstly, by inhibiting the RBD-ACE2 interaction. And secondly, by
binding with M-protein followed by an eventual inhibition of the
viral re-assembly/re-packaging.

Results derived from MD-simulation of the studies of the Seq12,
Seq12m, and Seq13m are summarised in Fig. 6. The root mean
square deviation (RMSD) of alpha carbon atoms of Seq12, Seq12m,
and Seq13m are analyzed to detect their stabilities. It is observed
from Fig. 6 that Seq12m has the lowest RMSD value than Seq12

and Seq13m, respectively. Antiviral peptides, namely Seq12, Se12m,
and Seq13m, have ~ 0.274 nm, ~ 0.274 nm, and ~ 0.286 nm of
RMSD values at 1 ns. The highest RMSD values are respectively
~ 0.852 nm, ~ 0908 nm, and ~ 1.074 nm for Seq12, Seq12m,
and Seq13m. A closer look at the RMSD plot suggests Seq12m
has the highest fluctuation from 5 ns - 10 ns and was stabi-
lized throughout the MD-trajectory. However, at the start, RMSD-
fluctuation was lower in the case of Seq12, and the highest RMSD-
fluctuation was observed between 30 ns - 40 ns. Quite similarly,
the RMSD-fluctuation of Seq13m was highest between 20 ns -40
ns. Root means square fluctuation (RMSF) helps to understand the
flexibility of each amino acid residue [71]. Seq13m is found to have
the highest RMSF from the 5t to 7th and 25t to 30™ position of
the amino acid sequence. However, Seq12 and Seq12m showed a
similar RMSF plot. As mentioned earlier, Seq12 and Seq12m have
only one difference at the 2" position of their sequences. This
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Fig. 8. Difference of RMSF values obtained from 100 ns MD-simulation of the AVP-
RBD complexes. The major fluctuations of the C-alpha atoms are highlighted by
black in the cartoon presentation of the RBD, from the 149t"-158t" amino acid
residue (*) and from 200™ to the rest of the amino acid residues (**).

may be the reason for their similar RMSF value. However, a closer
observation suggests Seql12 has a little higher RMSF value than
Seq12m. The radius of gyration (Rg) represents the compactness
of the molecular structure. The lower degree of fluctuation with
its consistency through the simulation indicates the greater com-
pactness and rigidity of a system [71]. Rg of Seq13m was fluctu-
ated from 10 ns-40 ns and reached the highest value of 1.331 at
~ 25 ns. However, Rg values of Seq12 and Seq12m are very sim-
ilar to Seq13m at the beginning and remained the same up to 10
ns. Further, Rg fluctuations are prominent after 10 ns and sustain
such dissimilarities throughout the trajectory. The lowest Rg values
are ~ 1.041 nm (50 ns), ~ 1.380 nm (before 10 ns), and ~ 0.944
nm (before 10 ns), respectively for Seq12, Seq12m, and Seq13m. In
summary, Seq12 and Seq12m showed better stability throughout
the complete trajectory. The number of inter water-peptide hydro-
gen bonds in the simulated systems were also compared. The high-
est number of hydrogen bonds are formed respectively by Seq12
(40 - 45 ns), Seq12m (15 ns), and Seq13m (before 5 ns).
Furthermore, 100 ns scale MD-simulation studies of the AVP-
RBD complexes are summarised in Fig. 7. RMSD and RMSF were
stable throughout all MD-trajectory and were most stable in the
case of Seq12-RBD/RBDm, and Seq12m-RBD/RBDm complex. How-
ever, RMSD values of Seq13m-RBD/-RBDm complex were steadily
increased during the initial 10 ns of the MD-trajectory and then
stabilized throughout the remaining 90 ns of the MD trajectory.
Similarly, the RMSF values fluctuate in the case of the Seq13m-
RBD/-RBDm complex (Fig. 8). RMSF value is a measure of the av-
erage deviations of particular atoms or group of atoms from the
initial reference structure [72]. Results showed that, in the case of
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the Seq13m-RBDm, RMSF fluctuation was high from about 138t -
158t of the RBD. Similarly, in the case of Seq13m-RBD, the RMSF
value highly fluctuate from about 200t to the rest of the C-alpha
atoms (Fig. 8). However, only two crucial interacting amino acid
residues, namely, PHE486 and TYR489, was remained within the
fluctuating regions. And, the AGy;,q of Seq13m-RBDm and Seq13-
RBD were also very good compared to the other RBD/RBDm-AVP
complexes (Table 5 - 6), suggesting this minor structural fluctu-
ation did not have negative impacts on binding. The radius of
gyration (Rg) around the axis was stable (1.12-1.44 nm) for all
AVP-RBD complexes. Besides, Rg of the AVP-RBD complexes were
overlapping in the case of all AVP-RBD complexes except Seq12m-
RBD. In addition, the solvent-accessible surface area (SASA) of the
Seq13m-RBD/RBDm complexes were highest (15702.20 nm?2), and
this value was lowest (13568.20 nm?2) for the Seq12m-RBDm com-
plex. Moreover, the number of hydrogen bonds formed during the
MD-simulation run was limited in the case of inter AVP-RBD/RBDm
complex (0-8). However, more H-bonds (41-88) were formed be-
tween protein complex and water during the entire MD simula-
tion run. The molecular mechanics Poisson-Boltzmann, and Gener-
alized Born and Surface Area (MM-PB/GBSA) are popular methods
for calculating binding free energy [73]. The binding free energy
components of the AVP-RBD complexes were derived from MM-
PB/GBSA method. Table 5 - 6 reports good predicted binding free
energies of the AVP-RBD complexes. In particular, Seq13m-RBDm
has the best AGpgsa (-88.44 kcal/mol), followed by Seq12m-RBD (-
84.88 kcal/mol), and Seq12m-RBDm (-76.62 kcal/mol), etc. However,
Seq12m-RBDm (-62.95 kcal/mol) showed best AGgpsa (calculated
using AMBER 16) followed by Seq12m-RBD (-61.07 kcal/mol) and
Seq12-RBDm (-53.64 kcal/mol), respectively. The “gas-phase” elec-
trostatic energy (AE,;;) is most important for complex formation
[75], and the AE,,, of the AVP-RBD complexes are -34.32, 0.56, -
42.41, -12.33, -24.69, -40.48 kcal/mol for Seq12-RBD, Seq12-RBDm,
Seq12m-RBDm, Seq13-RBD, and Seq13m-RBDm respectively. It is
noteworthy that Seq12-RBDm has a positive AE,,. value, but
Seq12-RBDm also has a good binding free energy (-84.75 kcal/mol).
Similarly, the van der Waals energy is a vital energy compo-
nent for the ligand-protein interaction [75], dominating the AVP-
RBD interactions (Table 5-6). The “gas-phase” van der Waals ener-
gies (AE,y,) are -55.44, -92.36, -65.07, -81.68. -41.09 and -93.84
kcal/mol respectively for Seq12-RBD, Seq12-RBDm, Seq12m-RBDm,
Seq13-RBD, and Seq13m-RBDm. In addition, the non-polar solva-
tion free energy (AGyp,) favors AVP-RBD complex formation, and
the contribution of AG to the binding free energies are -62.98, -
102.76, -74.02, -90.82, -46.46, and -104.74 kcal/mol, respectively for
Seq12-RBD, Seq12-RBDm, Seq12m-RBDm, Seq13-RBD, and Seq13m-
RBDm. Furthermore, the binding free energy components obtained
from the MM-GBSA method are also in agreement with the bind-
ing free energy calculated using the MM-PBSA method. The lin-
ear regression fit between predicted AGppcpsa calculated for 50
ns and predicted AGpggpsa calculated for 100 ns is summarized
in Fig. 9. It showed that the R% of the regression model of the
AGgpsa Was 0.97 (p = 0.0003), suggesting AGy;,q is significantly
correlated with the model. In addition, Fig. 9a indicates that in-
creasing the MD-Simulation time from 50 ns to 100 ns did not
have an impact on the binding free energy. However, in the case of
AGpgsa the RZ was 0.75 (p = 0.0256), although all variables were
within 95% confidence intervals. This is because we have found
that the AGpgsa calculated for 50 ns and 100 ns have high dif-
ferences (Table S1). Furthermore, the MM-GBSA binding free ener-
gies per amino acid residues are summarized in Fig. 10. It showed
that TYR489 is a crucial amino acid residue of the RBD because
TYR489 is a common contributor to the best binding free ener-
gies of Seq12-RBD (-9.30 kcal/mol), Seq12m-RBD (-6.55 kcal/mol),
and Seq13m-RBD (-4.91 kcal/mol). On the other hand, GLU24 (-
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Table 5
Binding free energy (kcal/mol) resulting from MM-PBSA analysis of different AVP-RBD complexes

Energy components*

AEelec AEvdw AGPB AGsa AGgas AGsol AGpol Aanol AGtotal*
A -34.32 -55.44  46.67 -7.53 -89.76 39.13 12.35 -62.98 -50.62
B 0.56 -92.36 17.31 -10.39 -91.80 6.91 17.87 -102.76 -84.88
C -42.41 -65.07 56.69 -8.94 -107.49 4775 1427  -74.02 -59.74
D -12.33 -81.68 26.52 -9.13 -94.01 17.39 14.19 -90.82 -76.62
E -24.69  -41.09 34.51 -5.36 -65.78 29.14 938 -46.46 -36.64
F -40.48 -93.84 56.78 -10.89 -134.33 45.89 16.3 -104.74 -88.44

A = Seq12+RBD, B = Seq12+RBDm, C = Seq12m+RBD, D = Seq12m+RBDm, E = Seq13m+RBD,
F = Seq13m+RBDm. *MM-PBSA was calculated using CaFE tools with the 100 ns MD-trajectory gen-
erated using NAMD software.

13



K. Dutta, A.D. Elmezayen, A. Al-Obaidi et al.

(@ o

GLU-24
PHE-19
GLN-35
ASN-36
ALA-39
HIE-27
MET-15
ALA-11
GLU-17
ASN-23
THR-21
THR-20
GLN-7
GLN-38
THR-22
PHE-8
GLN-14
ILE-4
LEU-40
LEU-26

-2

AG MM-GBSA (kcal/mol)
4 o

Journal of Molecular Structure 1246 (2021) 131113

LEU-492
GLN-498
PRO-491
PHE-497
CYS-488
GLY-485
LYS-417
TYR-495
ILE-418
GLY-496
PHE-456
LEU-455
PHE-490
ASN-487
GLN-493
TYR-453
TYR-505
ARG-403
PHE-486
TYR-489

(b) 0.0

THR-20
GLN-35
ALA-39
GLN-14
ILE-4
ALA-11
SER-13
MET-15
GLN-7
THR-21
ASN-26
ASN-36
PHE-8
GLY-18
GLU-17
GLN-38
LYS-42
PHE-19
LEU-40
ALA-32

AG MM-GBSA (kcal/mol)
AG MM-GBSA (kcal/mol)

-1.0 -1.5 -2.0 -2.5

GLN-493
ARG-403
PHE-497
GLY-485
ALA-475
TYR-473
TYR-449
GLN-498
TYR-421
ILE-418
GLY-446
ASN-501
LEU-455
SER-494
TYR-453
TYR-505
PHE-456
LYS-417
PHE-486
TYR-489

AG MM-GBSA (kcal/mol)

0

Fig. 10. Distribution of binding free energies (MM-GBSA) per amino acid residues. (a) Seq12 + RBD, (b) Seq12m + RBD, (c) Seq13m + RBD, (d) Seq12 + RBDm, (e)
Seq12m + RBDm, (f) Seq13m + RBDm. *Only top twenty participating amino acid are presented according to the ascending | desending order of energies (MM-GBSA,

kcal/mol).

14



K. Dutta, A.D. Elmezayen, A. Al-Obaidi et al. Journal of Molecular Structure 1246 (2021) 131113

AG MM-GBSA (kcal/mol)

(c)
0 X 2 -3 -4 -5 -6 7
PRO-25 ARG-408
TYR-10 PRO-491
PHE-8 GLY-491
SER-27 TYR-485
SER-9 GLY-496
LEU-12 ARG-403
GLN-28 SER-494
PRO-11 GLN-498
ASP-17 ILE-418
ARG-16 TYR-453
GLY-24 GLU-484
SER-22 LEU-452
TYR-7 TYR-505
ILE-26 PHE-456
LYS-32 LEU-455
ALA-23 PHE-490
SER-19 PHE-486
LEU-18 TYR-489
PHE-35 GLN-493
ASN-30 TYR-449
0
AG MM-GBSA (kcal/mol)
GLN-16 LEU-493
LEU-40 VAL-446
VAL-29 PRO-500
LYS-2 PRO-492
LEU-26 TYR-496
VAL-33 ALA-506
ASN-36 TYR-454
MET-12 TYR-495
VAL-44 CYS-489
GLN-30 PHE-491
ALA-5 PRO-503
ALA-37 TYR-450
ALA-25 PHE-490
PHE-8 PHE-457
THR-22 LEU-456
ASN-9 LEU-502
SER-13 LEU-499
LEU-43 PRO-497
ASN-6 TYR-501
ALA-32 ‘ W L MET-494

-5 4 - -2 -1 0
AG MM-GBSA (kcal/mol)

Fig. 10. Continued

15



K. Dutta, A.D. Elmezayen, A. Al-Obaidi et al. Journal of Molecular Structure 1246 (2021) 131113

e) AG MM-GBSA (kcal/mol)

MET-12 | LEU-493
PHE-19 VAL-446
GLN-16 PRO-500

LEU-40 PRO-492
VAL-44 TYR-496
VAL-33 ALA-506
ALA-5 TYR-454
LEU-43 TYR-495
PHE-8 CYS-489

VAL-29 PHE-491
THR-22 PRO-503
SER-2 TYR-450

SER-13 PHE-490
ALA-25 PHE-457
THR-20 LEU-456
LEU-47 LEU-502

ALA-37 LEU-499
ASN-36 PRO-497
GLU-17 TYR-501

MET-1S|I . . IMET-494

-5 -4 -3 -2 4 0

AG MM-GBSA (kcal/mol)
AG MM-GBSA (kcal/mol)

(f) -6
PRO-25 TYR-474
TYR-7 PRO-492
SER-22 LEU-493
PHE-8 TYR-454
LEU-12 LEU-499
SER-27 ASN-449
GLY-21 PRO-497
ALA-23 LYS-445
ARG-16 PHE-457
TYR-10 LEU-453
GLY-24 GLY-448
ILE-26 PHE-491
SER-13 LEU-456
LEU-18 ILE-473
LEU-5 ASN-451
LEU-41 CYS-489
PHE-35 PHE-490
ILE-4 MET-494
PHE-29 TYR-495
FRE-58 | | TYR-450

-5 -4 -3 -2 1 0

AG MM-GBSA (kcal/mol)

Fig. 10. Continued
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Table 6
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Binding free energy (kcal/mol) resulting from MM-GBSA analysis of different AVP-RBD complexes

Energy components*

Vdw EEL EGB ESURF G gas G solv AGroar  AGepsa®
A -67.18 -140.14 17236 -1040 -207.33 16196 -4536  -92.09
B -97.66 -62.18 12023  -1401 -159.85 10622 -53.63  -93.31
C -93.66 -208.49 25469 -13.60 -302.16 241.09 -61.07  -50.09
D -102.19  -44.99 97.17 -12.94  -147.18  84.22 -62.95  -75.13
E -8481 -15538 21048 -10.98 -240.20 19949 -40.70  -57.96
F  -70.96 -87.50 12940 -9.52 -158.47  119.88 -38.59  -53.90

A = Seq12+RBD, B = Seq12+RBDm, C = Seq12m+RBD, D = Seq12m+RBDm, E = Seq13m+RBD,
F = Seq13m-+RBDm. *MM-GBSA was calculated for 100 ns using Abmer 16 package. Generalized
Born ESURF calculated using 'LCPO’ surface areas. ¥ AGgpsa was calculated using HawkDock.

Table 7

Comparison of translational, vibrational, and rotational entropy
among the AVP-RBD complexes calculated using the two-phase
thermodynamic (2PT) model.

Systems ASy ASrot AS,ip Total AS¥
Seql12 + RBD -15.17 -14.68 -16.28 -46.13
Seql2 + RBDm*® -15.17 -14.71 -13.44 -43.33
Sqe12m + RBD -15.16 -14.68 -15.16 -45.01
Sqe12m + RBDm?® -15.16 -14.69 -10.88 -40.74
Seq13m + RBD -15.07 -14.41 -17.10 -46.58
Seq13m + RBDm* -15.07 -14.33 -0.43 -29.85

¥ Entropy results were (harmonic approximation) calculated with
NMODE. All entropy results have units kcal/mol (Temperature is
298.15 K).

9.20 kcal/mol) of Seq12, THR20 (-3.36 kcal/mol) of Seq12m, and
PRO25 (-6.56 kcal/mol) of Seq13m are critically important for the
respective antiviral peptides for the same reasons. Furthermore,
GLN498 (-0.22 kcal/mol) and GLN493 (-0.28 kcal/mol) are poor
contributors for the AVP-RBD interactions, respectively for Seq12
and Seq12m. However, GLY496 poorly contributes to the Seq13m-
RBD interaction but not for the Seq12-RBDm, Seq12m-RBDm, and
Seq13m-RBDm interactions (Fig. 10). In the RBDm TYR501 (-6.32
kcal/mol), MET494 (-5.11 kcal/mol), and TYR-450 (-5.24 kcal/mol)
contributes best binding free energy during interacting with Seq12,
Seq12m, and Seq13m, respectively. It is noteworthy that in cases
(RBD and RBDm), tyrosine contributes well binding free energy
multiple times irrespective of its positions in the RBD. The bio-
chemical and biophysical properties of tyrosine may be the reason
for this phenomenon. However, tyrosine did not participate in the
top twenty amino acid residues in the case of Seq12m-RBDm. On
the contrary, LEU493 was a poor contributor to the binding free
energies of Seq12/Seq12m-RBDm interactions. In addition, ASN449
was another poor contributor in the case of Seq13m-RBDm interac-
tion. Overall, the molecular details of AVP-RBD/RBDm interactions
calculated using MM-GBSA provide evidence for the fact that AVPs
were occupied the crucial amino acid residues of the RBD, which
are necessary for the RBD-ACE2 interactions [65].

Entropy of a thermodynamic system is the measure of the de-
gree of freedom of the system where the translational (AS;), rota-
tional (ASy), and vibrational (AS,;;,) entropic terms determine the
total entropy of the system [74,75]. A change in total entropy cor-
relates with the binding free energy, where the binding forces have
to overcome the entropic effects during the binding process [75].
Therefore, a negative AS value indicates that the system becomes
less disordered due to a decrease in the number of microstates for
the protein-protein complexes [43]. In particular, the entropic val-
ues of the AVP-RBD systems are negative, which explains the low
distortion of the system (Table 7). In addition, the Seq13m-RBDm
complex has the highest AS,;, value (-0.43 kcal/mol), contributing
to the increase of the phase space and binding energy of the sys-
tem.
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4. Conclusion

Antiviral peptides are a convenient alternative to conventional
antiviral therapy. Now-a-days, AVPs are included in mainstream re-
search against the SARS-CoV-2. In this study, peptide analogues of
spike glycoprotein, i.e., Seq12, Seq12m, and Seq13m, showed an-
tiviral properties against the SARS-CoV-2. These AVPs were derived
from the RBD of the spike glycoprotein of the SARS-CoV-2. Seq12
and Seq12m showed negligible cytotoxicity, and they are also non-
allergenic for humans. Besides, the predicted ICsy values of the
Seq12, Seq12m, and Seq13m are better than the anti-SARS-CoV-2
peptide P7, P9, P9, and P10. Molecular dynamics simulation stud-
ies of the RBD/RBDm-Seq12 and RBD/RBDm-Seq12m showed sta-
ble RMSD and RMSF throughout the complete MD-trajectory. Fur-
thermore, the binding free energies, van der Waals interaction pat-
terns calculated using MM-PB/GBSA are also in agreement with the
molecular docking studies. The molecular docking and molecular
dynamics simulation studies suggest Seq12, Seq12m, and Seq13m
can block RBD, which is necessary for communicating with ACE2. It
is noteworthy that these AVPs can also block the mutant model of
the RBD. The mutant model of the RBD contains 25 mutations, in-
cluding N501, common in B1.1.7, P.1, B1.351, and K417 of B.1.617.2.1
variant of SARS-CoV-2. Furthermore, these AVPs can also interfere
with viral membrane protein M. We speculate that these AVPs
could eventually inhibit viral re-packaging cycles. Therefore, antivi-
ral peptides, Seq12, Seq12m, and Seq13m could be helpful in the
fight against the SARS-CoV-2. Moreover, in the future, these AVPs
could also help to develop anti-SARS-CoV-2 nasal spray. However,
more studies are required before any clinical or diagnostic use.
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