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ABSTRACT
The novel corona virus (COVID-19) is a causative agent for severe acute respiratory syndrome (SARS-
CoV-2) and responsible for the current human pandemic situation which has caused global social and
economic commotion. The currently available vaccines use whole viruses whereas there is scope for
peptide based vaccines. Thus, the global raise in statistics of this infection at an alarming rate evoked
us to determine a novel and effective vaccine candidate against SARS-CoV-2. To find the potential vac-
cine candidate targets, immunoinformatics approaches were used to analyze the mutations in the
envelope protein and surface glycoprotein and determine the conserved region; further specific T-cell
epitopes VSLVKPSFY, SLVKPSFYV, RVKNLNSSR, SEETGTLIV, LVKPSFYVY, LTDEMIAQY, YLQPRTFLL, RLFRKSNLK,
SPRRARSVA, AEIRASANL, TLLALHRSY, YSRVKNLNS and FELLHAPAT and B-cells epitopes TLAILTALRLCAYCCN
and AGTITSGWTFGAGAAL were identified. The 3D structure of epitope was predicted, refined and vali-
dated. The molecular docking analysis of multi-epitope vaccine candidates with TLR receptors, pre-
dicted effective binding. Overall, using bioinformatics approach this multi-epitopic target facilitates the
proof of concept for SARS-CoV-2 conserved epitopic vaccine design.
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Introduction

Severe acute respiratory syndrome corona virus 2 (SARS-CoV-2),
a positive sense RNA virus belongs to the family Beta corona
virus is the causative agent of ongoing pandemic corona virus
disease 2019 (COVID-19). The outbreak of COVID-19 was first
identified in Wuhan, China later the virus has spread to 213
countries with 175, 686, 814 cases and 3, 803, 592 deaths as on
14th June, 2021 (WHO, n.d). SARS-CoV-2 is a zoonotic infection
similar to SARS and MERS (Middle East Respiratory Syndrome).
Bats are found to be the natural reservoirs for this SARS-CoV-2
virus, further the transmission to human is believed to be
through intermediate host pangolin, but there is no confirmed
evidence for the same (Lam et al., 2020). The SARS-CoV-2 con-
sists of four structural proteins viz. Surface glycoprotein (S),
Envelope protein (E), Membrane protein (M) and Nucleocapsid
protein (N). The envelope protein is present along with the sur-
face glycoprotein and plays an important role in viral genome
assembly (Westerbeck & Machamer, 2019; Zheng et al., 2021).
These envelope proteins oligomerize and forms ion channels,
thereby responsible for pathogenesis. They are also involved in
crucial phases of viral life cycle like envelope formation, patho-
genesis, budding and assembly (Ashour et al., 2020). The viral
entry occurs through the contact between the surface glycopro-
tein and the host cell receptor, i.e. human ACE2 receptor
(angiotensin converting enzyme 2) (Li et al., 2005). The surface

glycoprotein is divided into S1 and S2 region, the S1 region
has the receptor binding domain (RBD) which has high affinity
for hACE2 receptor (Yan et al., 2020). Interestingly, this RBD
region in S1 region of surface glycoprotein is getting mutated
to specifically bind to hACE2 receptor (Wan et al., 2020). The
rapid genetic evolution of SARS-CoV-2 virus leads to increased
spread and possible immune evasion. The surface glycoprotein
undergoes rapid mutations; the first widely identified mutation
is D614G (Biswas & Majumder, 2020; Isabel et al., 2020). Newer
variants with further mutations are spreading swiftly around the
world, variant B.1.1.7 in UK, variant B.1.351 in South Africa, vari-
ant B.1.1.248 in Brazil and variant B.1.429 in California (Naveca
et al., 2021; Rambaut et al., 2020; Tegally et al., 2021; Zhang
et al., 2021). Mutations in surface glycoprotein are of major con-
cern because this protein involves in initial entry and attach-
ment of virus and foremost target for neutralizing antibodies
and vaccines (Piccoli et al., 2020; Shen et al., 2021). Thus, the
envelope protein and surface glycoprotein has become a target
site for candidate peptide vaccine development. Multi-epitopic
vaccines with T-cell and B-cell epitopes are capable to evoke
both cell mediated and humoral immune response without
resulting in any immune complications. Moreover, the effective-
ness of the vaccine can be regulated by selecting the epitopes
that binds with large number of alleles resulting in diverse
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immune response (Elfiky, 2021; Foged, 2011; Sadat et al., 2021;
Yang et al., 2021).

This study aimed to identify potential T-cell and B-cell
epitopes from conserved and immunogenic regions of sur-
face glycoprotein and envelope protein and design a multi-
epitopic vaccine target for SARS-CoV-2. The designed multi-
epitopic vaccine target was subjected to secondary and
tertiary structure prediction and validation. Immunological
properties were analyzed, docking and molecular dynamics
simulation was performed to evaluate the interaction
between the multi-epitopic target and TLR receptors. We
investigated the immune response of this multi-epitopic vac-
cine target by immune simulation analysis.

Methods

Study design

The present study includes the following steps: (1) Data set
construction and multiple sequence alignment and genome
variation analysis, (2) Epitopes prediction, (3) Construction of
multi-epitope vaccine and codon optimization, (4) Multi-epitopic
vaccine construct property analysis, (5) Structure prediction and
validation, (6) Immunological analysis for multi-epitopic vaccine
and disulphide engineering, (7) Molecular docking and molecu-
lar dynamics simulation, (8) In silico cloning and (9) Immune
simulation analysis. The study design is illustrated in Figure 1.

Data set construction and multiple sequence alignment

Genome sequence of SARS-CoV-2 (Ref. Sequence: NC_045512.2)
from China and other parts of world were retrieved from the
NCBI genome database (Supplementary Table S1). These data-
sets were constructed by including the NCBI accession numbers
and GenBank IDs of envelope protein and surface glycoprotein,
the source country and specific regions for all the retrieved
sequences. The MSA was carried out using CLUSTAL W (https://
www.genome.jp/tools-bin/clustalw) (Thompson et al., 1994) and
the aligned sequences are viewed using BioEdit software ver-
sion 7.0.5 (Hall, 1999).

Genome variation analysis and phylogenetic analysis

The genome variation analysis for envelope protein and sur-
face glycoprotein was carried out by Genome Detective
Corona virus Typing Tool (version 1.1.3) (Cleemput et al.,
2020), which permit rapid recognition and categorization of
corona virus genome. The nucleotide sequences were sub-
mitted in FASTA format and this tool helps in identifying the
mutation present in each gene. The phylogenetic analysis
was carried out to confirm that all the retrieved sequences
fall under same clade of SARS-CoV-2.

Prediction of cytotoxic T-Lymphocyte and analysis of
binding affinity with MHC I and cluster analysis

NetCTL 1.2 server was employed to predict CTL epitopes of
SARS-CoV-2 envelope and surface glycoprotein (http://www.

cbs.dtu.dk/services/NetCTL/) (Larsen et al., 2007). Three key
parameters for CTL prediction are used by the NetCTL server:
MHC-I binding peptide, proteasomal C-terminal cleavage,
and transport efficiency TAP (Transporter Associated with
Antigen Processing). Artificial neural network (ANN) was
employed to predict MHC-I peptide binding and proteasomal
C-terminal cleavage while the TAP transport efficiency was
achieved by the weight matrix. The scores of all the three
methods were integrated and the threshold is converted into
sensitivity or specificity values. Threshold value is set as 0.75.
NetMHCpan 4.0 server (http://www.cbs.dtu.dk/services/
NetMHCpan/) (Jurtz et al., 2017) was used to perform bind-
ing affinity analysis. The top two highest scoring epitopes
from the envelope protein and surface glycoprotein for each
supertype were selected for binding affinity analysis. The
default % ranks for strong binders is 0.5 and 2 for weak
binders. In this study, we used a tool from the MHCcluster
v2.0 (Thomsen et al., 2013) server that provides the func-
tional alliance between MHC variants with pictorial tree-
based visualizations and highly instinctive heat maps.

HLA-peptide docking analysis

The 3D structure of predicted CTL epitopes was modelled
using PEPFOLD (https://bioserv.rpbs.univ-paris-diderot.fr/serv-
ices/PEP-FOLD3/) (Maupetit et al., 2009) online server.
Molecular docking was performed for epitopes with their
specific HLA alleles. HLA A1 (PDB: 1W72), HLA A2 (PDB:
3MRG), HLA A3 (2XPG), HLA B7 (5WMO), HLA B44 (1M6O),
HLA B62 (1XR9). The PDB files of receptor and ligand was
submitted in the ClusPro2.0 (https://cluspro.bu.edu/login.
php) server (Kozakov et al., 2013; 2017; Vajda et al., 2017).

Helper T-lymphocyte (HTL) epitope prediction

HTL epitope prediction is crucial in the development of pep-
tide-based vaccines because binding of peptide with MHC-II
proteins is important in eliciting immune response. MHC-II
binding alleles were predicted using IEDB (http://tools.iedb.
org/mhcii/) (Nielsen & Lund, 2009). The MHC-II binding pre-
dictions were executed using the IEDB analysis resource
Consensus tool. To evaluate the interaction potential of T-
cell epitopes and MHC-II alleles, the Half Maximum Inhibitory
Concentration (IC50) was set at less than 50 for strong bind-
ing peptides. IEDB recommended method was used to deter-
mine promising MHC-II epitopes with low IC50 value.

B cell epitope prediction

B-cells plays a crucial role in eliciting the humoral immune
response and antibody production, which neutralizes the
antigens during infection, thus B-cell epitopes have an
important role in designing the vaccine. The sequential B-cell
epitopes were predicted by means of ABCPred server (http://
crdd.osdd.net/raghava/abcpred/) (Saha & Raghava, 2006).
ABCPred uses ANN using fixed length patterns for prediction
of B-cell epitopes with a default threshold of 0.5.
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Toxicity prediction

The ToxinPred tool (https://webs.iiitd.edu.in/raghava/tox-
inpred/index.html) uses support vector machine method was
employed for the prediction of toxicity of the predicted CTL,
HTL and B-cell epitopes (Open Source Drug Discovery
Consortium, 2013). The tool permits to categorize highly
toxic and nontoxic short epitopic sequences besides with
analysis of hydrophobicity, hydropathicity, hydrophilicity,
charge, and molecular weight.

Construction of multi epitopic vaccine and codon
optimization

Multi-epitopic vaccine was designed using B-Cell, HTL and
CTL epitopes from the envelope and surface glycoprotein. To
enhance the immunogenicity of the multi-epitope vaccine,
b-defensin 2 was selected as an adjuvant. b-defensin 2
induce signal transduction through TLR-4 and regulate adap-
tive immunity during infection process (Amelin et al., 2002),
b-defensin 2 also modifies adaptive immunity by eliminating
activated antigen presenting cells (APC) through self-
destructing signalling (Biragyn et al., 2008). EAAAK linker was
used to link the adjuvant with B-cell epitopes, followed by
HTL and CTL epitopes. The intra B-cell and intra HTL epito-
pes were linked using GPGPG linkers and intra CTL epitopes
were linked by AAY linkers respectively. JCAT server (http://
www.jcat.de) was used to perform codon optimization
according to Escherichia coli (E. coli) codon usage (Grote
et al., 2005). Several parameters that are crucial to effective-
ness of gene expression including codon adaptation index
(CAI) and GC content adjustment, both were optimized.

Population coverage analysis

The multi-epitopic vaccine construct with the predicted epit-
opes were submitted in IEDB population coverage analysis

tool (http://tools.iedb.org/population/) to analyze population
coverage within the global population. Epitopes and MHC
restriction datas were submitted in the tool and prediction
calculation were carried out for MHC I and MHC II specific
epitopes (Bui et al., 2006).

Antigenicity, allergenicity and solubility
profile prediction

The antigenicity of the multi-epitope vaccine was predicted
using the VaxiJen server (http://www.ddgpharmfac.net/vaxi-
jen/VaxiJen/VaxiJen.html) (Doytchinova & Flower, 2007) and
ANTIGENpro (http://scratch.proteomics.ics.uci.edu/) (Magnan
et al., 2010) the allergenicity of the vaccine construct was
evaluated by AllerTOP v2.0 (http://www.ddg-pharmfac.net/
AllerTOP/). In order to sort the allergens, the AllerTOP v2.0
server employs machine learning methods. The correctness
of this server is 85.3% at five-fold cross validation (Dimitrov
et al., 2013). In addition, we used the SOLpro online method
to estimate solubility when the protein structure is over-
expressed in E. coli with 74% reliable prediction (http://
scratch.proteomnoics.ics.uci.edu/) (Cheng et al., 2005).

Determination of physiochemical properties

The ExPASy-ProtParam server, accessible at (http://web.
expasy.org/protparam/), has calculated the physio-chemical
properties of the vaccine construct. This Web tool calculates
multiple parameters like aliphatic index, instability index,
half-life, isoelectric point (pI), molecular weight and atomic
composition, including grand average hydropathicity
(GRAVY). The half-life of the protein represents the time that
the molecule disappears after its synthesis in the cell. The
index of instability indicates the consistency of a protein
molecule in vitro (Gasteiger et al., 2003). For positive controls,
SARS-CoV-2 structural protein based multi-epitopic vaccine
and in silico predicted and in vivo tested studies (C1) (Di

Figure 1. Steps involved in multi-epitopic vaccine design.
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Natale et al., 2020), (C2) (Kar et al., 2020), (C3) (Tahir Ul
Qamar et al., 2020), (C4) (Safavi et al., 2019; 2021), (C5)
(Safavi et al., 2019) and (C6) (Safavi et al., 2020) were
selected for comparative evaluation of constructed multi-
epitopic vaccine.

Secondary and tertiary structure prediction, refinement
and validation

The secondary structure of the multi-epitope vaccine con-
struct was calculated using Garnier-Osguthorpe-Robson (GOR
IV) online server (https://npsa-prabi.ibcp.fr/cgi-bin/npsaauto-
mat.pl?page=npsa_gor4.html) with mean accuracy of 64.4%
(Garnier et al., 1996) and position specific iterated prediction
(PSIPRED) analysis on outputs from PSI-BLAST (http://bioinf.
cs.ucl.ac.uk/psipred/) (Buchan & Jones, 2019). The tertiary
structure was modelled using I- TASSER server (https://zhan-
glab.ccmb.med.umich.edu/I-TASSER/) (Yang et al., 2015). The
3D structure modelled by I- TASSER were subjected to
refinement by GalaxyRefine server (http://galaxy.seoklab.org/
cgi-bin/submit.cgi?type=REFINE) (Heo et al., 2013). The out-
put consist of five refined models, with varying parameter
scores, including GDT-HA, RMSD, MolProbity, Clash score,
Poor rotamers and Rama favoured (Ko et al., 2012). The
refined structure was validated by PROCHECK (https://serv-
icesn.mbi.ucla.edu/PROCHECK/) checks the stereochemical
value of a protein structure by investigating residue-by-resi-
due geometry and overall structure geometry (Laskowski
et al., 1993).

Immunological analysis for the multi-epitopic vaccine

The multi-epitopic vaccine was analyzed for linear (continu-
ous) and conformational (discontinuous) B-cell epitope.
Linear B-cell epitopes were predicted by the BcePred
(https://webs.iiitd.edu.in/raghava/bcepred/index.html) (Saha &
Raghava, 2004). Conformational B-cell epitopes were pre-
dicted by ElliPro, which predicts linear and conformational
epitopes based on antigen’s 3D structure (http://tools.iedb.
org/ellipro/) (Ponomarenko et al., 2008).

Vaccine protein disulfide engineering

Disulfide engineering is an important biotechnological tool
for the design of new disulfide bonds in the target protein
in a highly mobile protein region via cysteine residue muta-
tion. Disulfide bonds have important stability and strengthen
the geometric conformation of proteins. The online DbD2
server, available at http://cptweb.cpt.wayne.edu/DbD2/index.
php, was used to this purpose. If each amino acid residue
mutated to cysteine, this web server will detect the pair of
residues capable of forming a disulfide bond (Craig &
Dombkowski, 2013).

Molecular docking and molecular dynamics simulation

Molecular docking was performed for the constructed multi-
epitope vaccine with TLR-2, TLR-3, TLR-4 and TLR-8 receptor

(PDB ID: 2Z7X (TLR-2), 2A0Z (TLR-3), 4G8A (TLR-4) and 3W3M
(TLR-8). The PDB files of receptor and ligand was submitted
in the ClusPro2.0 (https://cluspro.bu.edu/login.php) server
(Kozakov et al., 2013; 2017; Vajda et al., 2017) it utilizes the
Fourier correlation algorithm and sort out the models with
the amalgamation of desolvation and electrostatic energies.
The iMODS server was used to perform the internal coordi-
nates analysis based on the protein-protein structural com-
plex (L�opez-Blanco et al., 2014). Normal mode analysis
mobility permitted us to explore the large scale mobility and
the stability of macromolecules. The server calculates a spe-
cific combined motion of large macro-molecule along with
the NMA of dihedral co-ordinates of Ca atoms. Furthermore,
iMODS estimates B-factor (a dis-order of an atom in a pro-
tein), structural deformability, and computes the eigenvalue.

In silico cloning of vaccine construct

Assessment of cloning and expression of the vaccine con-
struct in a suitable expression vector was achieved using in
silico cloning tool called the SnapGene tool.

Immune simulation

Computational immune simulation was performed using C-
IMMSIM (http://150.146.2.1/C-IMMSIM) online server to deter-
mine the immune response analysis of vaccine construct.
Agent based algorithm was used for the estimation of anti-
gen and foreign particles on immune activity. The simulation
was performed with default parameters (Rapin et al., 2010).

Results

Multiple sequences alignment

The multiple sequence alignment of SARS-CoV-2 envelope
protein and surface glycoprotein was performed to analyze
the conserved region. The envelope protein sequences
retrieved from various isolates (strains) were highly con-
served (100%) when compared to SARS-CoV-2 reference
sequence, whereas the amino acid sequences of surface
glycoprotein of various sequences (strains) showed 99.9%
similarity with SARS-CoV-2 reference sequence.

Phylogenetic analysis

Assembled SARS-CoV-2 genome sequence in FASTA format
from the dataset was used for corona virus typing tool ana-
lysis. Evolutionary analysis was made with the reference
SARS-CoV-2 envelope protein and surface glycoprotein gen-
ome sequences, a cladogram was generated showing that all
the sequences comes under SARS-CoV-2 clade.

Genome variation analysis

To understand the variations in the envelope protein and
surface glycoprotein of SARS-CoV-2 we compared SARS-CoV
genome with the current SARS-CoV-2 genome. The SARS-
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CoV-2 genome showed 93.5% similarity in nucleotide level,
94.8% similarity in protein level for envelope protein and
72.9% similarity in nucleotide level, 77% similarity in protein
level with SARS-CoV for surface glycoprotein. Furthermore,
we also observed mutations in surface glycoprotein from
most of the selected sequence when compared with the ref-
erence sequence of SARS-CoV-2 (Supplementary Table S2),
which denotes the rapid evolution of the virus.

Prediction of cytotoxic T-lymphocyte and analysis of
binding affinity with MHC I and cluster analysis

CTL epitopes for SARS-CoV-2 envelope protein and surface
glycoprotein were predicted using NetCTL 1.2 server, screen-
ing was based on the combined high score which denotes
low sensitivity and high specificity for MHC-I super types.
The binding affinity analysis was carried out using
NetMHCpan 4.0 server, strong binders are defined as having
percentage rank < 0.05. For each protein top 2 high scoring
epitopes with least percentage rank in binding affinity were
selected and used for peptide- MHC I binding analysis. A
total of 11 epitopes were predicted, among them 5 epitopes
were from envelope protein and 6 epitopes were from sur-
face glycoprotein that was screened based on their binding
affinity scores with their respective MHC I super types
(Supplementary Table S3). MHCcluster v2.0 provided a cluster
of 22 HLA molecules of class I that have been identified to
interact with our predicted epitopes. The output was gener-
ated on the basis of sequence data available for various
HLA-A and HLA-B alleles using the traditional phylogenetic
method. The function-based clustering of HLA alleles (heat
map) with red areas showing high correlation and the yellow
zone showing lesser correlation is illustrated in Figure 2.

HLA- peptide binding analysis

The tertiary structure of predicted CTL epitopes was mod-
elled by PEPFOLD and docking was performed by Cluspro
server. The results are listed in Supplementary Table S4. The
low weighed scores indicate efficient binding of epitopes
with HLA alleles.

HTL epitope prediction

SARS-CoV-2 envelope protein and surface glycoprotein were
analyzed for HTL epitopes using IEDB analysis resource using
NN-align with half-maximal inhibitory concentration
(IC50� 50). Top epitopes were selected for both the proteins
on the basis of least percentile rank and IC50 value less than
50 nM thereby indicating their higher affinity for receptor
molecule (Supplementary Table S5).

B cell epitope prediction

The main objectives in epitope driven vaccine development
is identification and prediction of B-cell epitopes in the tar-
get antigen. Latest reports suggested that B cell epitope play
a crucial role in inducing immune response and inhibiting

receptor binding and viral entry into the host cell (Du et al.,
2009; Jiang et al., 2020; 2020; Zhou et al., 2019). The epito-
pes above the threshold score of 0.51 were selected. Among
them high scoring epitopes from both the envelope and sur-
face glycoprotein’s were selected for vaccine design. All the
predicted epitopes falls under conserved region
(Supplementary Table S6).

Toxicity prediction

The predicted CTL, HTL and B- cell epitopes were tested for
toxicity by ToxinPred online tool and the results revealed
that all the selected epitopes for design of multi-epitopic
vaccine are non- toxin (Supplementary Tables S3, S5,
and S6).

Multi-epitopic vaccine design

The screened B-cell, HTL and CTL epitopes was used to
design the multi-epitope vaccine construct. b-defensin 2
serves as an adjuvant which supports the expression of
immune stimulators and antiviral compounds (Kim et al.,
2018); thus b-defensin 2 sequences was added as an adju-
vant at N- terminal of the vaccine construct linked by EAAAK
linker followed by B-cell epitopes and linked GPGPG linkers,
further the HTL and CTL epitopes were linked by AAY linkers.
The final vaccine construct was 270 amino acids long
(Figure 3).

Population coverage analysis

The evaluation of MHC I and MHC II based population cover-
age for the multi-epitope vaccine construct was performed
by IEDB for global population (Figure 4, Supplementary
Table S7). 91.38% of the world population would be covered
with the administration of designed vaccine construct. The
population coverage rate exceeded 75% in most of the glo-
bal regions.

Antigenicity, allergenicity and solubility prediction of
multi-epitopic vaccine

The main criteria that has to be ensured while vaccine
designing is the antigenicity to persuade a humoral and/or
cell-mediated immune response against the target microbe
and allergenicity of the constructed vaccine. The antigenic
score for multi-epitope vaccine is 0.6809 predicted by
VaxiJen v2.0 server. The vaccine was non-allergenic predicted
using AllerTOP v2.0. The predicted solubility leading over
expression by SOLpro server showed the vaccine construct
as soluble with probability 0.7561

Physiochemical characterization of designed vaccine

The physiochemical parameters of the vaccine construct has
crucial effects on properties like stability and immunogenicity
(Dey et al., 2014). The designed multi-epitope vaccine is
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composed of 270 amino acids with a molecular weight of
approximately 29.00 kDa. The theoretical pI was 9.54, indicat-
ing the vaccine construct is notably basic in nature. The total
number of negative residues in the vaccine construct was
predicted to be 9 and positive residue is 27. The molecular
formula of the vaccine construct is C1316 H2035 N349 O365 S13
with 4078 atoms. The estimated half-life is 30 h, >20 h, >
10 h in mammalian reticulocytes (in vitro), yeast (in vivo) and
Escherichia coli (in vivo) respectively. The instability index was
35.42, implying a stable protein. The thermal stability of the
vaccine is important and it is evaluated by aliphatic index
(Brandau et al., 2003), further solubility is a significant physio-
chemical parameter for the expression of protein in suitable
expression system (Saha & Raghava, 2004). The calculated ali-
phatic index and grand average of hydropathicity (GRAVY)
was 85.89 and 0.169 respectively, signifying that the vaccine
is thermostable and hydrophilic. The final multi-epitopic vac-
cine construct’s physiochemical properties were compared
with positive controls (Table 1), the positive controls aids in
validation of the predicted results (Rawi et al., 2018). The
results exhibited high solubility, stability and bioavailability.

Secondary and tertiary structure prediction

SOPMA produced the secondary structure of the vaccine
construct with 45.93% Alpha Helix, 17.41% Extended Strand,
9.26% Beta Turn and 27.41% Random Coil. The results were
validated by PSIPRED (Supplementary Figures S1 and S2).
The tertiary structure of the vaccine was modelled using I-
TASSER server. The selected model has a probable TM-score
of 0.38 ± 0.13 with a probable RMSD of 13.0 ± 4.2 Å. The TM-
score is a measure of structural similarity between two struc-
tures. The C-score is �2.96. A TM-score > 0.5 indicates a
model of correct topology, and a TM-score < 0.17 means
random similarity. These cut-off values are independent of
protein length.

Structure validation

The 3D model was subjected to further refinement by
GalaxyRefine server; the output showed 89.9% residues were
present in the favoured region for vaccine construct (Figure
5). Further validation of the model suggested that the

Figure 2. Heat map of MHC-I cluster analysis.
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Figure 3. Schematic representation of final multi-epitopic vaccine construct. The 270- amino acid long peptide containing b-defensin adjuvant at N-terminal fol-
lowed B cell, HTL and CTL epitopes. Depicted in orange are epitopes from envelope protein and grey are epitopes from surface glycoprotein.

Figure 4. Population coverage analysis of the final multi-epitope vaccine construct across world as predicted by the population coverage analysis tool of the
IEDB database.

Table 1. Comparative study of physiochemical properties of vaccine positive controls (C1, C2, C3, C4, C5 and C6) and SARS-CoV-2 multi-epitopic vac-
cine candidate.

Properties Parameters/tools

Value/ score

C1 C2 C3 C4 C5 C6
Multi-epitopic

vaccine construct

Physiochemical
properties

Molecular weight 45.13 kDa 44.15 kDa 35.17 kDa 6.38 kDa 39.83 kDa 51.64 kDa 29.0 kDa
Isoelectric point (pI) 9.01 9.96 10.31 9.61 9.61 10 9.54
Instability index (II) 23.46 31.34 – 33.38 30.03 27.09 35.42
Aliphatic index (AI) – 78.74 – 53.53 84.57 79 85.89

GRAVY – �0.088 0.395 �1.127 �0.215 �0.354 0.169
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refined model has high stability and good quality, the
refined model was used in docking studies.

Immunological properties assessment

The BcePred server was used for prediction of continuous B-cell
epitopes in chimeric multi-epitope vaccine with default parame-
ters. Important properties of epitopes like hydrophilicity, antige-
nicity, flexibility, accessibility, polarity and exposed surfaces were
predicted (Table 2). Ellipro was used to predict the conform-
ational B cell epitopes in multi-epitope vaccine. In total seven
conformational epitopes were predicted (Table 3, Figure 6).

Vaccine protein disulfide engineering

A total number of 23 pairs of amino acid residues were pre-
dicted having potential to form disulfide bond by DbD2 server.
Following residue evaluation by chi3 and B-factor energy
parameters, only one residue was found to be suitable for disul-
fide bond formation 194 SER-199 ALA which was replaced by
cysteine residue (Figure 7). Residue screening was done on the
basis of � 87 to þ97 chi3 value and < 2.5 energy value.

Molecular docking analysis and molecular
dynamics simulation

The binding energy between the vaccine construct and the
TLR-2, TLR- 3, TLR-4 and TLR-8 receptors (PDB ID: 2Z7X (TLR-
2), 2A0Z (TLR-3), 4G8A (TLR-4) and 3W3M (TLR-8)) was ana-
lyzed using the ClusPro server. The model with lowest bind-
ing energy value was preferred for each docked complex
(Table 4) (Figure 8). Normal mode analysis (NMA) was exe-
cuted to evaluate the stability of docked complex and their
large scale mobility. According to the normal mode analysis
mobility, upon binding, the vaccine construct and the TLR-2,
TLR-3, TLR-4 and TLR-8 receptors were notably directed to
each other (Figure 9a). The deformability of the complex was
associated with distortion of individual residues, representing
hinges in the chain (Figure 9b). The B-factor values inferred
by NMA is analogous to RMS, B-factor was greatly reduced
from its PDB B-factor (Figure 9c). The eigenvalue showed a
contrary relationship with the variance of the protein-protein
docking complex, and the estimated eigenvalue for vaccine
construct and TLR-2, TLR-3, TLR-4 and TLR-8 receptors were
6.482268e�05, 5.516701e�05, 1.145536e�05 and 1.094214e�04

respectively (Figure 9d). The covariance matrix is illustrated
through the graphical representation using white, red and
blue colour variations representing the correlated, uncorre-
lated, and anti-correlated pairs of amino acid residues,
respectively (Figure 9e). Springs of atomic contact are plot-
ted as grey dots in the elastic network model, the darker
grey represent stiffer springs and vice versa (Figure 9f).

Codon optimization and in silico cloning

Reverse translation and codon optimization was performed
using JCAT server. The CAI in the adapted sequence was 1.0
and GC content of the improved sequence was 53.70%

wherein the GC-Content of E. coli was 50.7. To perform in sil-
ico cloning the codon optimized vaccine construct sequence
were inspected for restriction enzymes sites, HindIII and
BamHI enzymes were not found in the vaccine sequence so
these enzymes were used for in silico cloning purpose. Lastly,
a successful clone of 6,160 bp was obtained following inser-
tion of the vaccine construct into pET28a(þ) vector
(Figure 10).

Immune simulation

Results from the C-ImmSim server showed a significant increase
in immune response generation. High levels of IgM and IgG
were signs of humoral immune response (Figure 11a). An
increase in B memory cells and B cell isotype IgM with a corre-
sponding reduction in antigen concentration was found in the
B cell population (Figure 11b). In addition, the TH1 and TC cell
populations with corresponding memory growth, a high
response was observed (Figure 11c and d). The development of
immune memory increased antigen clearance on subsequent
exposures. In addition, these findings were compatible with the
induced level of IFN-c developed after the proposed vaccine
construct was immunized (Figure 8e).

Discussion

Vaccinations are the most effectual way to rapidly improve
public health and the best way to control the ongoing pan-
demic. The epitope identification and prediction using com-
putational biology and bioinformatics started almost three
decades back by Rammensee et al., by identifying binding
motifs of T-cell antigens (Falk et al., 1991), from then on
numerous vaccine designs aiming for various infectious
pathogens were predicted using in silico approaches. The
advantages of this approach aids in rapid detection of anti-
genic motifs from immune response eliciting proteins of the
pathogens, which is current need of the hour.

Current research is focused on development of epitope-
based peptide vaccine of envelope and surface glycoprotein
from SARS-CoV-2. With rapidly available genomics and pro-
teomics data for SARS-CoV-2 it is now possible to design an
epitopic peptide vaccine. This vaccinomics approach has pre-
viously supported in defending multiple sclerosis (Bourdette
et al., 2005), tumours (Safavi et al., 2019; Kalli et al., 2018),
and malaria (L�opez et al., 2001). Many of the prophylactic
vaccines against viral diseases targets B-cell immune
response to produce neutralizing antibodies. Whereas, the
therapeutic vaccines are targeted to evoke cell mediated
immune response (Garbuglia et al., 2020). The novelty of the
designed vaccine in this study is predicted to have elevated
ability to produce neutralizing antibody production against
envelope protein and surface glycoprotein of SARS-CoV-2.
Addition to that the presence of multiple T-cell epitopes in
the vaccine construct can evoke cell-mediated immune
response therefore making this vaccine construct suitable for
both prophylactic and therapeutic purposes. At present few
studies focused on using in silico approach for designing
multi-epitopic vaccine candidate against SARS-CoV-2,
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epitopes from spike protein (Kar et al., 2020; Samad et al.,
2020), and epitopes from four structural proteins (Tahir Ul
Qamar et al., 2020) were used; Recently, Safavi et al.
designed a multi-epitopic vaccine using the combination of
epitopes from six non-structural proteins and functional
region from spike protein (Safavi et al., 2020). The immuno-
genic epitopes from envelope protein and surface glycopro-
tein, both are crucial in viral pathogenesis were used to
design the multi-epitopic vaccine construct which makes the
current study unique.

Firstly, to study the mutations in the selected proteins we
selected 50 sequences of envelope and surface glycoproteins
from various geographical locations through NCBI database.
Genome variation analysis and phylogenetic analysis were
carried out by Genome Detective Corona Virus Typing Tool.
After the conservation and mutational analysis both the pro-
teins were further used to carry out detailed analysis with
the aim to identify antigenic epitopes. B-cells play a crucial
role in inducing specific immunogenic response following a
pathogen attack. Likewise, T-cell focuses on cellular immune
response by performing pathogen clearance and auto-
immune reactions. Specific T cell and B cell epitopes were
predicted and screened for toxicity from both the proteins.
Population coverage analysis for the selected epitopes was
analyzed and the final vaccine construct can cover approxi-
mately 91.3% of world population. The B-cell, HTL and CTL
epitopes screened and selected were linked together with
appropriate inter and intra epitope linkers. Immune adju-
vants play a critical role in triggering host immune response.

The most commonly used adjuvants against SARS-CoV-2 vac-
cine design is Cholera Toxin B (CTB) and Human b-defensin
2, the later has reported to be more specific and immuno-
genic thus it was added to the N-terminal of multi-epitope
vaccine construct to induce the expression of primary
immune stimulatory and antiviral compounds (Kim et al.,
2018; Rahmani et al., 2021). Adjuvant helps in induction of
effective and persistent immune response, thus essential to
reduce the quantity of antigen and number of injections
(Guy, 2007). The antigenicity, allergenicity and solubility pro-
file of the vaccine construct was analyzed and the results
revealed that multi-epitope vaccine is soluble and can induce
vigorous immune response without any allergic reaction. The
molecular weight of multi-epitopic vaccine construct esti-
mated through physiochemical analysis indicated the good
antigenic nature of the vaccine construct (Goodwin et al.,
2012). The theoretical pI indicated the vaccine construct is
basic. The calculated aliphatic index denotes the thermo-
stable nature and a low GRAVY score signified that the

Figure 5. Tertiary structure model and its validation. (A) 3 D structural alignment of the modeled vaccine construct before (yellow) and after (cyan) refinement. (B)
Ramachandran plot for the vaccine construct.

Table 2. Prediction of linear B-cell epitopes in chimeric multi-epitope vaccine
by different parameters based on BcePred server.

Prediction parameters Epitope position

Hydrophilicity 126, 179–180,
Flexibility 38–39, 120, 123–124, 168–169, 178, 229, 238–239
Accessibility 32–34, 62–63, 71, 115, 117–121, 123, 166, 168–169,

171, 174, 176–177, 180, 215–217, 227–229,
231–233, 237–243

Exposed surface 232–233
Polarity 31–34, 62–64, 66, 177, 227–229, 231–232, 240–243
Antigenic Propensity 5–15, 35–38, 52, 144–147, 156–159, 192–195

Table 3. Predicted conformational B cell epitopes.

S.No Residues
Number of
residues Score

1 G113, P114, Y116, S117, R118, V119,
K120, N121, L122, N123, S124, G125,
P126, G127, P128, G129, F130, E131,

L132, L133, H134

21 0.783

2 L184, Y189, A212, Y213, Y214, L215,
Q216, P217, R218, T219, F220, L221,
L222, A223, A224, Y225, R226, L227,
F228, K230, S231, R243, S244, A246,
A247, A248, Y249, A250, E251, I252,
R253, A254, S255, A256, N257, L258,
A259, A260, Y261, T262, L263, L264,

A265, L266, H267, S269, Y270

47 0.736

3 T3, S4, L6, L7, T10, G22, N23, F24,
L25, T26, G27, L28, G29, H30, R31,
S32, D33, N36, S40, Q43, C44, L45,
Y46, S47, A48, C49, P50, I51, F52,
T53, K54, I55, Q56, G57, T58, R61

36 0.736

4 M1, R2, Y5, N89, G90, P91, G92, P93,
G94, A95, G96

11 0.687

5 K65, K68, E69, A71, A72, K73, T74 7 0.641
6 S154, L155, V156, K157, P158 5 0.54
7 R229, N232, K234, A235, A236, Y237 6 0.501
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vaccine construct is hydrophilic (Validi et al., 2018). The
importance of secondary structure prediction of the designed
vaccine construct is to determine its stability. The secondary
structure of the multi-epitope vaccine construct consists of

larger number of amino acids in alpha Helix, followed by
extended strand, random coil and beta turn; this shows that
the designed vaccine construct is structurally stable. The ter-
tiary structure model was selected based on TM-score, RMSD

Figure 6. Conformational B cell epitopes in 3 D structure of vaccine construct by ElliPro tool. The immunogenic epitopes are depicted as yellow globules on ball
and stick representation of multi-epitopic vaccine construct structure.

Figure 7. Disulfide engineering of the vaccine construct. (A) Initial model without disulphide bonds, (B) Mutant model the yellow stick, within the circle represents
the disulphide bond formation.
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and C-score, higher the C-score value better the structure.
The tertiary structure was subjected to further refinement;
followed by refinement the advantageous feature of multi-
epitopic vaccine structure have considerably enhanced. The
Ramachandran plot analysis demonstrates majority of the
residues were present in the favoured region and addition-
ally allowed region and very few residues in disallowed
region indicating the model to be with good overall quality.
The hydrophilicity, antigenicity, flexibility, accessibility, polar-
ity, exposed surfaces and conformational B cell epitopes of
multi-epitope vaccine construct were predicted. The results
disclosed that it can probably interact with antibodies with
seven conformational epitopes and are flexible. During this
study disulphide bridge was introduced in the vaccine con-
struct to stabilize the vaccine construct, only one residue
was found to be suitable for disulfide bond formation which

was replaced by cysteine residue. It is necessary to under-
stand the interaction of the vaccine construct with Toll like
receptors (TLR) because they are sensors that stimulate the
immunity of the natural host through the pathogen-associ-
ated molecular pattern (PAMP) and the TLR signalling path-
way plays an essential role in host immune response (Steven
et al., 2016). This pathway has been recognized as a drug tar-
get for many antibacterial or antiviral drugs during the
development (Chakraborty et al., 2020). The TLRs (2, 3, 4, and
8) and vaccine construct interaction analysis was performed
by ClusPro server, and the best docked model for each com-
plex was selected based on the least binding energy.
Molecular dynamics study was carried out to determine the
docked complex stability. Structural dynamics were previ-
ously studied using atom subsets and covariance analysis
and the stability of macromolecules was associated with cor-
related fluctuations of atoms (Aalten et al., 1997; Caspar,
1995; Clarage et al., 1995). iMODS server was used to deter-
mine the stability and probable immune interactions
between immune receptors and in silico designed vaccines
against SARS-CoV-2 (Ashfaq et al., 2021; Bhattacharya et al.,
2020). iMODS server was employed to study the essential
dynamics of vaccine construct and TLR receptors. The ana-
lysis showed slight probability of deformability for all

Table 4. Docking statistics of best docked receptor and vaccine construct.

S. No Complex Cluster size
Lowest Binding
energy kJ mol�1

1. VC-TLR2 34 �1212.4
2. VC-TLR3 28 �1187.7
3. VC-TLR4 25 �1459.9
4. VC-TLR8 39 �1488.6

Figure 8. Figure showing (A) TLR-2 and vaccine construct docked complex, (B) TLR-3 and vaccine construct docked complex, (C) TLR-4 and vaccine construct
docked complex, (D) TLR-8 and vaccine construct docked complex. Vaccine construct is shown in red colour while TLR receptors are shown in blue colour.

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS 11



Figure 9. NMA analysis (a) NMA mobility of docked complex (b) deformability plot of atomic fluctuation (c) B-factor plot of PDB and NMA (d) eigenvalue plot (e)
covariance matrix plot (f) elastic network plot.

Figure 10. In silico restriction cloning of the gene sequence of the vaccine construct into pET28a(þ) expression vector.
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individual residues, as location of hinges in the chain was
not major and thus validating our prediction. Lastly, the
designed vaccine construct was reverse transcribed and
codon optimized for E. coli strain K12 preceding to insertion
within pET28a(þ) vector for cloning and expression. The
immune simulation results showed the development of
immune memory and consequently increased antigen

clearance on subsequent exposures. In addition, these find-
ings were compatible with the induced level of IFN-c devel-
oped after the proposed vaccine construct was immunized.
Our predicted in silico results, though, were determined by
various computational analysis and using different immune
databases, for experimental validation of our proposed vac-
cine candidates, we suggest further in vivo based studies

Figure 11. In silico immune simulation of vaccine construct. (A) Immunoglobulin production in response to antigen, (B) B-cell populations following exposure to
vaccine construct, (C) The progress of T-helper and, (D) T-cytotoxic cell populations per state subsequent to vaccine construct injection. (E) Level of cytokines
induced by the vaccine.
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involving model animals. The designed multi-epitopic vac-
cine candidate should be coupled with credible delivery sys-
tem to undergo in vivo studies. Antigen delivery systems like
lipid particles, nanoparticles and micro particles can be used
as carriers that aids in presentation of antigens to immune
system in a most favourable mode (O’Hagan et al., 2001;
Reed et al., 2009).

Conclusion

Quick identification of antigenic epitopes is of immense signifi-
cance at the time of emerging pandemic. In the current
research, we endeavoured to identify the important CTL epito-
pes VSLVKPSFY, SLVKPSFYV, RVKNLNSSR, SEETGTLIV, LVKPSFYVY,
LTDEMIAQY, YLQPRTFLL, RLFRKSNLK, SPRRARSVA, AEIRASANL,
TLLALHRSY, HTL epitopes YSRVKNLNS and FELLHAPAT and B-cells
epitopes TLAILTALRLCAYCCN and AGTITSGWTFGAGAAL from the
conserved regions of envelope protein and surface glycoprotein
of SARS-CoV-2. The multi-epitopic vaccine candidate with high
scoring CTL, HTL and B-cell epitopes of envelope protein and
surface glycoprotein could be effective in stimulating both cel-
lular and humoral immunity. Taken all together, according to
immunological analysis, structural and physiochemical charac-
terizations the multi-epitope construct can be a potential vac-
cine candidate.
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