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ABSTRACT
Single stranded RNA viruses were known to cause variety of diseases since many years and are gaining much
importance due to pandemic after the identification of a novel corona virus (severe acute respiratory syn-
drome-coronavirus (SARS-CoV-2)). Seven coronaviruses (CoVs) are known to infect humans and they are OC43
CoV, NL63 CoV, HKU1 CoV, Middle East respiratory syndrome, SARS CoV, and SARS CoV-2. Virus replication
weakens the immune system of host thereby altering T-cell count and much of interferon response. Although
no vaccine or therapeutic treatment has been approved till now for CoV infection, trials of vaccine against
SARS CoV-2 are in progress. One of the epitopes used for vaccine production is of the spike protein on the sur-
face of virus. The work focuses on designing of multi-epitope vaccine construct for treatment of seven human
CoV infections using the epitopes present on the spike protein of human CoVs. To address this, immuno-
informatics techniques have been employed to design multi-epitope vaccine construct. B- and T-cell epitopes
of the spike proteins have been predicted and designed into a multi-epitope vaccine construct. The tertiary
structure of the vaccine construct along with the adjuvant has beenmodelled and the physiochemical proper-
ties have been predicted. Themulti-epitope vaccine construct has antigenic and non-allergenic property. After
validation, refinement and disulphide engineering of the vaccine construct, molecular docking with toll-like
receptors (TLRs) have been performed. Molecular dynamics simulation in aqueous environment predicted that
the vaccine-TLRs complexes were stable. The vaccine construct is predicted to be able to trigger primary
immune response in silico.

ARTICLE HISTORY
Received 20 June 2020
Accepted 24 July 2020

KEYWORDS
Coronavirus; spike protein;
epitope; vaccine;
toll-like receptor

CONTACT Arpita Devi arpitadevi26@gmail.com Department of Molecular Biology and Biotechnology, Tezpur University, Tezpur 784028, Assam, India.
Supplemental data for this article can be accessed online at https://doi.org/10.1080/07391102.2020.1804460.

� 2020 Informa UK Limited, trading as Taylor & Francis Group

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS
https://doi.org/10.1080/07391102.2020.1804460

http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2020.1804460&domain=pdf&date_stamp=2020-08-07
https://doi.org/10.1080/07391102.2020.1804460
https://doi.org/10.1080/07391102.2020.1804460
http://www.tandfonline.com


Abbreviations: MERS: Middle East respiratory syndrome; SARS: Severe acute respiratory syndrome;
CoV: Coronavirus; DPP4: Dipeptidyl-peptidase 4; ACE 2: Angiotensin-converting enzyme 2; CTL:
CytotoxicT-cell lymphocyte; HTL: Helper T-cell lymphocyte; IL: Interleukin; TNF: Tumour necrosis factor;
B-cell: Bone marrow cell; T-cell: Thymus cell; HLA: Human leukocyte antigen; PDB: Protein data bank; I-
TASSER: Iterative Threading ASSEmbly Refinement; TLR: Toll-like receptor; GROMACS: GROningen
MAchine for Chemical Simulations; CHARMM,: Chemistry at Harvard macromolecular mechanics; SPC/E:
Extended simple point charge; TM-score: Template modelling score; RMSD: Root mean square devi-
ation; RMSF: Root mean square fluctuation; Ig: Immunoglobulin

1. Introduction

Coronavirus (CoV) belong to large and enveloped subfamily
viruses contain sense single strand RNA that are categorized
into four genera namely alpha, beta, gamma, and delta,
among them alpha- and beta-CoVs known to infect humans
(Yi et al., 2020). Seven different types of corona virus that
infect humans of alpha CoVs includes 229E and NL63; and
beta-CoVs includes OC43, HKU1, MERS-CoV, and severe acute
respiratory syndrome (SARS-CoV) and SARS-CoV-2 (Waleed,
2020). S, M, N, structural proteins are encoded by genome of
CoV and are common for all types of virus whereas E pro-
teins are encoded in human coronavirus 229E (HCoV-229E)
and HCoV-NL63 genome, while HE protein is encoded by
HCoV-OC43 and HCoV-HKU1 genome apart from structural
proteins. The spike (S) protein mediates receptor-binding
and fusion with the host cell membrane. The membrane (M)
protein plays an important role in viral assembly. The nucleo-
capsid protein (N) regulates viral RNA synthesis, and may
interact with M protein during virus budding. The hemagglu-
tinin-esterase (HE) glycoprotein found only in the beta-CoVs
and hemagglutinin moiety binds to neuraminic acid on the
host cell surface thereby permitting initial adsorption of virus
to the membrane. HCoV-229E genome consists of 27,317
bases that infects humans and bats (Lim et al., 2016). Along
with HCoV-OC43, it causes common cold (Gaunt et al., 2010).
HCoV-229E is associated with a range of respiratory symp-
toms, ranging from the common cold to pneumonia, HCoV-
229E encodes four structural proteins, spike (S), envelope I,
membrane (M), and nucleocapsid (N). HCoV-NL63, a member
of Coronaviridae is large-envelope virus of positive-sense sin-
gle-stranded RNA genome of �27,553 bases in length that
contains a cap structure at its 50 end and a poly (A) tail at its
30 end. The genome consists of 50 and 30 noncoding regions
(NCRs), and the genes encodes for four structural proteins
namely spike (S), envelope I, membrane (M), and nucleocap-
sid (N) (Kim et al., 2018). The HCoV-OC43 genome encom-
passes 30,738 nucleotides of which 50 two-thirds of the
genome consists of two large replicase open reading frames
(ORFs) and 30 end includes several structural and accessory
protein genes: an envelope-associated HE glycoprotein gene,
a spike (S) glycoprotein gene; an envelope I protein gene; a
matrix (M) glycoprotein gene; and a nucleocapsid (N)
phosphoprotein gene (Vijgen et al., 2005). The genome of
CoV-HKU1 is 29,926 nucleotides; polyadenylated RNA with
GC content is 32%, which is lowest among all known corona-
viruses. The genome organization is with the characteristic
gene order 50-replicase, spike (S), envelope I, and membrane
(M), nucleocapsid (N)-30. Both 50 and 30 ends contain short

untranslated regions (UTRs). The 50 end of the genome con-
sists of a putative 50 leader sequence (Woo et al., 2005). The
first imported MERS-CoV strain was named ChinaGD01 and
30,114 nucleotide long, including the 30 and 50 UTRs (Lu,
2015). The genome structure is a single-stranded RNA
(ssRNA) encoding replicase polyproteins (ORFs 1ab and 1a),
structural proteins (E, N, and M), a surface (spike) glycopro-
tein (S), and sulphidral proteins (ORFs 3, 4a, 4 b, and 5)
(Mackay & Arden, 2015). MERS-CoV has been assumed to be
transmitted from bats and spread to humans through inter-
mediate hosts (Coleman & Frieman, 2014). SARS genome
contains 29,751 bases with 50 cap structure and 30 polyade-
nylation tract. This complex then associates with the M pro-
tein in the membranes of the ER, and virus particles form as
the nucleocapsid complex buds into the lumen of the ER
(Marra et al., 2003). The single-stranded RNA genome of the
SARS CoV-2 was 29,891 nucleotides in size, contains two
flanking UTRs and a single long ORF encoding a polyprotein,
it is arranged in order of 50-replicase (orf1/ab)-structural pro-
teins (Spike (S)-Envelope I-Membrane (M)-Nucleocapsid (N))-
30 and lacks the HE gene (Chan et al., 2020).

No drugs or vaccines are available to treat any of the
HCoV infections. Therapies to treat COVID-19 caused by SARS
CoV-2 include antiviral drugs (Lu, 2020), which includes
Remdesivir (Warren et al., 2016), baricitinb, interferon-a, lopi-
navir/ritonavir, and ribavirin (Zumla et al., 2016); immunosup-
pressant, steroids, and antibodies from plasma of recovered
patients (Kreil & Farcet, 2018). According to WHO, hydroxy-
chloroquine is a promising candidate to reduce the patho-
genicity of SARS-CoV-2 until date.

Studies revealed that several viral structural proteins such
as small envelope I, membrane (M), nucleocapsid (N), and
spike (S) play important roles in SARS infection (Simmons
et al., 2004). The 180-kDa spike protein plays a central role in
the host cell attachment and entry processes and comprised
of S1 and S2 subunits. The S1 subunit contains a signal pep-
tide, N-terminal domain, and receptor-binding domain, while
the S2 subunit contains a fusion peptide, heptad repeat (HR)
1 and 2, transmembrane domain I, and cytoplasmic domain
(CP) (Chan et al., 2020). Coronavirus S proteins contain short
amino-terminal hydrophobic signal sequence motifs (von
Heijne, 1984). Although some coronavirus spike proteins
cleaved between the S1 and S2 regions as part of activation
process, unlike SARS-CoV spike not cleaved before, internal-
ized inside the host (Xiao et al., 2003). The more variable
amino-terminal region of the spike protein (S1) seems to
contain the receptor-binding activity (Wong et al., 2004). The
more conserved S2 region contains the transmembrane
anchor, palmitic acid acylation site (Thorp et al., 2006) that is
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important for membrane fusion (McBride & Machamer, 2010),
and the coiled-coil fusion motor domain (Bosch et al., 2003).
High-resolution X-ray crystallography structures obtained for
coronavirus spike protein reveals SARS-CoV in conjunction
with angiotensin-I-converting enzyme 2 (ACE2) (PDB ID:
3D0G, 3D0H, 3D0I, 6ACC, 6ACD) a cellular receptor for
SARS-CoV (Li et al., 2003) and HCoV-NL63 (Hofmann et al.,
2005) (PDB ID: 3KBH). Image analysis of cryoelectron micro-
graphs of SARS-CoV (Beniac et al., 2006) and other coronavi-
ruses (Neuman et al., 2006) confirms that spikes exist as a
homotrimer in the native perfusion state on virion- and
protein-mediated fusion to its receptor-binding triggers con-
formational changes including disulphide reshuffling
(Lavillette et al., 2006). Spike protein is incorporated into vir-
ion through interactions with the membrane protein M
(Godeke et al., 2000). There are different kinds of receptors
for different virus for effective binding to its host. 229E virus
enters the host cell by binding to the aminopeptidase N
receptor (Fehr & Perlman, 2015). NL63 virus enters its host
cell by the ACE2 receptor (Brielle et al., 2020). OC43 virus
enters its host cell by binding to the N-acetyl-9-O-acetylneur-
aminic acid receptor (Li, 2016). HKU1 virus enters its host cell
by binding to the N-acetyl-9-O-acetylneuraminic acid recep-
tor (Lim et al., 2016). MERS-CoV virus enters host cell by
binding to the DPP4 receptor (Fehr & Perlman, 2015). SARS
CoV virus infects the epithelial cells within the lungs and
enters the host cell by binding to ACE2 (Ge et al., 2013).
SARS CoV-2 virus enters the human cells by binding to ACE2
receptor (Letko et al., 2020).

Three HCoVs, MERS CoV, SARS CoV, and SARS CoV-2
causes severe symptoms in humans. Middle East respiratory
syndrome (MERS) first reported in Saudi Arabia in September
2012 and SARS was identified in southern China in 2003.
Recently, SARS CoV-2 became a pandemic spreading to 213
countries and territories. Many researchers are working
towards development of vaccine for SARS CoV-2. Thus, our
work focuses on designing of multi-epitope vaccine against
all the HCoVs (known so far) to avoid any repeated outbreak
in near future. S-protein of coronaviruses is the main agent
for attachment and entry of the viruses into the human cell.
The epitopes from the S-protein of seven HCoVs used to
design a multi-epitope vaccine construct.

2. Materials and methods

2.1. Protein sequence retrieval

Sequences of full-length proteins of HCoV-OC43, KU1, 229E,
NLC3, MERS, SARS, and novel SARS were retrieved from
UniProt (http://uniprot.org) and NCBI (http://ncbi.nlm.nih.gov)
databases. Sequence of OC43, KU1, 229E, NLC3, and SARS
coronavirus was deposited with UniProt ID P36334, Q19U45,
P15423, Q6Q1S2, and P59594, respectively. Sequence of
MERS CoV and novel SARS CoV-2 was deposited in NCBI
database with accession nos. AKJ80137 and QIH45053,
respectively.

2.2. Multiple sequence analysis and percent identity
matric analysis

Clustal Omega was used for multiple sequence analysis and
phylogenetic analysis (Madeira et al., 2019). Full length
sequences of HCoV-OC43, KU1, 229E, NLC3, MERS, SARS, and
novel SARS were provided in FASTA format to perform the
analysis. Clustal Omega uses seeded guide trees and Hidden
Markov Model profile-profile technique to align two or more
sequences. The phylogenetic analysis was performed with a
neighbour-joining tree. Percent identity matrix was gener-
ated after phylogenetic analysis. Multiple sequence align-
ment was done to check the sequence similarity of the
S-protein of the coronaviruses.

2.3. B-cell, CTL, and HTL epitope prediction

B-cell epitopes were predicted using the modelled tertiary
structures of S-protein of HCoVs in ElliPro webserver
(Ponomarenko et al., 2008). Each predicted epitope is given a
score known as Protrusion Index value by the server.
Maximum score is 1 and higher the score better is the pre-
dicted epitope. For each protein, a number of epitope has
been predicted. For cytotoxic T-cell lymphocyte (CTL) epitope
prediction NetCTL 1.2 webserver was used (Larsen et al., 2007).
This server predicts the MHC-I-binding epitopes by using
neural network algorithm. The server gives a score based on
predicted MHC Class I-binding affinity, proteosomal C terminal
cleavage and TAP transport efficiency. Higher score indicates
high specificity of the epitopes towards MHC-I. The epitope
with score >3 was further analysed. Helper T-cell lymphocyte
(HTL) epitopes were predicted in IEDB webserver (Wang et al.,
2010). The server predicted the MHC-II-binding epitopes using
IEDB recommended consensus approach. Prediction of MHC-II-
binding epitopes was done using HLA-DRB1� 01:01, HLA-
DPA1� 01/DPB1� 04:01, HLA-DQA1� 03:01/DQB1� 03:02
alleles. The server gives a percentile rank to the predicted epit-
opes. Lower rank indicates good binders. Hence, the epitopes
with percentile rank of <1 were further analysed for their abil-
ity to induce IFN-c production by using the IFNepitope server
(http://crdd.osdd.net/raghava/ifnepitope/). The B-cell, CTL and
IFN-c producing HTL epitopes were further screened for anti-
genicity, allergenicity, and toxicity properties.

2.4. Antigenicity, allergenicity and toxicity prediction

The antigenicity of the epitopes and vaccine constructs was
predicted using Vaxigen v2.0 (Doytchinova & Flower, 2007)
webserver. Vaxigen v2.0 uses alignment-free approach for
antigen prediction. The allergenicity of the epitopes and vac-
cine construct was predicted using AllerTOP v2.0 (Dimitrov
et al., 2014) webserver. AllerTOP uses amino acid E-descrip-
tors, auto- and cross-covariance transformation, and several
machine learning methods for classification of allergens.

The toxicity of the epitopes was predicted using
ToxinPred webserver (Gupta et al., 2013). ToxinPred can pre-
dict toxicity of peptides with <50 residues. Hence, the
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epitopes with more than 50 residues were chopped into
fragments of 50 residues and checked for toxicity.

2.5. Construction of multi-epitope vaccine constructs

The high scoring B-cell and CTL epitopes and low scoring
HTL epitopes with non-antigenic, non-allergenic and non-
toxic properties were linked by appropriate linkers to design
the multi-epitope construct. Also, 50S ribosomal protein L7/
L12 (NCBI Accession no. P9WHE and UniProt ID P0A7K2) was
used as an adjuvant and was attached to the N- terminal
through EAAAK linker (Kar et al., 2020; Naz et al., 2020;
Samad et al., 2020). The adjuvant is believed to improve the
antigenicity of the vaccine. The B-cell and HTL epitopes were
linked by GPGPG linkers and CTL epitopes were linked by
AAY linkers (Kar et al., 2020; Samad et al., 2020). A 6xHis tag
was incorporated at the C-terminal end to aid in protein
purification and identification.

2.6. Secondary and tertiary structure prediction

Secondary structure of the vaccine construct was predicted
in RaptorX webserver (Wang et al., 2011). The secondary
structures are predicted in the form of helix, b-sheet and
loop. Tertiary structures were predicted in I-Tasser webserver
(Roy et al., 2010). I-TASSER server stands for Iterative
Threading ASSEmbly Refinement server and is an integrated
platform for automated protein structure and function pre-
diction. I-TASSER first generates fragments of three-dimen-
sional (3D) atomic models from the primary sequence by
multiple threading alignments. Then the fragments are reas-
sembled into full-length models by replica-exchange Monte
Carlo simulations.

2.7. Refinement of the tertiary structure

The 3D model obtained for the vaccine construct was refined in
the 3Drefine server (http://sysbio.rnet.missouri.edu/3Drefine/).
The server combines iterative optimization of hydrogen bond-
ing network and atomic level energy minimization using com-
posite physics and knowledge-based force fields for tertiary
structure refinement (Bhattacharya et al., 2016).

2.8. Disulphide engineering

Disulphide engineering was done to rationally incorporate of
disulphide bonds in the modelled structure of the vaccine con-
struct. Disulphide engineering was done using disulphide by
Design 2 v2.12 webserver (Craig & Dombkowski, 2013). The
server rapidly assessed for proximity and geometry of the
amino acid residues consistent with disulphide formation.

2.9. Validation of the tertiary structure

Tertiary structure model validation detects potential errors in
predicted 3D models. The structure validation was per-
formed in SAVES v5.0 server (https://servicesn.mbi.ucla.edu/

SAVES/). A Ramachandran plot was obtained in this server to
visualize energetically allowed and disallowed dihedral
angles psi (w) and phi (/) of an amino acid. The server also
gave ERRAT score which is used to analyse non-bonded
atom-atom interactions compared to reliable high-resolution
crystallography structures. Verify 3D score is also obtained
from this server. This score determines the compatibility of
an atomic model (3D) with its primary sequence (1D). The
overall model quality was assessed in ProSA webserver
(https://prosa.services.came.sbg.ac.at/prosa.php).

2.10. Physiochemical properties of the vaccine construct

ProtParam webserver (https://web.expasy.org/protparam/)
was used to predict various physiochemical properties of the
constructs such as amino acid composition, theoretical iso-
electric point (pI), instability index, in vitro and in vivo half-
life, aliphatic index, and molecular weight. Grand average of
hydropathicity (GRAVY) was calculated in GRAVY Calculator
webserver (http://www.gravy-calculator.de/).

2.11. Molecular docking of designed vaccine constructs
with TLRs

Toll-like receptors (TLRs) are immune receptors whose activa-
tion leads to intracellular signalling pathway. TLR2 and TLR8
induce the production of NF-jB. TLR3 induces the activation
of IRF3 and NF-jB. TLR4 activation leads to an intracellular
signalling pathway NF-jB and inflammatory cytokine produc-
tion. TLR5 induces the activation of activation leads to an
intracellular signalling pathway NF-jB and IL8. All the TLRs
are located at the cell membrane thus; they are the first mol-
ecules to come in contact with pathogens. Adjuvant, 50S
ribosomal protein attached to the N-terminal of the vaccine
construct has the ability to activate TLR4. However, other
TLRs may also come in contact with the adjuvant. Thus,
molecular docking of the multi-epitope vaccine construct
with TLR2 (PDB ID: 6NIG), TLR3 (PDB ID: 2A0Z), TLR4 (PDB ID:
4G8A), TLR5 (PDB ID: 3J0A), and TLR8 (PDB ID: 4R0A) recep-
tor was performed using the ClusPro 2.0 (Kozakov et al.,
2017) and HDOCK (Yan et al., 2020) webservers in order to
evaluate the interaction between ligand and receptor and
consequently the activation of an immune response. Before
docking, the X-ray crystallized structures of TLRs were pre-
pared by removing solvent molecules and other ligands fol-
lowed by addition of hydrogen atoms and energy
minimization in Swiss PdbViewer Deep View software pack-
age. Binding pockets of TLRs were searched using CASTp 3.0
webserver (http://sts.bioe.uic.edu/castp/calculation.html).

2.12. Molecular dynamics simulation

The vaccine construct and vaccine construct-TLR complexes
were subjected to 10 ns molecular dynamics simulation using
GROMACS 4.6.5 software package (Van Der Spoel et al.,
2005). For the simulation, CHARMM forcefield and SPC/E
water model was used. The simulation system was neutral-
ized by adding the suitable number of Naþ/Cl– ions. The
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solvated system was energy minimized in 1000 steps using
steepest descent method iterations. After setting the tem-
perature at 300 K and pressure at 1 bar, production simula-
tion was run for 30 ns to evaluate dynamics of vaccine
construct and vaccine construct-TLR complexes. The RMSD,
RMSF, and radius of gyration profiles of the vaccine construct
and vaccine construct-TLR complexes were generated.

2.13. In silico cloning optimization of designed
vaccine construct

Codon biasness occurs between prokaryotic and eukaryotic
genes. Codon optimization therefore becomes necessary for
protein expression in a prokaryotic host. Codon optimization
of the designed multi-epitope vaccine construct was done in
Java Codon Adaptation Tool (JCat) server (http://www.
prodoric.de/JCat) for gene expression in the E. coli (strain K12)
host. Rho-independent transcription termination, prokaryote
ribosome-binding site, and restriction enzymes cleavage sites
were avoided during codon optimization. Codon adaptation
index (CAI) and percentage GC content was also received as
output along with the optimized nucleotide sequence. The
optimized nucleotide sequence of the final vaccine construct
was cloned into the E. coli pET-28a (þ) vector using SnapGene
tool and NdeI and BglII restriction sites were introduced to the
N and C-terminals of the sequence, respectively.

2.14. Immune simulation

To predict the probable immune response of the designed
multi-epitope vaccine construct in human immune system, in
silico immune simulations were conducted using the C-ImmSim
server (http://150.146.2.1/C-IMMSIM/index.php) (Rapin et al.,
2010). C-ImmSim is a novel in silico approach for the study of
the mammalian immune system The tool is a combination of a
mesoscopic scale simulator of the immune system with
machine learning techniques for molecular-level predictions of
major histocompatibility complex (MHC)–peptide-binding inter-
actions, linear B-cell epitope discovery, and protein–protein
potential estimation. All simulation parameters were kept as
default and a three dose of injection (1000 antigens) at 4 weeks
apart was given. The response after the injections was analysed.

3. Results

3.1. Comparison of the S-proteins of HCoVs

S-proteins of seven HCoVs causing mild and severe disorders
in human have been studied. Primary structure comparison

of the S-proteins revealed a sequence similarity towards the
C-terminal of the proteins (Supplementary Figure 1). Based
on similarity, it was found that S-protein of SARS CoV-2 and
SARS CoV share the highest identity (77.46%) among all the
HCoVs. S-protein of OC43 CoV and KU1 CoV share 66.21%
identity and 229E CoV, and NL63 CoV share 64.07% identity.
S-protein of MERS CoV shares highest identity with OC43
CoV (32.87%). The percent identity matrix of the S-proteins
of HCoVs is shown in Table 1.

Tertiary structure of full-length S-proteins of HCoVs shows
a similar Y-shaped structure. Arm A is the receptor-binding
domain. Arm C contains the transmembrane domain and the
cytoplasmic domain. From Figure 1, it is clearly seen that the
arms A and B of S-protein of 229E CoV and NL63 CoV is in
closed conformation. The arms A and B of S-proteins of all
other HCoVs are in open conformation. Another difference in
the tertiary structure is seen in the C arm, which is the C-ter-
minal tail of S-proteins. The C arm of S-protein of 229E CoV
and NL63 CoV is in an elongated form, whereas the C arm is
in a loop like structure in the other HCoVs.

3.2 B-cell CTL and HTL epitope prediction

B-cell epitopes of different lengths were predicted for each
S-protein of HCoVs (Supplementary Tables 1–7). CTL epitopes
of 9 residues along with their MHC-binding affinity, C-ter-
minal cleavage affinity and transport affinity were predicted
(Supplementary Table 8). HTL epitopes of 15 residue length
interacting with HLA-DRB1� 01:01 and HLA-DQA1� 01:01/
DQB1� 06:01 alleles were predicted (Supplementary Tables
9–13). The epitopes were subjected to allergenicity, antige-
nicity and toxicity prediction. The epitopes with best scores
and non-allergenic, antigenic, and non-toxic properties were
selected for the vaccine construct.

3.3. Designing of multi-epitope vaccine construct

Eighteen epitopes from the S-protein of HCoVs were linked
by linkers to form the final vaccine construct (Table 2). The
B-cell and HTL epitopes were linked by GPGPG linkers
whereas the CTL epitopes were linked by AAY linkers. The
TLR4 agonist, 50S ribosomal L7/L12 protein was added to
the amino terminus of the vaccine construct using an EAAAK
linker and 6xHis tag was added at the C-terminal to help in
protein purification and identification. The final vaccine con-
struct designed consisted of 1189 amino acid residues
(Figure 2).

Table 1. Percent identity matrix of the S-proteins of human coronaviruses.

229E CoV NL63 CoV OC43 CoV KU1 CoV MERS CoV SARS CoV SARS CoV-2

229E CoV 100 64.07 28.46 28.18 27.53 27.25 27.17
NL63 CoV 64.07 100 28.55 27.44 25.41 25.35 26.17
OC43 CoV 28.46 28.55 100 66.21 32.87 31.81 30.53
KU1 CoV 28.18 27.44 66.21 100 32.50 31.05 30.15
MERS CoV 27.53 25.41 32.87 32.50 100 32.27 31.93
SARS CoV 27.25 25.35 31.81 31.05 32.27 100 77.46
SARS CoV-2 27.17 26.17 30.53 30.15 31.93 77.46 100
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3.4. Antigenicity and allergenicity prediction of the
vaccine construct

The antigenicity of the vaccine construct including the adju-
vant sequence and His-tag was predicted by the VaxiJen 2.0
server to be 0.6452 with a bacteria model at a threshold of
0.4. The main vaccine sequence without adjuvant and His-
tag gave scores of 0.6635 with bacteria model at a threshold
of 0.4 on VaxiJen 2.0 server. Thus, the results indicate that
the designed vaccine is antigenic in nature. The presence of
adjuvant and His-tag doesn’t change the antigenic property
of the construct. The vaccine construct with and without the
adjuvant and His-tag is predicted to be non-allergenic by
AllerTOP v.2 and AllergenFP servers.

3.5. Physiochemical properties of the vaccine construct

The calculated molecular weight of the vaccine construct is
128.381 kDa. Theoretical pI value of the construct is 5.57,

indicating the protein is slightly acidic in nature. The esti-
mated half-life of the vaccine construct is 30 h mammalian
reticulocytes in vitro, and >20 h in yeast in vivo and >10 h in
E. coli in vivo. The instability index (II) is computed to be
29.71, which classify the protein as stable. The aliphatic index
is calculated to be 29.71 and grand average of hydropathicity
(GRAVY) score is predicted to be �0.072, indicating that pro-
tein is hydrophilic in nature.

3.6. Secondary and tertiary structure prediction of the
vaccine constructs

The secondary structure of the multi-epitope vaccine con-
struct with adjuvant and His-tag is predicted to be com-
posed of 17% a-helix, 17% b-sheet, and 64% coils. Of the
total residues 42% are predicted to be exposed and 29% res-
idues are predicted to be buried. Tertiary structure prediction
by I-TASSER server predicted five tertiary structure models of
the peptide aptamer. Ten threading templates were used for

Figure 1. Tertiary structures of the S-protein of human coronaviruses. The S-proteins have a similar Y-shaped tertiary structure. The three arms of the S-protein is
represented by A, B, and C. Arm A is the receptor-binding domain and arm C is the C-terminal transmembrane and cytoplasmic domain. Red colour represents
a-helix, blue colour represents b-sheets, green colour represents turns, and white colour represents coils and loops. (a) 229E CoV, (b) NL63 CoV, (c) OC43 CoV, (d)
KU1 CoV, (e) MERS CoV, (f) SARS CoV, and (g) SARS CoV-2.
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the prediction, of which 6jx7A, 1rquA, 6nzkA, and 5ijoJ were
the best templates. All the templates showed good align-
ment as per their Z-score values, ranging from 1.40 to 18.24.
The calculated C-score of the five predicted models ranges
from �1.49 to �2.69. The C-score range is generally between
�5 and 2 and higher value indicates higher confidence (Lee
et al., 2010). Thus, the model with the highest C-score was
selected for further studies. This model had a TM-score of
0.51 ± 0.15 with an estimated RMSD of 13.6 ± 4.0 Å. The TM-
score is a measure of structural similarity between two struc-
tures (Shaik, 2019). A TM-score of >0.5 indicates a model of
correct topology and a TM score <0.17 means random simi-
larity (Shaik, 2019). These cut-off values are independent of
the length of protein.

3.7. Validation, refinement, and disulphide engineering
of the vaccine construct

The tertiary structure of the vaccine construct was refined on
3Drefine server and it yielded five models. Model 1 was found
to be the best model based on model quality scores for all
refined models (Figure 3(A)). The model quality scores included
high accuracy global distance test (GDT-HA) score of 0.9899,
global distance test total score of 0.9899, RMSD score of 0.263
Å, MolProbity score of 3.835, RWplus score of �201,345.267,
and 3Drefine score of 11,651.6. This model was chosen as the
final vaccine construct model for further analysis.

Disulphide engineering was performed with 10 selected
pair of residues (Pro563-Asn566, Gly44-Ala135, Gly75-Gly80,
Pro786-Leu829, Glu29-Phe31, Glu113-Ala116, Gln143-Cys 239,
Phe1109-Try1110, Leu553-Asn556, and Ala1053-Phe1072).
The selection was done on the basis of energy, v3 value, and
B-factor. The residue pairs with energy of 1 kcal/mol to
2.2 kcal/mol (mean value is 1.0 kcal/mol, and the 90th per-
centile is 2.2 kcal/mol), v3 value of �85� to �90� and þ95�

to þ100� (mean value is �87� and þ97�) and B-factor of
29–33 (mean B-factor for residues involved in stabilizing
disulphide bonds is 31.6) (Craig & Dombkowski, 2013).

After refinement and disulphide engineering of the mod-
elled structure, validation was done. The overall model quality
was �2 as calculated by ProSA. The Ramachandran plot gener-
ated showed that 74.2% of the residues are in favourable
region, 15.2% residues are in the allowed region, and 10.6%
residues are in outline region. The quality and potential errors
in the tertiary structure were verified by ERRAT. The chosen
model after refinement had an overall quality factor of 64.91%
with ERRAT. Verify3D also passed the modelled structure as
>80% of the residues have averaged 3D-1D score �0.2.
Verify3D determines the compatibility of an atomic model (3D)
with its own amino acid sequence (1D).

3.8. Molecular docking of vaccine construct and TLRs

Binding pocket prediction of the studied TLRs revealed one
pocket. However, the solvent accessible surface area and vol-
ume of the binding pocket of all the TLRs are not similar
(Table 3). Molecular docking was performed in HDOCK server
and ClusPro 2.0 server. HDOCK server predicted 100Ta
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complexes in each case from which the lowest scoring com-
plex was studied. ClusPro 2.0 predicted 10 complexes from
which the lowest energy complex was studied. From Figure
4, it can be seen that the vaccine construct has almost simi-
lar binding pattern to TLR3, TLR4, and TLR5. The adjuvant
containing arm of the vaccine could interact with the pre-
dicted binding pocket of the TLRs. Based on binding energy,
TLR5-vaccine construct complex is predicted to be the best

complex in both the servers (Table 3). Thus, although the
adjuvant used is a known TLR4 agonist, the vaccine construct
may have affinity towards TLR3 and TLR5 as well.

3.9. Molecular dynamics simulation

Molecular dynamics simulation of the vaccine construct revealed
its stability throughout the simulation. The average RMSD of the

Figure 2. Schematic diagram of final multi-epitope vaccine construct. The multi-epitope construct sequence consisted of adjuvant followed by epitopes and His-
tag. Adjuvant is linked to the epitope by EAAAK linker. B-cell epitope and HTL epitopes are inter-linked by GPGPG linker and CTL epitopes are linked by
AAY linkers.

Figure 3. (A) Tertiary structure of the multi-epitope vaccine construct. Green colour depicts the N- terminal adjuvant. Grey colour refers to B-cell and HTL epitopes.
Blue colour refers to CTL epitopes. Linkers are represented by red colour. (B) Ramachandran plot of the modelled structure generated in Biovia Discovery studio.

Table 3. Predicted solvent accessible surface area and volume of the binding pocket of TLRs and binding energies upon interacting with the vaccine construct.

TLR
No. of binding

pockets
Solvent accessible

surface area
Solvent

accessible volume

Binding energy upon complex formation with TLRs (kcal/mol)

HDOCK server ClusPro 2.0 server

TLR2 1 2973.383 20,582.911 –299 –1386.6
TLR3 1 2973.383 20,582.911 –299.5 –1538.4
TLR4 1 1905.100 11,916.551 –310.49 –1341.5
TLR5 1 2925.540 7490.737 –371.20 –1646.5
TLR8 1 2925.540 7490.737 –304.11 –1260.8
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vaccine construct alone was 0.08Å. Upon binding to TLRs, the
average RMSD of the vaccine construct increased. The vaccine
construct-TLR complexes were found to be stable with no major
fluctuation (Figure 5(A)). The vaccine construct has shown a fluc-
tuation at 12ns but was stable after that. One major fluctuation
in the vaccine construct-TLR4 complex was seen at 3ns. The
complex was found to be stable after that. The average RMSD of
this complex was 0.5Å which is higher than all other complexes.
The RMSF of vaccine construct showed that the N-terminal resi-
dues and the residues between 40 and 65 positions have highest
movement (Figure 5(B)). The N-terminal of the vaccine construct
(residue 1–121) consists of the adjuvant and is involved in inter-
action with TLRs. However, when the vaccine construct is bound
to the TLRs, the RMSF of the highest fluctuating residues of the
construct has decreased. This can be due to interaction with
TLRs. Radius of gyration of vaccine construct after 30ns simula-
tion was calculated to be 45.74nm. However, the radius of gyr-
ation of vaccine-construct-TLR complexes ranged between 29.47
and 35.67nm. The radius of gyration profile against time (in ns)
reveals that the vaccine construct alone and vaccine construct-
TLR complexes were in a compact state till the end of molecular
dynamics run (Figure 5(C)).

3.10. Codon optimization of the final vaccine construct

Codon optimization of the vaccine construct in E. coli (strain
K12) was done for expression of protein. The optimized codon
sequence was 3266 nucleotides long. The CAI of the optimized
nucleotide sequence was 1.0 which means that the nucleotide
sequence contains the most frequently occurring codons
(Rapin et al., 2010). The average GC content of the optimized
sequence is 52.20%. Higher the GC content, better is the

expression of a protein in prokaryotes (Zhou et al., 2014; Du,
2018). The optimized nucleotide sequence was inserted into
the pET28a (þ) vector using SnapGene software (Figure 6).

3.11. Immune simulation

Immune simulation by C-ImmSim server showed the immune
responses of three injections. The antigen is calculated to be
present for about 5 days after each dose. After first dose, very
low level of IgM is seen to be present. But after second and
third dose, the level of IgM and IgG subsequently increased.
After third dose, the total level of IgM and IgG antibodies is
found to be higher than the level of antigen. Similarly, level of
memory B-cell is seen to be increasing after each dose. The
level of memory T-cells also increased after second dose.
However, after third dose, there was no further increase in the
level of memory T-cells. The level of IFN-c was found to be
increasing at the same level after each dose. The level of IFN-c
dropped to basal level at the end of fourth week and subse-
quent injection of the antigen again triggered the expression
of IFN-c. Another cytokine IL-2 was found to reach its max-
imum expression after the second dose. The level of IgG, IgM,
and cytokines dropped gradually after 4 weeks but the level of
memory B-cells and memory T-cells were found to be con-
stant. Thus, the vaccine construct is predicted to trigger mostly
IgG, IgM, B-cell, T-cell, and cytokines (IFN-c and IL2) (Figure 7).

4. Discussion

Three HCoV s are known to cause severe respiratory symp-
toms. MERS CoV outbreak was seen in 2003, SARS CoV

Figure 4. Molecular docking of vaccine construct with TLR2, TLR3, TLR4, TLR5, and TLR8 by two servers: (A) HDOCK server and (B) ClusPro 2.0 server. The vaccine
construct is represented in yellow colour.
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became epidemic after affecting 26 countries in 2012 and
SARS CoV-2 pandemic started towards the end of 2019.
Other HCoVs, 229E, NLC3, OC43, and KU1 causes mild
respiratory symptoms but 229E and KU1 is also known to
cause pneumonia. Until the outbreak of SARS CoV-2, there is
no approved treatment for any of the HCoV infection. After
the outbreak of SARS CoV-2, researchers are trying to

develop vaccine against SARS CoV-2. B-cell, CTL, and HTL
epitopes are used as antigenic determinants for efficient vac-
cine production had much focused on spike (S) protein,
which is gaining much attention in research. Here in this
paper we had focused on antigenic determinants on the S-
protein of HCoVs and their use as effective vaccine candi-
dates through in silico approach. Sequence comparison of S-

Figure 5. (A) RMSD profile, (B) RMSF profile, and (C) Radius of gyration profile of vaccine construct and vaccine construct-TLR complexes. The RMSF profile of first
140 residues of the vaccine construct is shown here as this region consists of the adjuvant which is involved in interacting with TLRs.

10 A. DEVI AND N. S. N. CHAITANYA



proteins of human corona viruses shows similarity towards
the C-terminal end. However, tertiary structure shows a simi-
lar Y-shaped conformation of the S-proteins. To get insights
and details about various antigenic determinants of S-pro-
teins of virus different lengths of B-cell epitopes were pre-
dicted using ElliPro server. CTL epitopes were predicted
using NetCTL 1.2 server and HTL epitopes were predicted
using IEDB server. The HTL epitopes were checked for their
ability to produce IFN-c using IFN epitope server. HTL epito-
pes predicted for HCoVs 229E and KU1 didn’t have the ability
to produce IFN-c. All the predicted epitopes were further
checked for allergenic, immunogenic, and toxic properties.
The high-scoring epitopes (as per the servers) with antigenic,
non-allergenic, and non-toxic properties were selected for
vaccine construct designing. Multi-epitope vaccine construct
was designed by linking the selected B-cell and HTL epitopes
with GPGPG linkage. The CTL epitopes were linked by AAY
linkers. 50S ribosomal protein, which is a TLR4 agonist is
used as an adjuvant and linked to the N-terminus with
EAAAK linkage .Also, for ease of protein purification, 6� His
tag is added at C-terminus, thus yielding a final construct of
1189 amino acids. Immunogenic properties such as antigenic
and allergic predictions performed using VaxiJen v2.0 and
AllerTOP v.2 server indicates designed vaccine construct is
antigenic and non-allergic in nature.

The molecular weight of the designed multi-epitope vac-
cine construct is found to be 128.381 kDa with pI of 5.57 and
a half-life of 30 h in mammalian reticulocytes. The vaccine
construct is also predicted to be stable and hydrophilic in
nature. Secondary structure prediction of multi-epitope vac-
cine construct as found to have 17% a-helix, 17% b-sheet,
and 64% coils. Of the total residues, 42% are predicted to be
exposed and 29% residues are predicted to be buried. The
tertiary structure of the vaccine construct was refined on
3Drefine server. The refined model GDT-HA score of 0.9899,
global distance test-total score of 0.9899, RMSD score of
0.263 Ð, MolProbity score of 3.835, RWplus score of
�201,345.267, and 3Drefine score of 11,651.6. Disulphide
engineering was performed with ten selected pair of residues
(Pro563-Asn566, Gly44-Ala135, Gly75-Gly80, Pro786-Leu829,
Glu29-Phe31, Glu113-Ala116, Gln143-Cys 239, Phe1109-
Try1110, Leu553-Asn556, and Ala1053-Phe1072). The selec-
tion was done on the basis of energy, ꭓ3 value, and B-fac-
tor. After refinement and disulphide engineering of the
modelled structure, validation was done. The overall model
quality was �2 as calculated by ProSA. The Ramachandran
plot generated showed that 74.2% of the residues are in
favourable region, 15.2% residues are in the allowed region
and 10.6% residues are in outline region. The model had an
overall quality factor of 64.91% with ERRAT. Verify3D also

Figure 6. In silico restriction cloning of final multi-epitope vaccine construct into pET28a(þ) expression vector. Red part represents the vaccine insert.
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passed the modelled structure as more than 80% of the resi-
dues have averaged 3D-1D score �0.2.

Molecular docking was performed in HDOCK server and
ClusPro 2.0 server. The vaccine construct has almost similar
binding pattern to TLR3, TLR4, and TLR5. The adjuvant con-
taining arm of the vaccine could interact with the predicted
binding pocket of the TLRs. Based on binding energy, TLR5-
vaccine construct complex is predicted to be the best com-
plex in both the servers. The stability of the TLR-vaccine con-
struct complexes were checked by performing a 30 ns
molecular dynamics simulation in GROMACS 4.6.5 software
package. CHARMM force field and SPC/E water model was
chosen for molecular dynamics simulation. The average
RMSD of the vaccine construct alone was 0.08 Å. Upon bind-
ing to TLRs, the average RMSD of the vaccine construct
increased. The vaccine construct-TLR complexes were found
to be stable. TLR4-vaccine construct complex showed fluctu-
ation at 3 ns. After 3 ns, there was no major fluctuation in
the RMSD profile of TLR4-vaccine construct complex. RMSF
profile of the vaccine construct showed the presence of two
highly fluctuating regions. The regions are the N-terminal
region and the region between 40 and 65 positions. The N-
terminal of the vaccine construct (residues 1–121) consists of
the adjuvant and is involved in interaction with TLRs.

Interaction of the vaccine construct with TLRs have
decreased the fluctuations of the two regions. Radius of gyr-
ation of vaccine construct after 30 ns simulation was calcu-
lated to be 45.74 nm. However, the radius of gyration of
vaccine-construct-TLR complexes ranged between 29.47 and
35.67 nm. This change in radius of gyration reveals the com-
pactness of the vaccine construct-TLR complexes.

The vaccine construct must be cloned into a suitable vec-
tor for expression and purification. pET28a(þ) is a suitable
vector for protein expression. Prokaryotic vectors often have
codon biasness while expressing eukaryotic proteins. Thus,
codon optimization was done to avoid codon biasness. The
CAI of the optimized nucleotide sequence was 1.0 and aver-
age GC content of the optimized sequence is 52.20%. These
two parameters show that the vaccine construct will be
highly expressed in the vector. In silico prediction of primary
immune response after vaccine injection was also done in
C-ImmSim server. Three injections of 1000 antigen molecules
without LPS were given 4weeks apart and immune response
was recorded for 100 days. The antigen was seen to be pre-
sent for about 5 days after each dose. After first dose, very
low level of IgM was generated. But after second and third
dose, the level of IgM and IgG subsequently increased. After
third dose, the total level of IgM and IgG antibodies is found

Figure 7. C-ImmSim presentation of an in silico immune simulation with the multi-epitope vaccine construct. (a) Immunoglobulin production in response to anti-
gen injection, (b) B-cell populations after antigen injection, (c) production of T-helper cells, and (d) cytokine production after the injection.
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to be higher than the level of antigen. Similarly, level of
memory B-cell increased after each dose. The level of mem-
ory T-cells also increased after second dose. However, after
third dose, there was no further increase in the level of
memory T-cells. The level of IFN-c was found to be increas-
ing at the same level after each dose. The level of IFN-c
dropped to basal level at the end of fourth week and subse-
quent injection of the antigen again triggered the expression
of IFN-c. Another cytokine IL-2 was found to reach its max-
imum expression after the second dose. The level of their
cytokines such as IL4, IL12, IL10, IL6, IL18, IFN-a, TGF-b, and
IFN-b did not undergo much change even after three doses
of antigen injection. The level of IgG, IgM, and cytokines
dropped gradually after 4 weeks but the level of memory
B-cells and memory T-cells were found to be constant. Thus,
the vaccine construct is predicted to trigger mostly IgG, IgM,
B-cell, T-cell, and cytokines (IFN-c and IL2).

5. Conclusion

Complete eradication of a disease or infection is not possible
without a specific treatment. There is always a possibility
that previous epidemics can re-emerge and cause severe
damage to coming generations. The outbreak of MERS and
SARS CoV caused severe damage to some countries but till
date no vaccine or treatment has been approved. The pre-
sent outbreak of SARS CoV-2 has triggered the importance
of vaccine. Thus, in this work, we have employed immune-
informatics tools to design multi-epitope vaccine construct
against the S-protein of seven HCoVs. The S-protein is the
medium by which the viral genome transfers to human cells.
Thus, the vaccine construct designed is expected to trigger
host immune system to generate antibodies against the S-
protein epitope and restrict the entry of viral genome to
host cells. This multi-epitope vaccine may help in boosting
the host immune system against seven HCoVs.
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