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Abstract

Gram-negative bacilli are one of the main causes for development of cholera, causing intestinal infections and acute watery
diarrhea. Vaccination is one of the most important ways to prevent such infections. Some important immunogenic factors,
such as toxin-co-regulated pilus A (TcpA), outer membrane protein W (OmpW), and cholera toxin B subunit (ctxB) as
adjuvant that is non-toxic portion of cholera toxin can be used in process of vaccine design. For this purpose, in the pre-
sent research, various types of bioinformatics software were used to study physiochemical properties of different refined
structures, and validate them using bioinformatics tools as well as allergenic properties. One of the protein sequences with
the highest antigenic index was the protein with sequence of Otc, which had a suitable tertiary structure according to the
studies performed by the RaptorX server. Codon adaptation index (CAI) of this protein was increased to 0.98. The predicted
structure showed stable condition according to thermodynamic analysis of mRNA. Structural analysis of chimeric vaccine-
TLR-2 receptor protein—protein docking predicted efficient binding. Methodological approach and results obtained from
studying candidate vaccine could be introduced to further experimental validations after efficacy of which was confirmed
by experimental immunological assays in order to control and eliminate cholera in the future.
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Abbreviations RMSD Root Mean Square Deviation

ACC Auto cross-covariance RMSF Root Mean Square Fluctuation

APCs Antigen-presenting cells SASA Solvent accessible surface area

CAI Codon adaptation index TCP Toxin-co-regulated pilus

ctxB Cholera toxin B subunit TcpA Toxin-co-regulated pilus A

GM1 Monosialotetrahexosylganglioside TLR-4 Toll-like receptor 4

IgG2 Immunoglobulin G 2

IgM Immunoglobulin M

I-TASSER Iterative Threading ASS Embly Refinement Introduction

JCat Java Codon Adaptation Tool

LINCS Linear constraint solver During 5 years ago, more than 1.3 million deaths have
MD Molecular dynamics occurred globally caused by diarrhoea as one of the major
PDB Protein data bank causes of mortality among children under 5 years of age.
PI Protrusion index Although, responsibility is higher in some countries where
PSSM Position-specific scoring matrix people suffer from economic problems along with inade-
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quate amount of safe water, sanitation, and urgent medical
care, and diarrhoea infection is also a main cause of outpa-
tient visits and hospital admissions in developed countries
with high revenue and is one of important health problems
among people all around the world (Troeger et al. 2017).
Three indicators of pathogenicity by microorganisms
causing intestinal diseases are (1) attachment to intestinal
epithelial cells, (2) attack to epithelial cells and epithe-
lium, and (3) production of toxins that may be fatal to
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cells or lead to dehydration and influencing nervous sys-
tem (Behrozie et al. 2018).

Pathogen of cholera was discovered by Filippo Pacini
for the first time in 1854 in Italy. This organism was redis-
covered by Robert Koch about 30 years later (Sanchez and
Holmgren 2008).

Cholera toxin is an oligomeric protein subunit of
84 kDa produced in nature by gram-negative bacterium,
V. cholerae, and is the main cause of secretory diarrhea in
the upper intestine (Odumosu et al. 2010).

Given remarkable antigenic properties of cholera toxin,
many studies have been performed aimed at using this
toxin and recombinant subunits to create immunity against
this fatal disease (Kundu et al. 2009 and Price et al. 2014).

Binding subunit of cholera toxin consists of five parts
of 103 identical amino acids binding to GM1 ganglio-
side receptor of intestinal epithelial cells, in a ring-like
arrangement. Cholera toxin B subunit (ctxB) is responsible
for binding the toxin to host cells cytoplasmic membrane
receptors and is non-toxic (Sanchez and Holmgren 2008).

One of the main properties of ctxB is that it is able
to stimulate regulatory responses and thereby, providing
moderate autoimmune responses in some animal models.
Lack of toxicity and easy expression of ctxB whether in
the forms of linear peptide or protein has made it an easy
adjuvant to handle (Stratmann et al. 2015).

Outer membrane protein W (OmpW) of V. cholerae is
a molecule with 22 kDa of molecular weight (Jalajkumari
and Manning, 1990) the gene of which is located in chro-
mosome II of organism (Heidelberg et al. 2000). While,
preponderance of b-structure in some of these proteins is
consistent with their possible localization in outer mem-
brane (OM) (Baldermann et al. 1998).

Enhancing intestinal colonization (i.e., motility) and
the activity of those that are stringently required for colo-
nization, TcpA (Taylor et al. 1987 and Herrington et al.
1988), ctxB, and toxin-co-regulated pilus (TCP) antigens
are important virulence factors of V. cholerae. TCP anti-
gens are one of the main responsible factors for coloniza-
tion of V. cholerae on intestinal surface and type IV pilus
antigens are composed of repeating subunits of the major
pilin subunit TcpA (Taylor et al. 1987), which is absolutely
required for colonization in mice and humans (Taylor et al.
1987and Herrington et al. 1988).

Today, the use of recombinant immunogens and subunit
vaccines has received a great deal of attention to com-
bat against microbial diseases due to risks of the first-
generation vaccines. Recombinant immunogens and vac-
cines are safer and cause fewer non-specific reactions in
immune system. On the other hand, the use of chimeric
immunogens and multi-subunit vaccines instead of single
subunits provides more protection against pathogens (Naz-
arian et al. 2012).
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Despite immunological properties of cholera toxin, which
are of great interest to researchers, toxicity has limited its
use in the field of human vaccination (Behrozie et al. 2018).

Price reported that both TcpA and ctxB are the antigens
providing a secure and helpful subunit vaccine against chol-
era (Price et al. 2014). Kundu et al. showed immunogenic-
ity of recombinant TcpA and ctxB proteins separately and
in combination together against V. cholerae. Their results
showed that the use of cholera toxin binding subunit as
immunogen caused 45.70% of immunity and the use of
TcpA antigen alone caused 1.41% of immunity; and simul-
taneous use of both antigens resulted in 100% of protection
against V. cholerae in animal model (Kundu et al. 2009).

In the recent years, bioinformatics has been used in design
of recombinant immunogens and vaccines, which includes
studying new protein structures and designing algorithms for
predicting epithelial B and T cell balls as well as checking
stability of immunogens. This reduces time and cost required
for laboratory tests. The use of bioinformatics tools helps to
identify new immunogens (Soria-Guerra et al. 2015).

Immunogens and chimeric proteins include protein subu-
nits, linkers, and sequences, such as ctxB having adjuvant
properties that can enhance immunogenicity of recombinant
proteins and stimulate appropriate immune responses. (Naz-
arian et al. 2012).

Considering advantages of using chimeric proteins and
pathogenic mechanism of V. cholerae, the present study was
conducted to design a recombinant chimeric immunogen
against binding factors and V. cholerae toxin.

Materials and Methods
Protein Sequence Retrieva and Databases

Amino acid sequences of the three V. Cholera proteins
including TcpA, OmpW, and ctxB with the profiles of
Q60153, P17266, and P01556 were obtained completely
using corresponding protein database of UniProt server
(http://www.uniprot.org) in FASTA format. Also, length of
TcpA, OmpW, and ctxB proteins was equal to 217, 244,
and 124 amino acids, respectively. For analyzing the desired
data, latest versions of online and offline software were used.

B Cell and T cell Epitope Prediction

The IEDB web server (https://tools.iedb.org/beell/) (Peters
and Sette 2005) was used to predict B cell epitopes, MHC I
as well as was used to identify the second type of immune T
cells (MHC 1II) in the proteins selected for vaccine produc-
tion in selected proteins for the design of the recombinant
vaccine. This Web server predicts epitopes in proteins based
on flexibility, accessibility, antigenicity, and hydrophobicity.
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(Emini et al. 1985; Karplus and Schulz 1985; Kolaskar and
Tongaonkar 1990; Parker et al. 1986; Larsen et al. 2006).

Evaluation of Allergenicity and Antigenicity
of Recombinant Vaccine

For ensuring that our recombinant vaccine was non-allergic,
allergenicity of the designed vaccine was evaluated by two
different servers of AllerTOP v2.0 (http://www.ddg-pharm
fac.net/AllerTOP) (Dimitrov et al. 2014) and AllergenFP1.0
(http://www.ddgpharmfac.net/AllergenFP/index.html) In the
AllerTOP server, an alignment-free method was developed
based on the major physicochemical characteristics of pro-
teins. ANTIGENpro (http://www.scratch.proteomics.ics.uci.
edu/) (Magnan et al. 2010) and VaxiJen v2.0 servers (http://
www.ddgpharmfac.net/vaxijen/VaxiJen/VaxiJen.html)
(Doytchinova et al. 2007) were employed for antigenicity
assessment of multi-peptide vaccine. ANTIGENpro is a soft-
ware that can predict protective likelihood of a protein or
peptide and is pathogen-independent, sequence-based, and
alignment-free (Magnan et al. 2010). In the current research,
bacteria were selected as target organism, and threshold was
set at 0.5. The VaxiJen v2.0 is a server, which predicts anti-
gens based on auto cross-covariance (ACC) transformation
of protein sequence (Doytchinova and Flower 2007).

Physiochemical Properties of Recombinant Vaccine

ProtParam online server (http://web.expasy.org/protparam/)
was used for prediction of physicochemical properties of
multi-epitope vaccine protein. SOLpro server is a software
used for predicting solubility of recombinant fusion protein
(http://scratch.proteomics.ics.uci.edu) (Magnan et al. 2009).

Predicting Structure of Recombinant Vaccine

For predicting secondary structure of the designed pep-
tide vaccine, PSIPRED v3.3 workbench (http://bioinf.cs.
ucl.ac.uk/psipred/) (Buchan et al. 2019) was used and for
identifying the intrinsically disordered regions, DISOPRED
2 server (https://iupred2a.elte.hu/) (Ward et al. 2004) was
applied. I-TASSER server, which is based on sequence-to-
structure-to-function paradigm, was applied for modeling
3D structure.

Refinement of Tertiary Structure and Validation
of recombinant vaccine

Galaxy Refine bio tool (http://galaxy.seoklab.org/cgi-bin/
submit.cgi?type=REFINE) that is based on CASP10 was
used to test refinement technique. RAMPAGE, ProSA-web,
and ERRAT servers are various types of software used for
analysis of the refined tertiary structure. Stereochemical

properties of protein structure were assessed by the RAM-
PAGE server (Ramachandran plot analysis) at (http://mordr
ed.bioc.cam.ac.uk/rapper/rampage.php), to indicate the
number of residues located in the favored, allowed, and out-
lier regions (Lovell et al. 2003). ProSA-web (https://prosa
.services.came.sbg.ac.at/prosa.php) (Wiederstein et al. 2007)
is another server used for validation of tertiary structure,
using which tertiary structure was validated. Also, ERRAT
(http://services.mbi.ucla.edu/ERRATY/) server was applied in
order to analyze statistics of non-bond interaction between
different types of atoms (Chris Colovos 1993).

Codon Optimization and In-Silico Cloning
of the Designed Multi-Peptide Vaccine

Java Codon Adaptation tool (http://www.jcat.de/) (Grote
et al. 2005) was used for cloning of the designed construct,
and codon optimization of vaccine. SnapGene (GSL Bio-
tech, California, USA) tool was used for cloning of the
model developed for this construct through inserting the
optimized coding sequence into a plasmid vector. Sites of
Ndel and EcoR1 restriction enzymes were added to N and
C-terminals of the sequence, respectively.

Molecular Docking of Multi-Epitope Vaccine
with TLR-4

Toll-like receptor 4 (TLR-4) that is responsible for immune
response against 17D vaccine has been described as one of
TL receptors and stimulates a mixed Th2 and Thl cell pro-
file (Pulendran, 2009). TLR-4 structure was retrieved from
the RCSB PDB database (PDB ID: 3fxi). Molecular dock-
ing of construct vaccine was done by TLR-4 using with the
Cluspro 2.0 server (available at http://cluspro.bu.edu/login
.php) in order to evaluate the affinity of binding of profil-
ing ligand and TLR4 (Vajda et al. 2017). Finally, the result
of docking was visualized using PyMOL software (DeLano
2002).

Molecular Dynamics Simulation

One of the methods to determine the stability of vaccine
structure is designed through molecular dynamic simulation
which is done from the package GROMACS 2016.1 (Abra-
ham et al. 2015). Full system MD simulation was run with the
CHARMMS54a7 force field. The modeled structure of these
epitopes was used as an input file for 30 ns (ns) MD at 310°
K and at 1 bar pressure. We used a Cubic box with periodic
boundary conditions and SPC/E water molecules (Narayanan
and Johnston 2007) for MD simulation of epitopes. The steep-
est descent algorithm is used to reduce the energy of system as
well as due to loosening solvent molecule.
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A LINear Constraint Solver (LINCS) (Berendsen 1995)
and SETTLE (Schmid 2011) Algorithms were used to elimi-
nate chemical bonds among atomic epitopes also to eliminate
chemical bonds among solvent molecules, respectively. Par-
ticle Mesh Ewald (PME) summation method (Narayanan and
Johnston, 2007) was used to calculate the total electrostatic
energy in the periodic box. Using L-J model with 10 A cutoff
distances, other non-bonded properties and changes were per-
formed. The addition of Berendsen weakcoupling algorithm
(Schmid 2011) 1.0 picosecond (Ps) was used to adjust the pres-
sure and temperature of each system during simulation and
connection time period. The interactions that occur in each
peptide structure after equilibrium in molecular dynamics
simulation can make a difference in RMSD values. To deter-
mine the dynamic behavior of each amino acid in the structure
of vaccine designed from RMSF value, which was defined by
peak elevation in all simulations used to determine the stabil-
ity of vaccine designed against the time of the radius of gyra-
tion (RG) and RMSD of the complex of designed vaccine and
TLR-4 receptor were plotted versus time (Ps) during 30 ns
MD simulations.

Calculation of Binding Free Energy

The entropic component of binding free energy was disre-
garded. The average binding energy and its standard deviation
were calculated by MmPbSaStat.py python script (http://rashm
ikumari.github.io/g_mmpbsa/). To estimate the contribution
of each residue to the total binding free energy, MmPbSaDe-
comp.py python script was used (Kollman et al. 2000; Kumari
et al. 2014).

Immune Simulation

C-ImmSim server (http://150.146.2.1/C-IMMSIM/index.php)
(Rueckert et al. 2012) was used for identification of immuno-
genicity and immune response profile of chimeric peptide, in
in-silico immune simulations. C-ImmSim is a software that
uses an agent-based model to forecast immune interactions
using a position-specific scoring matrix (PSSM) for predic-
tion of immune epitope and machine learning techniques. It
“simultaneously simulates three compartments representing
three separate anatomical regions found in mammals including
bone marrow,, thymus,and a tertiary lymphatic organ, such as
a lymph node”[124]. All the simulation parameters were set
at default with time steps set at 1, 84, and 168 (each time step
consists of 8 h and time step 1 includes injection at time 0).

Fig.1 Amino acid sequence of
the recombinant vaccine, which
are connected by a suitable
linker
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Results

Identification of different epitopes of Band T cells
Selection of Antigenic Section and Designing
of Multi-Epitope Vaccine

After identifying different epitopes of ompW and tcpA pro-
teins, these short amino acid sequences were likned by a
flexible GDGDG linker. At the end of this sequence, ctxB
protein was added to this structure using EAAAK hard linker
for better binding of the receptor to this structure (Fig. 1).
Using IEDB software, epitopes were selected proteins for B
immune cells based on antigenicity, accessibility of surface,
flexibility, hydrophobicity, and predictions of linear epitope.
Epitopes were also identified for MHC I and MHC II. The
predicted epitopes are presented in Table 1. Nine non-over-
lapping epitopes of each protein with the highest score were
selected and linker using appropriate linkers. After binding
the adjuvant to the end of this sequence, the final recombi-
nant vaccine contained 416 amino acids (Fig. 2), which was
evaluated for subsequent analysis.

Table 1 Epitopes used in recombinant vaccine structure after predic-
tion in B and T immune cells

Antigen Start—end position Sequences

ompW mhcl 3-10 RPYVGAGL

ompW mhcl 40-48 LAANVGFDY

ompW mhcl 19-27 STDVEINPW

ompW mhc2 8-22 LAVLAALSSAPVFAH

ompW mhc2 71-85 NISFEVLAATPFSHK

ompW mhc2 119-133 NSTFRPYVGAGLNYT

ompW B ceLL  34-59 VPNDSSDKVLNTQSE-
LAVNSNTQ

ompW B ceLL 136-156 FDESFNGTGTNAGLSDLK-
LDD

tcpA mhcl 13-21 APGSANLNL

tcpA mhcl 51-58 NPFTGTAM

tcpA mhcl 22-30 YPATANANA

tcpA mhc2 13-27 TQTYRSLGNYPATAN

tcpA mhc2 30-44 EVIIVLGIMGVVSAG

tcpA mhc2 45-59 VVTLAQRAIDSQNMT

tcpA B ceLL 53-63 IDSQNMTKAAQ

tcpA B ceLL 150-164 TSVGDMFPFINVKEG
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Prediction of Antigenicity and Allergenicity
of Vaccine Candidate

Three different types of software were used for prediction
of antigenicity and allergenicity including ANTIGENpro
v2.0, AllerTOP, and AllergenFP1.0 and the results indicated
that chimeric construct was non-allergenic. ANTIGENpro
showed that antigenicity of chimeric protein was equal to
0.88% and overall prediction for protective antigen was esti-
mated as 1.1023 by VaxilJen (default threshold). Therefore,
it can be said that our construct is antigen with a high prob-
ability. The results indicated that the generated sequences
were antigenic in nature.

Prediction of Physicochemical and Biological
Properties

Output of the ProtParam server regarding analysis of the
final multi-epitope vaccine with 595 amino acids showed
a molecular weight of 42,678.45 D and its theoretical isoe-
lectric point (PI) was calculated by 4.16. The total number
of atoms was equal to 5836 with an atomic composition

including Carbon (1841), Hydrogen (2836), Nitrogen
(508), Oxygen (640), and Sulfur (11). The total number
of the negatively charged residues was equal to 59 and the
total number of the positively charged residues was equal
to 24. Half-life of the predicted structure was 1 h in mam-
malian reticulocytes in-vitro, and it was 2 min in yeast and
E. coli in-vivo, respectively.

Prediction of Secondary Structure

PSIPRED is one of the best software for prediction of sec-
ondary structure according to which secondary structure
contained 20% of alpha helix, 26% of beta strand, and
52% of coil. In addition, regarding solvent accessibility
of amino acid residues, 45% of secondary structure was
predicted to be exposed, 20% of it was medium-exposed,
and 33% of it was predicted to be buried. RaptorX Prop-
erty server predicted that a total of 31 residues (7%) were
located in the disordered domains. (Fig. 3).

Fig.2 3D model of multiepitope vaccine that was obtained after prediction of final multi-epitope by I-TASSER server

Nornalized B-factor —— Helix = Strand ®

Coil +

250 300 35a 408

Residue Nunber

Fig.3 Schematic representation of secondary structure prediction of the multi-epitope vaccine. It shows fractions of a-helix, p-strands and coils

secondary structures by RaptorX server
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Refinement and Validation of Vaccines
Three-Dimensional Structure

Totally, five tertiary structure models of the designed multi-
epitope vaccine, such as 1ltrA, 6vs7A, 3chbD, 416t, and
60zdA were the best based on ten threading templates pre-
dicted by I-TASSER server. All the ten chosen templates
showed good alignment according to their Z-score values
(ranging from 1.19 to 7.52). C-score indicated confidence
of the model predicted by I-TASSER server. The five pre-
dicted models had C-score values ranging from —1.69 to
—2.68. The highest C-score of —1.69 was selected as the
best model for further refinement representing a model with
higher stability and confidence that is close to the score rec-
ommended by I-TASSER server (—1.5) for accuracy, and
has the highest frequency in the top cluster with respect to
size. This model had an estimated TM-score of 0.51+0.15
with an estimated RMSD of 10.9+4.6 A. For prediction
of 3D structure modeling (Fig. 2), three different servers,
such as SWISS-MODEL, Galaxy web, and I-TASSER
were used. The results of these servers were validated by

Fig.4 ProSA-web Z-score
plot for 3D structure of fusion
construct. The Z-score of the
best model is -3.36 (shown 10

Z-Score: =2.74

ProSA-web, Ramachandran plot analysis (RAMPAGE), and
ERRAT. Validation results illustrated that model 1 was the
best model based on SWISS-MODEL server. ProSA-web
data indicated that Z-score of the model was equal to —2.47
(Fig. 4). The chosen model had an overall quality factor of
95% after refinement according to ERRAT server (Fig. 5).
Ramachandran plot analysis showed that 59.6, 30.8, and 3%
of the residues were located in the favored, allowed, and
outlier regions, respectively (Fig. 6).

Codon Adaptation and In-Silico Cloning

In this study, Java Codon Adaptation Tool (JCat) was used
in order to optimize codon usage of vaccine construct in E.
coli (strain K12) for maximal protein expression. Length
of the optimized codon sequence was equal to 1260 nucle-
otides. The results of JCat showed that CAI and average
GC content of the adapted sequence were equal to 0.98 and
53%, respectively. So that, there was a possibility of good
expression of vaccine candidate in E. coli as a host. GC
content of the final vaccine was equal to 0.53. Cloning of the

in a large black spot), which Xeray
is in range of native protein '
conformations. Z-score plot E NMR
includes the Z-scores of all
experimentally protein chains in 5 -
PDB determined by NMR spec-
troscopy (dark blue) and X-ray
crystallography (light blue) by
ProSA-web server
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Fig.5 ERRAT plot. The overall
quality factor of the final model

is 99. Values around 95% or L
higher usually show high reso- i
lution of structures by SAVES S osv 1 |
server w ‘j [ -
il ol
20 40 60 80
saves
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ALA 46 (A) L]
--———J -b
224(A b

0

ALA S5
-

Psi (degrees)
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-1354

(180 -135 90 45 0 4590 135 180
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Fig.6 Ramachandran plot formation to validate the 3D mod-
eled structure exhibiting 55.9% of residues in the favored region by
SAVES server

optimized gene sequence in the final vaccine construct was
done by SnapGene tool in E. coli pET-28a (+) vector, Ndel
was introduced to N-terminals and EcoRI restriction sites
were introduced to C-terminals of the sequence. Finally, the
optimized sequence (with restriction sites) was inserted into
pET-28a (+) vector to ensure vaccine expression (Fig. 7).

Molecular Docking of Multi-Epitope Vaccine
with TLR-4

Molecular docking of multi-epitope vaccine construct was
done by TLR-4 using the Cluspro 2.0 server to investigate
binding affinity of TLR-4 and a total of 117 models were
constructed based on biophysical features of ligand (multi-
epitope vaccine) and receptor (TLR-4). Among them, just
one model was chosen, which was definitely connected to
receptors and having the lowest energy score in this regard,
the model number 4.29 was found to fulfill the desired crite-
ria explaining the reason for its selection as the best-docked

100 120 140 160 180 200 220
Residue # (window center)

complex. Energy score obtained for the cluster 4.29 of chi-
meric vaccine and TLR-4 was found to bel.8. PDB format of
the docked structure was visualized using PyMOL software
(Fig. 8). The docked complexes were preferred for molecular
dynamic analysis.

Molecular Dynamics Simulation

The stability of reaction between TLR4 receptor and the
epitopes at the microscopic level was evaluated using
GROMACS 2016.1 package; finally, the stability of selected
epitopes was examined. The interactions between ligand
and receptor which indicate the stability of designed vac-
cine structure were examined by mean square root devia-
tion (RMSD) of ligand (multi-epitope vaccine) and receptor
(TLR-4).

The interaction between Rg and RMSD was evaluated in
30 ns. Rg diagram shows the stability of simulation until the
end of period (Fig. 9a). Also, in a period of 30 ns, RMSD
chart shows fluctuations from 0.4 to 1.7 nm (Fig. 9b). In
this case, the mean RMSD difference for the epitope was
about 0.2 A.

Besides, due to RMSF diagram, the sequence of epitopes
with residues does not cause instability. As shown in Fig. 9c,
the minimum and maximum difference is approximately
1.3 nm, based on which it can be concluded that the pro-
posed vaccine is stable in the human body.

Binding Free Energy Estimates

Results are related to free-binding energy in 0-3000 PS
using MM/PBSA method presented in Table 2. Regarding
the analysis, it was found that the proposed vaccine will
be stable in the cloning stage due to the negative binding
energy of epitopes to the protein. The number of hydrogen
bonds between peptide and receptor showed significant vari-
ation during the simulation (Fig. 10). The highest average of
Hydrogen bonds was —248.168 (kJ/mol), and —162.964(kJ/
mol) was related to electrostatic interaction, and —657.647
(kJ/mol) was due to van der Waals. Amino acids contribu-
tion to epitopes binding free energies of amino acid resi-
due in all peptides was shown in (see Additional file). For
GLU-324, ASP-12, and ASP 24 as the highest amino acid
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EcoRI

INSERT Replace
FRAGMENT |EcoRI (192) — Ndel (238)

EcoRI NdeI

PET-28a(+)
5369 bp

Flip and insert
Ndel (2) — EcoRI (1255)

EcoRL

seq dna
1260 bp

Fig. 7 In-silico cloning of optimized and reversed codon sequences into pET28a (+) vector. showing the region of choice in blue color sur-
rounded between Ndel and EcoR1 while the vector has shown in black lines by SnapGene tool

—

Fig.8 Docking model of TLR-4 molecule and fusion protein
obtained by the Cluspro 2.0 server. TLR-4 is shown in green and
ligand and adjuvant are shown in blue and red respectively. The inter-

with negative charge and LYS190, ARG-1, with negatively
charged had more relevant effect on vaccine interaction with
TLR4 receptor. In general, it was shown that the proposed
recombinant vaccine is a stable protein with a rigid interac-
tion with the TLR4 receptor.

Immune Simulation

Results of the C-ImmSim server immune simula-
tion showed that high levels of IgM was one of the
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acting residues between TLR4 molecule and CTXB are colored in
yellow. Pymol software was used for visualization of Docked model.
(Color Fig online)

characteristics of primary response and increases in
the B-cell populations and levels of immunoglobulin G
1(IgG1) + immunoglobulin G 2(IgG2), immunoglobulin
M (IgM), and IgG +IgM antibodies were properties of
secondary and tertiary responses, which were correspond-
ingly decreased in the antigen concentration. So, these
properties show development of immune memory and con-
sequently, the increased clearance of antigen upon subse-
quent exposures. Similarly, a high response was observed
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Fig.9 Molecular dynamics simulation of the ligand-receptor complex
(vaccine and human TLR-4). a Rg of vaccine receptor complex dur-
ing 100 ns MD simulations. b RMSD—Root Mean Square Deviation
of the ligand-receptor complex demonstrates no significative devia-
tion, reflecting a stable microscopic interaction between the two mol-
ecules and ¢ RMSF-Root Mean Square Fluctuation plot of the ligand-
receptor complex reflects the flexibility of side chain of the docked
protein complex

in the Th (helper) and Tc (cytotoxic) cell populations cor-
responding with memory development (Fig. 11).

Discussion

According to global statistics and prior studies that have
highlighted importance of diarrhea, this infection is the
second cause of mortality among children in the world so
that, in 2012, it caused the death of 1600 children per day

and more than 580,000 children have died due to this fatal
disease in the recent years. Intestinal pathogens, such as V.
cholerae are common causes of diarrhea and a vaccination
program for controlling this bacterium can help to reduce
disease mortality (Troeger et al. 2017).

For this purpose, possible surface proteins are identified
by a reverse method starting with genome instead of micro-
organism using computational techniques and pattern recog-
nition. Therefore, in addition to identifying all the antigens
that can be studied by conventional methods, this method
is also able to identify new antigens playing an impor-
tant role in immunogenicity of new vaccines (Davies and
Flower 2007). Therefore, the present study was conducted to
develop a cholera vaccine and reduce mortality in the world
and the obtained results would corroborate findings of the
previous works in this field.

In the field of research on subunit and recombinant vac-
cines, a new approach regarding the use of multicomponent
antigens can be used with greater safety, specific response,
and less adverse reactions in designing of vaccine candi-
dates. In multi-capacity chimer analysis and analysis of bio-
informatics data, valuable tools and new strategies can pro-
vide different structural and safety features combined with
epitopes, resulting in cost and time savings in design process
(Nuccitelli et al. 2011 and Rostami et al. 2016).

Given the above-mentioned reasons, retrieving sequences
of ctxB adjuvant, TcpA, and OmpW proteins of V. chol-
erae from Uniport was considered the first step and before
designing tertiary structure of epitopes, appropriate epitopes
with the highest score were selected by software according
to I-Tasser servers for analysis in the next steps. Finally,
after predicting the three-dimensional structure of epitopes,
five epitopes were selected based on the results of docking.
The selected epitopes showed good ability to bind to TLR-4
cavity.

After confirming stability of peptide TLR-4, epitopes
were linked together. Linkers are used in designing of chi-
meric proteins. The use of a suitable linker enables immune
system to respond and produce antibodies against linear
epitopes, especially structural epitopes of each protein subu-
nit. In this study, a hard linker consisting of EAAAK amino
acids containing glutamic acid, alanine, and lysine was used.
One of important factors of EAAAK linker is the ability to
separate proteins and reduce interaction of vaccines as well
as increasing thermal stability of chimeric protein (Chen v
2017; Saadi et al. 2017).

Table 2 Binding free energy for the epitopes calculated by the MM/PBSA method (one simulation replicate)

vaccine van der Waal Electrostatic (kJ/ Polar solvation =~ SASA energy SAV energy (kJ/  WCA energy Binding energy
(kJ/mol) mol) (kJ/mol) (kJ/mol) mol) (kJ/mol) (kJ/mol)
multi-epitope  —657.647 —162.964 593.271 —22.059 0.000 0.000 —248.168
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Fig. 10 Estimated binding free energy for the vaccine construction.
Calculated with the MM/PBSA method on the 100-200 ns period of
one of the simulation replicates

In this study, due to immunogenicity of B-Cell and T-Cell
epitopes for TcpA and OmpW proteins and antigenic and
adjuvant properties of proteins containing all the three subu-
nits were designed. Bioinformatics studies have shown that
this protein has the ability to stimulate immune system.

Prior studies have shown importance of CT in develop-
ment of profuse watery diarrhea, and TCP (composed of
repeating copies of the major pilin TcpA) has been found to
be required for intestinal colonization by V. cholerae. TcpA
protein, as a large subunit of pili and due to its location on
bacterial surface, is a good candidate for developing anti-
bacterial colonization immunity (Price and Holmes 2014).

On the other hand, ctxB protein has a hemopentameric
and non-toxic structure located on large chromosome of the
V. cholerae. In addition to producing antibodies and protect-
ing against cholera toxin, ctxB protein is an important bioad-
juvant that can elicit immune responses including mucosal
immunity.

Findings of the current study are consistent with those
in the studies by Heidelberg (2000) and Schoolnik and
Yildiz (2000) who found involvement of the OmpW factor
in development of cholera. (Heidelberg v 2000; Schoolnik
and Yildiz 2000).

Price and Holmes (2014) clearly showed that in infant
mouse model, TcpA and ctxB combination could be used
as an immunogenic subtype of cholera. However, further
studies are needed to understand efficacy of TcpA and ctxB
combination and effective vaccines against cholera (Price
and Holmes 2014).

One of the reasons leds to the increased use of ctxB is
expression of this protein in different organisms. Another
factor that makes ctxB a cost-effective adjuvant is the capac-
ity to reduce antigen level up to 100 times for immunogenic-
ity as well as attachment of agent to antigen-presenting cells
(APCs) and epithelium and epithelial surface. The ctxB is
currently used in vaccines, such as Dukoral, an anti-V. chol-
erae vaccine consisting of the killed V. cholerae and recom-
binant ctxB (Stratmann 2015).

Kundu v in an experiment on elimination of cholera by
nasal vaccination evaluated the ability of ctxB and TcpA
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antigens of V. cholerae to create immunity against bacteria
and toxins. As a result, they found that action of these anti-
gens together can protect the rabbit against a homologous
challenge, while each antigen alone can only protect the
rabbit to some extent (Kundu et al. 2009).

Another important finding about immune simulation
was that consistent with typical immune responses, there
was a general increase in the generated immune responses
following repeated exposure to antigen. In V. cholerae,
IgG1, immunoglobulin G 3(IgG3), and nIgE responses
to bacterial antigens are implicated in protection against
disease. Development of memory B-cells and T- cells was
evident, with production of memory B-cells lasting for
several days.

In this study, codon optimization was performed using
E. coli (strain K12) to achieve high expression of recom-
binant vaccine protein. As a result, some factors, such as
codon compatibility index and GC content were found to
be desirable (0.98 and 49.74%, respectively). According
to the molecular dynamical analysis and the RMSD design
results, the designed vaccine has shown stability and sta-
bility.Besides, the results of studying molecular behavior,
RMSD, RMSF, Rg, SASA, hydrogen bond, and free bind-
ing energy were obtained from trajectory to investigate
show that hydrogen bonds hydrophobic interactions play
an important role in the formation and stabilization of
epitopes and receptor interactions.

Moreover, due to the analyses performed and the results
obtained from molecular dynamics and docking, it was found
that this proposed vaccine has a stable structure; hence, we
expect this structure to be stable in the body environment.

It is interesting to note that epitopes were predicted
based on various parameters, such as hydrophilicity, flex-
ibility, accessibility, and surface exposure using sequence
and structure-based methods. The results showed that
B-cell epitopes were scattered throughout all three parts of
chimeric structure and could potentially produce a protec-
tive immune response. Studies have shown that chimeric
structure is not allergenic and is one of the most important
immunogenic candidates for designing of vaccines.

Conclusion

It can be concluded that bioinformatics methods have a sig-
nificant effect on analysis of immunogens design. Evaluation
of in-silico chimeric vaccine showed that this gene construct
was effectively expressed in E. coli and induced immune
responses against binding factors and bacterial toxins.
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Fig. 11 C-ImmSim presentation of an in-silico immune simulation
with the chimeric peptide. a Immunoglobulin production in response
to antigen injections (black vertical lines); specific subclasses are
indicated as coloured peaks. b The evolution of B-cell populations
after the three injections. ¢ The evolution of T-helper, and d T-cyto-
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