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Frequent, and sometimes more dangerous, mutations in SARS-CoV-

2 indicate that a stronger strategy is needed to produce an effective

vaccine—a vaccine that contains a wider range of virus factors and

remains effective if one or more mutations have occurred in a part of

the genome. In this study, four important virus proteins were used to make

a multi-epitope protein vaccine. For this purpose, antigenic determinant of

4 proteins were selected and a protein structure was designed using

4 domains containing epitopes. After examining its antigenic potential,

its three-dimensional structure was designed and then docked with

immune system receptors. Finally, using the dynamic molecular (MD)

simulation, complexes and interactions were investigated and their

interaction energies were measured. The results of the study showed

that the designed structure has good relative stability and interacts well

with its receptors and can be used as a vaccine candidate for

further studies.
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Introduction

COVID-19 continues around the world despite the many efforts that have been made

against it. These efforts include developing more diagnostic methods, potential

treatments, and the development of various vaccines across different laboratory and

clinical stages (Rabie, 2022a; Eltayb et al., 2023). In such epidemics and pandemics,

vaccines can be the most effective way to eliminate or reduce the destructive effects of the

disease. They are produced at an unprecedented rate, andmany of them use new strategies

(Giurgea and Memoli, 2020; Haque and Pant, 2020; Kotta et al., 2020; Nokhodian et al.,

2020; Mistry et al., 2021). Vaccination strategies become more important when many
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mutations occur in the virus genome, sometimes leading to a

more dangerous and pathogenic virus. Therefore, there is a need

to design a type of vaccine that is much more impactful, and in

which the mutations of the virus are less detrimental its

effectiveness.

There are different types of vaccines, one of which—used

against infectious agents—is the production of protein-based or

peptide-based vaccines that contain important epitopes of

antigens of the infectious agent. These vaccines may have

greater advantages over vaccines consisting of larger protein

sequences or inactivated viruses. They are smaller and may

provoke a more intense immune response than other vaccines

because of their stronger immunogenic domains (Malonis et al.,

2020; Requena et al., 2020).

The COVID-19 causative virus, severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2), contains several

nonstructural proteins (Nsps) and several structural proteins.

The virus genome is mainly in the form of two non-structural

proteins, ORF1a and ORF1ab, followed by structural proteins. In

other words, it has been shown that it encodes 16 non-structural,

4 structural, and 6 accessory proteins. The unstructured proteins

include the main protease (Mpro) and papain-like protease

(PLpro). Structural proteins include homo-trimeric Spike

glycoprotein (S), Nucleocapsid protein (N), and Membrane

(M) and Envelope (E) proteins. These structural proteins can

play an important role in the development of subunit and

protein-based vaccines. The large S protein that emerges from

the surface of the membrane acts to bind the virus to the receptor

on the membrane of the host cells. This protein is almost

completely outside the surface of the virus and can be an

important component for the development of subunit-based

vaccines. Two other proteins, E and M, have various roles,

including regulation of the virion’s assembly and maturation

and the budding of new virion particles. These are proteins

within the virus envelope, with several transmembrane domains,

the epitopes of which can be used in vaccine design (Arya et al.,

2020; Bai et al., 2022).

During the pandemic period, various mutations have been

reported for different genes of the virus, especially spike proteins,

some of which have created a new trend in the disease and have

sometimes increased the virulence and lethality of the virus. Some of

the most famous variants in spike protein include 28813G>T,
23012G>A, and 23063A>T. Various mutations resulted in several

dangerous variants of the virus such as Alpha, Beta, Gamma, Delta,

and Omicron, which left devastating effects (Mohammadi et al.,

2021). However, some preventive and therapeutic approaches caused

their effects to be somewhat curbed. For example, many studies have

been carried out on the inhibition or reduction of the virulence of the

Omicron variant (Rabie and Abdalla, 2023; Rabie and Eltayb, 2023).

Despite all efforts, there is still a need for the production of vaccines

that have a high potential to prevent the pathogenicity of all or most

of the variants.

The aim of the current in silico study is to determine the

important epitopes of three structural proteins, E, M, and S,

and a nonstructural protein, Mpro, of the virus using online

tools and databases, and to construct a multi-epitope and
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evaluate the immunogenic potential of this putative protein with

bioinformatic software as a vaccine candidate against COVID-19.

Methods

Retrieval of sequences and structures of
the proteins

The amino acid sequences of four proteins, S (NCBI Reference

Sequence: YP_009724390.1), E (NCBI Reference Sequence: YP_

009724392.1), M (GenBank: QIC53216.1), and Mpro (NCBI

Reference Sequence: YP_009742612.1), were retrieved from

Protein, National Center for Biotechnology Information (NCBI)

database1. Also, the structures of two proteins, S (PDB ID: 6VYB)

and Mpro (PDB ID: 6Y2F), were obtained from Protein Data Bank

(PDB) database2 (Berman et al., 2000). The structures of two other

proteins, E and M, were modelled as reported in our previous article

(Alibakhshi et al., 2020).

Preparation and analysis of proteins

The physicochemical properties of the proteins were evaluated

using the ProtParam online server (Wilkins et al., 1999). The

transmembrane protein topologies of three proteins E, M, and S

were analyzed using UniProt database(UniProt Consortium, 2019)

(Entry identifiers: P0DTC2, P0DTC5, and P0DTC4 for S, M, and E

proteins, respectively). Also, using TMHMM Server v. 2.0,

transmembrane helices in proteins were predicted with a hidden

Markov model (Krogh et al., 2001). The structures of proteins were

prepared using UCSF Chimera Version 1.8.1 by removing the ligand

and water molecules (Pettersen et al., 2004).

CTL, HTL, and linear epitope prediction
(prediction of T-cell (HLA class I and II) epitopes
and B-cell epitopes (linear))

In the first step, the online prediction server Immune Epitope

Database (IEDB)3 was used to predict the T-cell epitopes of each

determinant protein (Nielsen et al., 2003). MHCpred (Guan

et al., 2003)4 and ProPred servers (Singh and Raghava, 2001)5

were also used to predict the MHC restricted T-cell epitopes.

Moreover, the peptide binders to MHCI and MHCII molecules

from protein sequences were predicted using the RANKPEP server

(Reche et al., 2004)6.

The ABCpred (Saha and Raghava, 2006)7, BCpreds (El-

Manzalawy et al., 2008)8, and BepiPred servers (Jespersen et al.,

2017)9 were used to predict the linear B-cell epitopes. The Ellipro

server (Ponomarenko et al., 2008)10 was also used to identify

continuous epitopes in the viral proteins.

In addition, for further evaluation and comparison of the scores

of selected epitopes, the SVMTriP server (Yao et al., 2012)11 was used

to predict the antigenic epitopes based on sequence input. This server

employs a Support Vector Machine (SVM) approach which

combines the tri-peptide similarity and propensity scores

(SVMTriP) in order to achieve higher accuracy and specificity by

the leave-one-out test.

TABLE 1 Physicochemical properties of proteins.

Protein
Parameters

S M E Mpro

Number of amino acids 1,273 222 75 306

Molecular weight 141,178.47 25,146.62 8,365.04 33,796.64

Theoretical pI 6.24 9.51 8.57 5.95

Instability index 33.01 (stable) 39.14 (stable) 38.68 (stable) 27.65 (stable)

Aliphatic index 84.67 120.86 144.00 82.12

Grand average of hydropathicity (GRAVY) −0.079 0.446 1.128 −0.019

1 https://www.ncbi.nlm.nih.gov/protein

2 http://www.rcsb.org/pdb

3 http://www.iedb.org/

4 http://www.ddg-pharmfac.net/mhcpred/MHCPred/

5 http://crdd.osdd.net/raghava/propred/

6 http://imed.med.ucm.es/Tools/rankpep.html

7 http://crdd.osdd.net/raghava/abcpred/

8 http://ailab.ist.psu.edu/bcpred/

9 http://www.cbs.dtu.dk/services/BepiPred/

10 http://tools.iedb.org/ellipro/

11 http://sysbio.unl.edu/SVMTriP/prediction.php
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FIGURE 1
Transmembrane topology of proteins. The purple line shows the sequences outside the envelope.
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Multi-epitope vaccine construction and analysis

After selecting the epitopes, three domains from the S

protein, two domains from the M protein, two domains from

the Mpro protein, and one domain from the E protein were

selected and, using these domains and conventional linkers, the

amino acid structure was constructed. The selection of protein

domains was based on the score of epitopes and their location on

the outer region of the envelope proteins.

The selected domains were linked by two conventional linkers,

AAYandGPGPG.These linkers help to enhance epitope presentation

as well as protein flexibility and folding, and stimulate immune

responses (Nezafat et al., 2014). Finally, an 1820 amino acid multi-

epitope protein was constructed. The sequence of putative multi-

epitope construct was submitted to ProtParam online server (Wilkins

et al., 1999) for evaluation of physicochemical parameters.

Antigenicity and allergenicity evaluation

The antigenicity of the suggested construct was predicted by the

VaxiJen v2.0 server (Doytchinova and Flower, 2007). This server

predicts the antigenicity potential using an alignment-independent

method and physicochemical properties of proteins without the aid

of sequence alignment.We also examined the potential allergenicity

of the construct by the AllerTOP v2.0 server (Dimitrov et al., 2013),

which predicts the allergenicity based on the main physicochemical

properties of proteins.

Protein modelling, tertiary structure refinement,
and validation

The multi-epitope sequence was submitted to two protein

structure prediction servers, the Robetta server and I-TASSER

server. While Robetta employs a relatively fast and accurate deep

learning-based method—TrRosetta (Yang et al., 2020)—to predict

protein 3D structure, I-TASSER uses a hierarchical approach to

protein folding prediction and structure-based function annotation.

This identifies structural templates by amultiple threading approach

with atomic models which are constructed by template-based

fragment simulations (Yang and Zhang, 2015). Each of these

servers generated five models. All the models were then

submitted to the 3Drefine server (Bhattacharya et al., 2016) for

model refinement. 3Drefine uses iterative optimization of a

hydrogen bonding network combined with atomic-level energy

minimization for consistent and computationally efficient protein

structure refinement. The protein models were then analyzed by

ProSA (Wiederstein and Sippl, 2007), PROCHECK (Laskowski

et al., 1993), and ERRAT (Colovos and Yeates, 1993) programs

formodel qualification and validation. The ProSA displays a Z-score

indicating overall model quality for measuring the deviation of the

structure’s total energy. A value outside the range characteristic for

native proteins points to a potentially erroneous structure. On the

other hand, PROCHECK program examines the stereochemical

quality of a protein structure by analyzing both overall and residue-

by-residue geometry. The ERRAT analyzes non-bonded atomic

interaction and displays a plot with an overall quality factor in

which, in the higher values, the model is better.

Molecular dynamic (MD) simulation of themulti-
epitope construct

The best 3D model of the construct as determined by our

qualification/validation study was then subjected to molecular

dynamic (MD) simulation for more optimization and refinement

of the 3D model of the multi-epitope protein. MD simulation was

carried out by GROMACS software (Abraham et al., 2015) v.

5.1.1 using GROMOS96 54a7 force field (Schmid et al., 2011).

The MD simulation was set up by placing the construct in a cube

box. The boxwas then filled withwater (spc216), and the systemwas

neutralized with Na+ ions. The solvated and electroneutral system

was energy minimized. Before dynamics, the system was

equilibrated in two phases under temperature ensemble (NVT)

and pressure ensemble (NPT) for 100 ps, and finally,MD simulation

was performed for 30 ns. The trajectory was then analyzed by Root

Mean Square Fluctuation (RMSF), Mean Square Deviation (RMSD)

and Radius of gyration (Rg) to characterize the dynamics of the

multi-epitope construct.

TABLE 2 Location and the topology of the virus’s proteins, predicted by TMHMM server and studied by UniProt database. As it is shown in this table
and Figure 1, the significant parts of all three proteins are located in the outer space of the viral membrane, which causes more epitopes to be
exposed to immune system factors.

TMHMM server UniProt database

Outside TMhelix Inside Outside TMhelix Inside

S 1–1,213 1,214–1,236 1,237–1,273 13–1,213 1,214–1,234 1,235–1,273

M 1–19 20–39 40–50 2–19 20–40 41–50

74–77 51–73 101–222 72–79 51–71 101–222

78–100 80–100

E 35–75 12–34 1–11 1–16 17–37 38–75
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Analysis of spatial epitopes of the multi-
epitope construct

The 3D structures of the multi-epitope protein and four

proteins used for the construction of the multi-epitope were

submitted to SEPPA3.0 server (Zhou et al., 2019) to analyze

the structural epitopes. This server uses a prediction

algorithm based on surface residues and glycosylation

properties of antigens to predict the spatial and

conformational epitopes.

Preparing the structures of immune receptors,
molecular docking, and refinement

The crystallographic structures that most commonly occur in

HLA Class I and Class II subtypes in the human population,

i.e., 02:01 (PDB ID: 4U6Y) and DRB1 01:01 (PDB ID: 1AQD) as

well as the 3D structure of human Toll-like Receptor 3 (TLR3)—

which plays an essential role in the innate immune system (PDB

ID: 1ZIW)—were obtained from the PDB database2. The

structures were prepared for protein-protein docking by UCSF

Chimera software. Also, the last frame of the trajectory of the

simulation was used as the input structures for protein-protein

molecular docking with immune receptors. PatchDock server

(Schneidman-Duhovny et al., 2005) with a molecular docking

algorithm based on shape complementarity principles was

employed for structure prediction of protein-protein. The

server generates several docked complexes based on favorable

interactions. The ten solutions with the best positions and

orientations were selected for interaction refinement by

FireDock server (Mashiach et al., 2008), an efficient

method for the refinement and re-scoring of rigid-body

protein-protein docking solutions. Finally, the best complexes

were selected for MD simulation based on the server’s

global energy.

MD simulation of docked complexes

For a detailed examination of selected protein complexes, we

performed a 10-ns MD simulation for each complex according to

the described method. Besides the mentioned analysis for multi-

epitope MD simulation, in this step, minimum distance (nm),

number of contacts (<0.6), the sum of electrostatic and van der

Waals energies (kJmol-1), and number of the hydrogen bond

between multi-epitope and receptor, were calculated.

MM/PBSA binding free energy

The absolute binding affinities of receptor/multi-epitope

complexes were calculated using molecular mechanics (MM)

energies combined with Poisson–Boltzmann (PB) and Surface

Area (SA) solvation methods (MM/PBSA) (Genheden and Ryde,

2015) and g_mmpbsa package (Kumari et al., 2014). In the MM/

PBSA method that was developed by Kollman et al. (2000), ΔG
bind is estimated from the free energies of the two reactants and

the final complex:

ΔGbind�ΔGcomplex–ΔGligand–ΔGreceptor

TABLE 3 Predicted epitopes of the proteins. For protein S, more
epitopes are considered due to its large size.

Proteins Epitopes

S ILPSPGMPAL

HVSGTNGTKRFDNPV

KLNDLCFTNV

KLPDDFTGCV

QAGSTPCNGVEGFNC

GAEHVNNSYECDIPI

TLVKQLSSNFGAISSVLNDI

ISSVLNDILSRLDP

SRLDPPEAEV

QQLIRAAEIRASANLAATKM

KEELDKYFKNHTSPDVDLGD

LNEVAKNLNESLIDLQELGK

M MADSNGTITVEELKKLLEQWNLV

FVLAAVYRI

FIASFRLFARTRSMWSFNPE

LLESELVIGAVILR

HHLGRCDIKDLPKEI

KLGASQRVAGDS

YRIGNYKLNTDHSSSSDNIA

E ETGTLIVNSV

VVFLLVTLAILTALRLCAY

CCNIVNVSLVKPSFYVYSRVKNLNS

Mpro SGKVEGCMVQVTCGTTTLNG

TLNGLWLDDVVYCP

DLLIRKSNHN

LIRKSNHNFLVQAG

TGVHAGTDLEGNFYGP

TVNVLAWLYAAVIN

RTILGSALLEDEFT

DVVRQCSG
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Results

Analysis of the protein sequence and structure

Table 1 shows the overall characteristics of the viral protein

targets. The predicted characteristics of the proteins confirm

their appropriateness for antigen discovery. Here, in selecting

the final epitopes, an attempt was made to use more exposed

areas. Some of the other primary features predicted for proteins

that influence epitope selection are shown in Figure 1

and Table 2.

Epitope prediction and designing of the multi-
epitope protein

The epitopes with the best scores in stimulating immune

system components for all four proteins are listed in Table 3.

Then, with further investigation, domains of each of the proteins,

which were most likely to contain the epitopes, were preferred

(Table 4), and these domains were used to construct and design

the final multi-epitope using linkers.

Antigenicity and allergenicity evaluation

VaxiJen v2.0 server predicted an overall antigenicity score of

0.5579. The score falls above the threshold intended for viruses

(0.4), conforming as a probable antigen. In addition to being

antigenic, the designed protein should not induce—or induce

only minimal—allergenicity in the host body, by provoking an

IgE antibody response. The AllerTOP v. 2.0 server was therefore

used to predict the allergenicity of the designed multi-epitope

protein, and the result identified the construct as a probable

non-allergen.

Multi-epitope construct modelling and
validation

Using two well-known protein structure prediction servers

(I-TASSER and Robetta), the multi-epitope structure was

modeled, and the obtained structures were then refined and

validated using a range of model qualification tools. Almost all

the structures predicted by the Robatta server (TrRosetta

method) showed to be higher quality as compared with those

predicted by the I-TASSER server (Figure 2A). More specifically,

the best model obtained from I-TASSER showed 58.2% of

residues in the most favored regions, 38.3% in the allowed

regions and 3.4% in the disallowed region of the

Ramachandran plot, whereas the corresponding values for the

Robetta-obtained model were 71.2%, 27.4%, and 1.4%

respectively. In addition, while ERRAT showed an overall

quality factor of 66.66 and ProSA gave a Z-Score of −3.24 for

the best I-TASSER-obtained model, the best Robettal-obtained

model was characterized by the corresponding values of

82.75 and −5.39 (Figures 2B–D). Therefore, the best 3D

structure predicted by Robetta was considered for the next

steps of the study.

MD simulation of the multi-epitope construct

The MD simulation was used to verify the 3D structure

of the multi-epitope protein from an atomic-resolution

model construction. The structure was relaxed through the

energy minimization process, demonstrating a steady

convergence of potential energy (Figure 3A). The system

was also well-equilibrated at a temperature of 300 K and

under pressure until it reached a proper density. Following the

MD simulation for 30 ns, the dynamics of the construct were

characterized by calculating RMSD, RMSF, and Rg across the

TABLE 4 Epitope-rich domains of the proteins deployed for the construction of a putativemulti-epitope protein. The final structurewas designed and
built using these domains and in the order mentioned in the table.

Proteins Domains Position Score of antigenicity prediction using VaxiJen v2.0
(Threshold: 0.4)

S KLNDLCFTNV 386–395 2.69

QAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGY 474–505 0.47

GAEHVNNSYECDIPI 652–666 0.69

M MADSNGTITVEELKKLLEQWNLV 1–23 0.15

FVLAAVYRINWITG 65–78 0.79

E CCNIVNVSLVKPSFYVYSRVKNLNS 43–67 0.81

Mpro SGKVEGCMVQVTCGTTTLNG 10–29 0.21

DLLIRKSNHNFLVQAG 56–71 0.70

Acta Virologica

Published by Frontiers
Institute of Virology

Biomedical Research Center, Slovak Academy of Sciences07

Alibakhshi et al. 10.3389/av.2023.12481

https://doi.org/10.3389/av.2023.12481


FIGURE 2
The finalmodel and the results of the validation. (A) Final model structure. (B) Ramachandran plot. It is shown in the graph that a total of 98.6% of
the residues are in favored and allowed areas. (C) ERRAT plot. This plot shows that error values for residues had an overall quality factor of 82.7% for
residues of the multi-epitope protein. (D) ProSA-web Z-score. This plot indicates overall model quality. The protein construct indicated a Z-score
of −3.24 that is within the Z-scores range of experimentally determined protein chains of a similar size.
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trajectory (Figure 3B). While the evolution of RMSD and Rg show

the time-dependent stability of the protein structure, RMSF

accounts for the structural adaptability of Cα atoms of every

residue (Ahmad et al., 2020). RMSD for the final 10 ns was

0.447 ± 0.011, and Rg for this time showed a value equal to

1.561 ± 0.007. The result analysis showed an RMSF of 0.181 ±

0.082. These results showed that the protein was well-stabilized.

The structure of the multi-epitope after MD simulation is shown

in Figure 3C.

Analysis of conformational epitopes

The structural epitopes play a critical role in stimulating the

immune system. In this study, after designing a multi-epitope

vaccine and before docking with immune system receptors, all

the structural epitopes predicted by the SEPPA server were

assessed and compared with all four primer proteins, and it

was found that most of the spatial epitopes in the final model

have similar structures (Figure 4).

FIGURE 3
MD simulation of the multi-epitope vaccine. (A) The plotted results after energy minimization and equilibration steps. These plots show a
protein construct energy minimized and equilibrated. (B) RMSD, RMSF and Rg plots determined bymolecular dynamics (MD) simulation. These plots
show that the protein has a relatively stable structure. (C) 3D structure of multi-epitope after MD simulation.
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Protein-protein docking and refinement

The protein-protein docking between the multi-epitope and

three receptors in the immune system was conducted in different

modes with the help of two servers, PatchDock and FireDock, and

the top 10 solutions were assessed based on the global binding

energy (Table 5). This ranking is according to several binding

energies, including desolvation energy (atomic contact energy,

ACE), van der Waals interactions, partial electrostatics,

hydrogen and disulfide bonds, aliphatic interactions, and others.

In this regard, solution 9, solution 5, and solution 2 for DRB1 0101/

Multi-epitope, HLA-A0201/Multi-epitope, and TLR3/Multi-

epitope complexes, respectively, were selected for further

evaluation and calculations due to their superior binding energy.

FIGURE 4
The spatial epitope prediction of the four proteins and final multi-epitope by SEPPA 3.0 server. Red residues are spatial epitopes.

TABLE 5 The global binding energy of the solutions.

Solutions
Docked complexes

Sol_1 Sol_2 Sol_3 Sol_4 Sol_5 Sol_6 Sol_7 Sol_8 Sol_9 Sol_10

DRB1 0101/Multi-epitope 14.08 1722.87 3,265.44 1,291.99 16.51 −3.97 16.09 −3.57 −8.45 0.71

HLA-A0201/Multi-epitope 10.72 7.38 164.27 11.45 −6.69 2,268.23 11.53 1.00 12.34 10.82

TLR3/Multi-epitope 159.50 −30.32 32.59 291.55 323.93 −7.91 810.81 −8.00 220.81 30.90

After using PatchDock and FireDock servers, the top 10 solutions were assessed based on the global binding energy and the best solutions with highest binding energy (complex solutions

with bold numbers) were selected for further analysis.
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FIGURE 5
(A) : RMSD, (B) : RMSF, (C) : Rg plot of the multi-epitope in complex with each receptor. As it is clear from these graphs and the RMSD and Rg
values from Table 5, the docked complexes reached relative stability very quickly and did not show any specific deviation in the structures.
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FIGURE 6
Docked complexes between multi-epitope vaccine candidates and three immune system receptors. (A) DRB1 0101/Multi-epitope. (B) HLA-
A0201/Multi-epitope. (C) TLR3/Multi-epitope. Brown color: receptor, Green color: Multi-epitope.

TABLE 6 The averages of the MD analysis parameters for complexes of multi-epitope and DRB, TLR and A0201.

Analysis DRB/Multi-epitope
complex

TLR/Multi-epitope
complex

A0201/Multi-epitope
complex

RMSD receptor (nm) 0.67 ± 0.02 0.64 ± 0.06 0.37 ± 00

RMSD multi-epitope (nm) 0.36 ± 00 0.37 ± 0.01 0.35 ± 00

Rg receptor (nm) 4.3 ± 0.02 3.3 ± 0.02 2.2 ± 00

Rg multi-epitope (nm) 1.5 ± 0.01 1.4 ± 0.00 1.5 ± 00

The minimum distance between receptor and multi-epitope (nm) 0.16 ± 00 0.16 ± 00 0.16 ± 00

Number of contacts <0.6 nm between receptor and multi-epitope 793 337 336

Sum of electrostatic and van der Waals energies between receptor and
multi-epitope (kJmol-1)

−2,357.45 −1,036.03 −988.84

Number of the hydrogen bond between multi-epitope and receptor 29 15 12
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MD simulation of docked complexes

With regards to the stable structure of the multi-epitope and

receptors, we performed a 10-ns MD simulation of their

complex. RMSD analysis of the trajectory shows that the

complex reaches a stable state after four nano-seconds

(Figure 5A). Rg, RMSD, and RMSF analysis of the multi-

epitope construct in each complex, in addition to the number

of the hydrogen bonds between the multi-epitope and each

receptor, showed that the multi-epitope construct has a stable

state during the interaction with each receptor (Figure 5;

Table 6). The average values of the minimum distance

(nm), the number of contacts, and the sum of electrostatic

and van der Waals energies (kJmol−1) between the vaccine

construct and each receptor, show a consistent interaction

between them (Table 6). Figure 6 shows a schematic

representation of complexes after MD simulation in which

the interaction of the multi-epitope vaccine candidate with

three immune system receptors, DRB1 0101, HLA-A0201, and

TLR3, has been shown.

MM/PBSA binding free energy

Table 7 shows the calculated binding energies between

immune receptors and the multi-epitope construct, including

van der Waals, Electrostatic, Polar solvation, SASA, and total

binding energies. In total, the calculations indicated high

interaction energies. The binding energy in the A0201/Multi-

epitope and TLR/Multi-epitope showed strong interactions, but

in the DRB/Multi-epitope, although sufficient, it is not as strong

as the other two complexes.

Discussion

The development of vaccines is one of the most critical

achievements in medicine, through which many infectious

diseases could be eradicated. Recently, multi-epitope vaccines

based on epitope selection have been increasingly used and

improved. New types of vaccines with high immunogenicity and

low risks, including epitope-based vaccines, are being used.

Continued spread of COVID-19, an infectious disease caused by

SARS-CoV-2, has killedmore thanmillions of people worldwide and

has harmed social, financial, and political institutions around the

world. With no effective drug treatment available, vaccines are

essential to prevent the spread of the disease.

In this in silico study of vaccine design, we tried to use various

antigens. The low values of the instability index marked all four

proteins as stable proteins in the test tube. The aliphatic index is an

indicator of the relative volume occupied by some nonpolar amino

acids and the stability of the proteins against temperature variation,

by which the higher the value, the more stable the protein. Grand

Average Hydropathicity (GRAVY) shows the level of protein

hydrophilicity, where the lower value indicates greater

hydrophilicity. Figure 1 and Table 2 present the information on

the location and the topology of the proteins (S, E, andM) in the virus

envelope. Generally, the protein areas located outside the virion and

envelope are considered to have the strongest potential to stimulate

the immune system. The predicted characteristics of the proteins

confirm their appropriateness for antigen discovery. Here, in

selecting the final epitopes, an attempt was made to use more

exposed areas. Epitope prediction results obtained from several

epitope databases and servers were analyzed, and epitopes with

the best score in stimulating immune system components were

selected that could be used as domains with more epitopes to

construct and design a putative multi-epitope in the order

mentioned in the Table 4 using the linkers.

After confirming the antigenicity of the structure and its non-

allergenic nature, the suggested construct wasmodeled and validated.

Also, the results of MD simulation showed that the protein was well-

stabilized. The structure was docked with three immune receptors to

show its relative strength in stimulating the immune system. Three

solutions for DRB1 0101/Multi-epitope, HLA-A0201/Multi-epitope,

and TLR3/Multi-epitope complexes, respectively, were selected due

to better binding energy for further evaluation and calculations. The

results of MD simulation of the docked complexes showed that a

consistent interaction and the binding energy analysis revealed that in

TABLE 7 The binding energies and total energy are calculated by the MM/PBSA method. The calculation of free binding energies between two
molecules of the complexes show a high affinity and interaction. The high affinity is especially remarkable for the two complexes A0201/Multi-
epitope and TLR/Multi-epitope.

Complex van der Waal energy
(kJ/mol)

Electrostatic energy
(kJ/mol)

Polar solvation energy
(kJ/mol)

SASA energy
(kJ/mol)

Binding energy
(kJ/mol)

A0201/Multi-
epitope

−689.665 −2,184.121 1,280.051 −66.103 −1,659.838

DRB/Multi-
epitope

−1,786.475 −476.177 2,062.883 −155.572 −355.341

TLR/Multi-
epitope

−677.023 −1755.506 1,306.408 −73.205 −1,199.326
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the A0201/Multi-epitope and TLR/Multi-epitope, strong interactions

were formed, but in the DRB/Multi-epitope, although sufficient, it is

not as strong as the other two complexes.

In recent years, various studies have been conducted to deal

with this pandemic. These studies have included methods for

prevention and the design of various new vaccines, as well as

attempts to design and discover potential drugs. In this way, in

silico methods have made a significant contribution, because

methods with fast delivery of results are needed to control such

pandemics. In the last 3 years, many studies have been conducted

to find effective molecules to inhibit the activity of virus protein

factors, or the stages of virus production and assembly, or the

stages of disease progression. These effective molecules include

FDA approved drugs or plant molecules, among others. Some of

these molecules have shown promising results after being tested

in laboratory and animal models (Rabie, 2021a; Rabie, 2021b;

Rabie, 2021c; Rabie, 2022b; Rabie and Abdalla, 2022; Alibakhshi

et al., 2023; Sharma et al., 2023; Tong et al., 2023). Also, toward

the goal of prevention and vaccine design, very diverse and

sometimes valuable works have been carried out, some of

which lead to the production of vaccines that have entered

the market. These vaccines include live attenuated vaccines,

molecular components of the virus, DNA vaccines, and

mRNA vaccines.

During the pandemic, various vaccines have been designed,

developed, and tested (Hadj Hassine, 2022). Multi-epitope

vaccines can be used more often because they are safe, stable,

easy to produce, and can stimulate both humoral and cellular

immune system responses (Forouharmehr et al., 2022). The

development of multi-epitope vaccines has made up a significant

portion of in silico and laboratory studies on SARS-CoV-2. In these

studies, different genes and virus variants have been used, and

interesting results have been obtained in almost all of them

(Jyotisha et al., 2022; Khairkhah et al., 2022; Parmar et al., 2022).

The results of our work have been in line with studies in this field and

show similar outcomes. The difference in this work is the use of

domains that each have several epitopes. All in all, more

investigations and more fundamental changes, as well as the use

of laboratory tests, can show that these types of vaccines should be

given more attention.

In conclusion, in this study, after designing a putative

multi-epitope and determining its 3D structure using

dynamic molecular simulation, it was found that the

model has a stabile biomolecular structure. In addition,

with the help of molecular docking, molecular dynamics

methods and interaction energies were shown that

suggested the structure can stimulate the immune system.

Therefore, according to the confirmed immunogenicity of

this structure, it can be confirmed that the in silico designed

structure has good relative stability and interacts well with its

receptors, making it a potentially viable a vaccine candidate

and worth further evaluation using laboratory methods.
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