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Abstract

Pseudomonas aeruginosa, an ESKAPE pathogen causes many fatal clinical diseases in humans across the globe. Despite
an increase in clinical instances of Pseudomonas infection, there is currently no effective vaccine or treatment available.
The major membrane protein candidate of the P. aeruginosa bacterial cell is known to be a critical component for cellular
bacterial susceptibility to antimicrobial peptides and survival inside the host organisms. Therefore, the current computational
study aims to examine P. aeruginosa’s major membrane protein, OprF, and Oprl, in order to design linear B-cell, cytotoxic
T-cell, and helper T-cell peptide-based vaccine constructs. Utilizing various immune-informatics tools and databases, a total
of two B-cells and twelve T-cells peptides were predicted. The final vaccine design was simulated to generate a high-quality
three-dimensional structure, which included epitopes, adjuvant, and linkers. The vaccine was shown to be nonallergenic,
antigenic, soluble, and had the best biophysical properties. The vaccine and Toll-like receptor 4 have a strong and stable
interaction, according to protein-protein docking and molecular dynamics simulations. Additionally, in silico cloning was
employed to see how the developed vaccine expressed in the pET28a (4) vector. Ultimately, an immune simulation was
performed to see the vaccine efficacy. In conclusion, the newly developed vaccine appears to be a promising option for a
vaccine against P. aeruginosa infection.
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Introduction

Pseudomonas aeruginosa, a common Gram-negative bacil-
lus found in the environment, causes 51,000 infections per
year, 6700 of which are caused by multi-drug resistant
strains, resulting in 440 deaths [1]. The US Center for Dis-
ease Control and Prevention has classified P. aeruginosa as a
pathogen that poses a significant hazard [2]. This bacterium
is known as a major source of nosocomial infections due to
its capacity to form biofilms, which are bacterial aggregates
wrapped in a self-produced extracellular matrix that are
difficult or impossible to eliminate with antibiotic therapy
[3]. It affects humans, animals, and plants, and is frequently
associated with sporadic clinical mastitis, hospital-acquired
pneumonia, cystic fibrosis, UTIs with skin infections like
external otitis and folliculitis, soft tissue infections, joint
infections, and a variety of other infections, particularly in
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patients with chronic wounds, severe burns, or people with
cancer or AIDS who are immunocompromised [4].
Pseudomonas aeruginosa is an aerobic, motile, lactose
non-fermenter that can thrive in a wide range of environ-
ments and hosts [5]. In comparison to other sequenced bac-
teria, P. aeruginosa has a large genome (5.5-7 Mbp), and
it contains a huge number of regulatory enzymes involved
in the transportation, metabolism, and expulsion of organic
compounds [6]. The P. aeruginosa genome’s increased cod-
ing capability provides for more metabolic flexibility and
response to environmental changes [7]. The outer mem-
branes of Gram-negative bacteria are made up of three dif-
ferent types of compounds: proteins, lipids, and lipopoly-
saccharides. A few of the proteins are classified as major
membrane proteins because they have a high copy number
(5% 10* to 2 x 10° copies per cell) [8]. The outer membrane
of P. aeruginosa is made up of several proteins, including
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lipoproteins and channels [9, 10]. B-barrel proteins that pro-
duce waterfilled diffusion channels, known as porins, control
nutrient exchange across the outer membrane [11].

OprF, the major porin protein responsible for forming
channels across the outer membrane is an eye-catching target
for diagnosis and treatment in P. aeruginosa [12]. OprF pro-
tein has been suggested as a possible target for monoclonal
antibody-based diagnostic and immunotherapeutic interven-
tion [13]. Immunization with OprF protects against recur-
rent P. aeruginosa infections, according to research [14].
OprF-deficient variants have a spherical form and can only
grow in media with high osmolarity, showing that OprF is
involved in cell structure and outer membrane integrity [15].
Despite the fact that OprF is a porin, its structure is likely to
be substantially different from the bulk of bacterial porins
[16]. Similarly, outer membrane protein I (Oprl) is a well-
known surface lipoprotein that plays a key role in bacterial
antimicrobial peptide sensitivity [17]. According to reports,
the most potential P. aeruginosa vaccine (IC43) was tested
in phase III clinical research (NCT01563263) and is made
up of Oprl and a portion of the outer membrane protein
OprF [18]. Oprl also acts as an adjuvant by activating the
TLR2-TLR4 pathway, which boosts immunity against dis-
eases including TB and swine flu fever [19, 20].

Due to reduced outer membrane permeability and drug
efflux paired with adaptive mechanisms, P. aeruginosa
has significant levels of intrinsic antibiotic resistance [21].
Furthermore, during bacterial growth, the establishment
of biofilms and quorum sensing systems causes adaptive
resistance, resulting in multidrug-resistant strains [22].
Effective vaccines and novel drug molecules would be
critical in reducing the higher mortality rates caused by
these infections [23]. Against this backdrop, as compared
to conventional approaches, the recent immunoinformat-
ics approach helps to reduce the time required for vaccine
development, and there are examples of successful vaccine
candidate development using in silico approaches [24]. In
this study, a multi-epitope vaccine construct was developed
consisting of screened Cytotoxic T-cell (CTL), Helper T-cell
(HTL), and linear B-cell (LBL) epitopes with the potential
to elicit both humoral and cellular immune response. To
increase the immunogenicity of the vaccine, potent adjuvant
B-defensins were also used. The vaccine has the appropriate
physicochemical qualities, such as room temperature stabil-
ity, antigenicity, and allergy-free. In addition, to enhance
the antigen-presenting process, the epitopes are fused with
suitable linkers. To obtain a good quality three-dimensional
structure of the vaccine protein sequence, modelling, and
validation were carried out. Additionally, molecular dock-
ing with the TLR-4 receptor and molecular dynamics simu-
lations confirmed the final vaccine construct’s stability.
At last, the codon optimization and in silico cloning were

performed. The overall schematic workflow employed for
vaccine designing is presented in Fig. 1.

Materials and Methods
Sequence Availability

The FASTA sequences of the targeted outer membrane
protein F (OprF; UniPort ID P13794) and outer membrane
protein I (Oprl; UniPort ID P11221) from P. aeruginosa
were retrieved from the UniProt database(https://www.unipr
ot.org/).

Prediction and Assessment of LBL Epitopes

LBL epitopes were predicted using the ABCpred (http://
crdd.osdd.net/raghava/abcpred/) tool with threshold of 0.51
and window length of 10. The antigenic, allergic, and toxic
properties of the anticipated LBL epitopes were assessed
using the VaxiJen V2.0, AllerTOP V2.0, and ToxinPred
servers, respectively.

MHC-I Epitopes Prediction

The majority of cytotoxic T-cells have TCRs that identify
a particular antigen [25]. Therefore, CTL epitope predic-
tion is critical for vaccine designing concepts. CTL epitopes
were predicted on the NetMHCpan4.1 server (http://www.
cbs.dtu.dk/services/NetMHCpan/). The threshold for epitope
identification for a strong binder was set at 0.5% while at 2%
for a weak binder. Peptide binding to MHC-I, proteasomal
C-terminus cleavage score, and the transport efficiency of
Transporter Associated with Antigen Processing (TAP) were
used to make these predictions [26]. The peptide binding to
MHC-I and Proteasomal C-terminal cleavage scores were
generated using an artificial neural network, whereas the
TAP score was calculated by the weight matrix.

MHC-II Epitopes Prediction

Helper T lymphocytes are a type of adaptive immune cell
that may produce humoral and cellular immune responses in
reaction to foreign antigens [27]. Hence, HTL epitopes that
may bind to MHC-II alleles are critical in vaccine devel-
opment. HTL epitopes prediction was performed on online
server IEDB (Immune Epitope Database) (http://www.iedb.
org/) [28, 29] considering human HLAs as a reference set
by default. The server assigns IC50 values to the predicted
epitopes, which are inversely related to the binding affinity
towards the MHC-II. IC50 scores of < 50 nM represent a
high binding affinity. The IC50 value < 500 nM corresponds
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Fig. 1 Schematic representation of the workflow for the development of multi-epitope vaccine against P. aeruginosa infections

to intermediate binding affinity; however, < 5000 nM is
related low binding affinity of epitopes towards MHC-II.

Assessment of Epitopes for Inmunogenicity Score
The immunogenic potency of epitopes was assessed utilizing

the MHC-I immunogenicity tool of the IEDB server (http://
tools.iedb.org/immunogenicity/).

@ Springer

Antigenicity, Allergenicity, and Toxicity Analysis
of the Epitopes

The antigenicity of the predicted epitopes was confirmed
using the Vaxigen v2.0 (http://www.ddg-pharmfac.net/vaxij
en/VaxiJen/VaxiJen.html) tool at 0.4 thresholds. The Aller-
TOP2.0 server (https://www.ddg-pharmfac.net/AllerTOP/)
was used to assess the epitope’s allergenicity. The server is
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based on the translation of protein sequences into uniform
equal-length vectors using auto cross-covariance (ACC).
Based on a training set of 2210 known allergens from dif-
ferent species and 2210 non-allergens from the same species,
the proteins are categorized using the k-nearest neighbor
algorithm (kNN, k = 3) [30].

For checking the toxicity of the predicted epitopes, the
Toxinpred server (http://crdd.osdd.net/raghava/toxinpred/)
was used with default parameters. Other details i.e., net
molecular weight, SVM score, hydrophobicity was also
determined using the toxinpred tool.

Vaccine Construction

The multi-peptide vaccine candidate was constructed by
adjoining the adjuvant, chosen LBL, CTL, and HTL epitopes
with the suitable linkers, namely EAAAK, KK, AAY, and
GPGPQG, to help the amino acids fold into appropriate con-
formations with maximum flexibility.

Vaccine Construct’s Antigenicity and Allergenicity
Profiling

The vaccine construct’s antigenicity and allergenicity pro-
files were also assessed. The VaxiJen server [34] was used
to analyse the antigenicity of the vaccine design, and the
AllerTop server [35] was utilised to assess the vaccine con-
struct’s non-allergenicity.

Population Coverage Analysis

The IEDB’s Population Coverage tool (http://tools.iedb.org/
population/) was used to look at how the affinity of CTL
and HTL epitopes for HLA alleles varies by race, location,
and country, affecting the construction of epitope-based
vaccines. By keeping the default parameters, the 16 geo-
graphical areas were selected for population coverage. The
distribution of human MHC binding alleles is used in this
tool to estimate population coverage for the T-cell epitopes
in different parts across the globe.

Physicochemical Properties and Secondary
Structure Assessment

The Expasy ProtParam (https://web.expasy.org/protparam/)
server was used to analyze the vaccine construct, which pre-
dicts the theoretical pI, Molecular Weight, solubility, Half-
Life (in-vitro), and Grand Average of Hydropathicity Values
(GRAVY) for the input vaccine protein sequence. The sec-
ondary structure prediction was carried out using the online
server PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/).

Tertiary Structure Prediction and Validation

Robetta server (http://robetta.bakerlab.org) was utilized to
obtain a tertiary (3D) structure for the vaccine sequence. To
predict the 3D model, analyze the query protein sequence
into supposed domains. Robetta employs a comparative
modelling technique for the structure development if the
template structure is identified for the provided amino acid
sequence using PSI-BLAST, BLAST, FFASO3, or 3D-Jury.
If there is no template is found, then the de novo Rosetta
fragment insertion method is employed. The final structure
was refined by GalaxyRefine2 (http://galaxy.seoklab.org/
cgi-bin/submit.cgi?type=REFINE2) server. The quality of
models was assessed by the generation of Ramachandran
plot using PROCHECK (https://servicesn.mbi.ucla.edu/
PROCHECKY/). This server employs the Ramachandran
plot to forecast the likelihood of amino acids forming a sec-
ondary structure and to display the quality of models based
on the fraction of amino acids in the allowed, favored, and
outlier regions. The validation was also confirmed using
ERRAT (http://services.mbi.ucla.edu/ERRAT/) and Verify
3D (https://saves.mbi.ucla.edu/).

Disulfide Engineering for the Stability of the Vaccine

To obtain stability of the final vaccine construct’s mod-
elled structure, disulfide engineering was performed using
Disulfide by Design v2.0 (http://cptweb.cpt.wayne.edu/
DbD2/index.php).

Discontinuous B Cell Epitope Prediction

The ElliPro server (http://tools.iedb.org/ellipro/) was used to
predict discontinuous B cell epitopes for the final confirmed
3D structure of vaccine with default parameters (Minimum
residue score 0.5 and Maximum distance 6 A). It assigns
a score to each epitope, which is the PI (Protrusion Index)
value averaged over the epitope’s residues. This approach
uses ellipsoids to estimate the 3D structure of a protein. A
score of 0.9 PI implies that 90% of the protein’s residues are
included, while the remaining 10% are outside of the ellip-
soid. This PI number is determined by the centre of mass of
each residue, which is located outside of the greatest fea-
sible ellipsoid. Discontinuous epitopes are predicted using
the PI value, and their clustering is based on the distance R
(distance between the centre of mass of the residue), which
is measured in. A higher R value suggests that there are a
greater number of expected discontinuous epitopes.

Protein—-Protein Docking Studies

Cluspro 2.0 (http://cluspro.bu.edu/login.php) is a rigid-body
protein—protein docking service that predicts interactions
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between two proteins. It is entirely automated and quick. This
software employs 3 distinct procedures: the first is a unique
fast Fourier transform (FFT) correlation, the second is cluster-
ing the best energy conformations, and the third is evaluating
cluster stability using brief Monte Carlo simulations. The 3D
structure of TLR4 was retrieved from the RCSB PDB database
and equipped for docking analysis by utilizing the PyMol visu-
alization software. PyMol was used to depict the protein—pep-
tide interactions of the best-docked postures.

Molecular Dynamics Simulation

The MD simulations were performed for the apo form of the
designed vaccine and TLR4, as well as for the complex of
TLR4-vaccine construct by the Schrodinger of Desmond pack-
age 19Des2. The OPLS3e force field was used to simulate
water molecules using a predefined TIP3P water model. To
balance the system charge and neutralize the solvated sys-
tem, sufficient sodium ions were used. After constructing the
solvated system with docked complex, the system was reduced
and relaxed using the Desmond module’s default protocol and
OPLS3e force field parameters. The NPT ensemble was used
to run MD simulations with periodic boundary conditions.
Simulations were run for 100 ns at a constant temperature of
300 K and a pressure of 1 atm. During the 100 ns MD simula-
tions, the root mean square deviation (RMSD) of a-carbon
chains and the root mean square fluctuation (RMSF) of multi-
epitope residues were plotted versus time (Ps) to demonstrate
the stability of the developed vaccine construct.

Codon Optimization and In Silico Cloning

In silico cloning was employed to better understand the expres-
sion of our developed multi epitopic vaccine candidate on E.
coli hosts. The vaccine construct was codon-optimized using
a web server called Java Codon Adaptation Tool (JCAT)
(http://www.jcat.de/) for high-level production of the vaccine
sequence in the E. coli K12 strain. The output of the JCat
tool includes the codon adaptation index (CAl), the ideal CAI
should be greater than 0.8 and scores up to 1.0. The ideal CAI
score should be 1.0. The GC content percentage should range
between 30 and 70%. In silico cloning of the vaccine sequence
was carried out using the pET28b (+) expression vector. Here,
the SnapGene 5.2.4 (https://www.snapgene.com/) restriction
cloning tool was employed for finalizing in silico cloning.

Immune Simulation for Vaccine Efficacy

To evaluate the immunogenic features of a multiepitope
vaccination in real-life conditions, in silico immune
simulations were performed using the C-ImmSim server
(http://150.146.2.1/CIMMSIM/index.php). C-ImmSim is
an agent-based dynamics simulator for immune reactions
that uses the PSS matrix and machine learning approaches
to predict the peptides and immunological interactions.
The duration between doses 1 and 2 for vaccination should
be at least 4 weeks. As a result, 3 injections containing
one thousand vaccine proteins were administered 4 weeks
apart at 1, 84, and 168 time-steps (each time-step equals
8 h in real life, and time-step 1 is injection at time = 0), for
a total of 1050 simulation steps (parameters were set in the
C-ImmSim immune simulator). All of the remaining simu-
lation settings were left at their default values. In addi-
tion, 3 injections of the chosen peptide were given four
weeks apart to replicate recurring antigen exposure and
investigate clonal selection in a typical endemic region.
The Simpson index (D) is a measure of diversity that was
calculated using the graph.

Result
Prediction and Assessment of LBL Epitopes

The online server ABCpred was used to predict linear
B-cell epitopes of the two protein sequences (Supplemen-
tary Table 1). Epitopes selected based on the prediction
scores were further screened for antigenicity scores on
the Vaxigen server. The allergenicity prediction on the
AllerTOP tool showed that the vaccine is not allergenic.
Toxinpred server predicted that all the peptides are non-
toxic along with their hydrophobicity, hydrophilicity,
hydropathicity, and molecular weight. Epitopes that were
identified as allergenic for humans and classified as toxic
were separated from the predicted list of peptides. Two
epitopes were chosen for final vaccine constructions from
a total of 18 epitopes, namely GTPGVGLRPY (antigenic-
ity score = 1.8921) and HSKETEARLT (antigenicity
score = 2.0946), based on the highest antigenicity score
are tabulated in Table 1.

Table 1 Predicted B-cell epitopes from P. aeruginosa MMP protein and their corresponding immunogenic properties

Uniprot_ID B-Cell epitope Position Score Antigencity Score Toxicity
P13794 GTPGVGLRPY 102 0.79 1.8921 Non-toxin
P11221 HSKETEARLT 23 0.73 2.0946 Non-toxin
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Table 2 Predicted CTL epitopes from P. aeruginosa proteins to design multi-epitope vaccine construct with their corresponding MHC Class 1
alleles and their immunogenic properties

Uniprot_ID CTL Epitope Alleles Position Score Antigencity Score Immunogenicity Toxicity

P13794 GTYETGNKK HLA-A*01:01 79 4.012 1.3730 0.03779 Non-toxin
DLYGGSIGY HLA-A*02:01 51 6.825 0.04229 0.04229 Non-toxin
VGFENFGGSK HLA-A*02:01 180 1.596 1.4581 0.10933 Non-toxin
AGLGVGFNF HLA-A*24:02 176 2.33 2.0917 0.19762 Non-toxin
NATAEGRAI HLA-B*07:02 329 6.37 1.2860 0.24791 Non-toxin
EGRAINRRV HLA-B*08:01 333 6.283 1.6282 0.2536 Non-toxin
GRAINRRVE HLA-B*27:05 334 6.149 1.4441 0.25684 Non-toxin
YHFGTPGVG HLA-B*39:01 99 1.543 0.7858 0.15218 Non-toxin
NEYGVEGGR HLA-B*40:01 306 4.762 2.0516 0.21575 Non-toxin

P11221 HSKETEARL HLA-A*01:01 23 7.395 2.1549 0.22606 Non-toxin

MHC-I Epitopes Prediction

The major membrane protein of P. aeruginosa was chosen
for chimeric vaccine development to find immunogenic
factors for the vaccine construct. MHC-I epitopes were
identified with the help of the NetMHCpan 4.1server. The
length of the produced epitopes was 9mers (Supplementary
Table 2). Epitopes were further screened for antigenic-
ity, allergenicity, and toxicity. The top 10 chosen epitopes
showed maximum binding to all HLA supertypes (A1, A2,
A3, A24, A26,B7, B8, B27, B39, B44, B58, and B62) were
selected of each protein are listed in Table 2.

MHC-II Epitopes Prediction

Using the Immune Epitopes Database (IEDB) (https://www.
iedb.org/), immunogenic T-Cells (MHC-II) were identified
[31]. For the MHC epitope binding study, it uses a consensus
prediction method. To improve our confidence in predicting
epitopes for MHC Class II alleles, we kept binding affinity
below 250 nM. With an IC50 value ranging from 6 to 350
nM, these 15-mer amino acid residues interacted with a vari-
ety of different and/or common MHC II alleles (Supplemen-
tary Table 3). A good epitope should interact with as many
MHC alleles as possible. Epitopes were further screened for
antigenicity, allergenicity, and toxicity. The top two most
probable epitopic candidates (GVGFNFGGSKAAPAP and
LKFSALALAAVLATG) interacting with several MHC
class II alleles, as well as their scores, have been shown in
Table 3.

Assessment of Epitopes for Inmunogenicity Score

IEDB class I immunogenicity tool was employed to find out
the immunogenicity score. Epitopes having positive immu-
nogenicity scores were selected for further studies.

Vaccine Construction

The final vaccine construct comprises the adjuvant
B-defensins (P81534) fused to the epitope of the B-cell with
an EAAAK linker at the N-terminal end. Both the B-cells
were separated by KK linkers, subsequently, the B-cell
epitopes were fused with CTL peptide with AAY linker.
Finally, using the GPGPG linker, HTL epitopes were fused
at the C-terminal. Figure 2 shows a schematic diagram of
the vaccine construct.

Vaccine’s Antigenicity and Allergenicity Profiling

In addition to evaluating the antigenicity and allergenicity
of individual epitopes, the final proposed vaccine construct
should be highly antigenic in order to generate a stronger
immune response. As a result, the antigenicity of the entire
vaccine design was found to be high, with a score of 1.0957
predicted by Vaxigen V2.0, indicating that the vaccine is
immunogenic and capable of eliciting a robust immune
response. AllerTOP V2.0 tool also classified the construct
to be non-allergen against humans.

Population Coverage Analysis

Since MHC molecules’ peptide-binding regions are enor-
mously variable, they have a wide range of binding speci-
ficity. As a result, population coverage analysis is essential
for developing a successful epitope-based subunit vaccine
that binds to a wide range of HLA supertype alleles. The
predicted epitopic core sequences, as well as the MHC Class
I and MHC Class II alleles that bind to them, were submit-
ted to the Immuno Epitope Database’s population coverage
analysis tool to calculate the population coverage. The IEDB
findings confirmed that 98.62% of the world’s population
would be covered if the intended vaccine architecture was
administered, which covers 109 countries in 16 different
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Table 3 Predicted HTL epitopes from P. aeruginosa proteins to design multi-epitope vaccine construct with their corresponding MHC Class 11
alleles and their immunogenic properties

Uniprot_ID MHC II Epitope Alleles Pos IC50 value Percentile_Rank Antigencity Score Toxicity

P13794  GVGFNFGGSKAAPAP HLA-DPB1*01:01, 179-193 7 0.48 1.1979 Non-toxin
HLA-DRB1*01:01,
HLA-DRB1%09:01,HLA-
DRB3*02:02,
HLA-DRB1%13:02,
HLA-DRB1*11:01,
HLA-DRB1%04:01,
HLA-DRB1%12:01,
HLA-DPA1%03:01,
HLA-DPB1+04:02,
HLA-DRB1*04:05,
HLA-DRB1*15:01,
HLA-DQA1*01:01,
HLA-DQB1%#05:01,
HLA-DRB1%08:02,
HLA-DPA1%02:01,
HLA-DPB1%14:01,
HLA-DPA1%01:03,
HLA-DPB1%04:01,
HLA-DQA1%05:01,
HLA-DQB1#03:01,
HLA-DQA1*04:01,
HLA-DQB1%#04:02,
HLA-DPA1%02:01,
HLA-DPA1%02:01,
HLA-DPB1%05:01,
HLA-DPA1%01:03,
HLA-DPB1%02:01,
HLA-DQA1%05:01,
HLA-DQB1#02:01,
HLA-DQA1%03:01,
HLA-DQB1%03:02,
HLA-DQA1*01:02,
HLA-DQB1%06:02,
HLA-DRB3*01:01,
HLA-DRB5*01:01,
HLA-DRB1%07:01,
HLA-DRB4*01:01, HLA-
DRB1%03:01
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Table 3 (continued)

Uniprot_ID MHC II Epitope Alleles Pos IC50 value Percentile_Rank Antigencity Score Toxicity
P11221 LKFSALALAAVLATG HLA-DRB3*01:01, 5--19 6 0.38 0.5480 Non-toxin
HLA-DPA1*03:01,
HLA-DPB1%#04:02,

HLA-DPA1#01:03,
HLA-DPB1%02:01,HLA-
DRB1#01:01, HLA-
DRB1#09:01,HLA-
DRB3*02:02,
HLA-DRB1%13:02,
HLA-DRB1*11:01,
HLA-DRB1%04:01,
HLA-DRB1%12:01,HLA-
DRB1#04:05,
HLA-DRB1%15:01,
HLA-DQA1*01:01,
HLA-DQB1%05:01,
HLA-DRB1%08:02,
HLA-DPA1#02:01,
HLA-DPB1#14:01,
HLA-DPA1#01:03,
HLA-DPB1#04:01,
HLA-DQA1*05:01,
HLA-DQB1#03:01,
HLA-DQA1%04:01,
HLA-DQB1%04:02,
HLA-DPA1#02:01,
HLA-DPB1#01:01,
HLA-DPA1%02:01,
HLA-DPB1#05:01,HLA-
DQA1*#05:01,
HLA-DQB1#02:01,
HLA-DQA1%03:01,
HLA-DQB1%03:02,
HLA-DQA1*01:02,
HLA-DQB1#06:02,
HLA-DRB5*01:01,
HLA-DRB1%07:01,
HLA-DRB4*01:01, HLA-
DRB1%#03:01

Fig.2 The structural arrange-
ment of B and T-cell epitopes
along with linkers and adjuvant
for the final multi-epitope vac-
cine construct
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geographical regions. It was highlighted, in particular, that
the population coverage rate in practically all countries
worldwide exceeded 90%. (Supplementary Table 4).

Physicochemical Properties Assessment
and Secondary Structure Analysis

The constructed vaccine was analyzed by the ProtParam
server. Supplementary Table 5 shows the physicochemical
parameters of the peptides. The molecular weight (MW) was
measured at 26726.58 kDa with a theoretical PI of 9.85.
The construct was found to be soluble and stable. PSTIPRED
4.0 server was utilized to predict the secondary structure.
As shown in Fig. 3, the vaccine contains 32.17% a-helices
together with 11.417% -strands, and 55.905% random coils.
The solubility of the vaccine was found to be 0.63 by SOL-
pro server.

Tertiary Structure Prediction and Validation

3D model of the vaccine protein sequence was generated
by the Robetta server (Fig. 4). GalaxyRefine2 was used to
improve the Robetta server’s predicted tertiary structure.
The best model was chosen for further analysis and included
the following parameters: RMSD, 0.314; MolProbity, 1.916;
Clash score, 13.7; Poor rotamers, 0; Rama preferred, 96.0.
When compared to the original structure developed by the
Robetta server, analysis of the Ramachandran plot of the
refined protein obtained from GalaxyRefine at the Gal-
axyWEB server revealed better results with two residue in
disallowed regions (94.0% of residues in favoured region,
5.0% residues in allowed region, and none in outlier region)
(92.5% of residues in favoured region, 6.0% residues in
allowed region and 1.5 of residues in outlier region). Simi-
larly, additional structural validation tools such as ERRAT
and VERIFY3D revealed that the model derived after Gal-
axyRefine had higher stereochemical quality (Fig. 5).

Disulfide Engineering for the Stability of the Vaccine

There are a total of 24 pairs of residues that can be exploited
for disulfide engineering, according to the findings (Supple-
mentary Table 6). However, after considering additional fac-
tors such as energy and X3 value, only two pairs of residues
were chosen because their values fall within the acceptable
range, i.e., energy must be less than 2.2 and Chi3 must be
between — 87 and + 97° [32]. As a result, two mutations
were generated on the residue pairs ALA9-ALA232, and
VAL210-GLY?246 with a X3 angle of — 86.78° and energy

@ Springer

of 1.91 kcal/mol, respectively. The disuphide bonds (red and
magenta colour) are shown in the mutant created (Fig. 6).

Defining Discontinuous B-cell Epitopes

Ellipro Server was used to predict discontinuous B-cell
epitopes from the vaccine protein’s 3D structure. Discon-
tinuous B-cell epitopes were predicted with scores ranging
from 0.696 to 0.808. Supplementary Table 7 lists the amino
acid residues, the number of residues, the sequence location,
and their scores. Figure 7 depicts a graphical depiction of
the discontinuous epitopes.

Protein—-Protein Docking Studies

The ClusPro server was employed for the molecular dock-
ing. To evaluate the protein-protein interaction, the vaccine
was docked with the immunological receptor TLR-4 (PDB
ID:5YJB). For further analysis, the model with the lowest
binding energy (-857.9) was chosen. The hydrogen bond
interacting residues in the vaccine-TLR4 docked complex
were: PRO87-ASN492, SER141-ASP483, GLY20-GLN508,
ARG92-SER536, ARG92-ASP515, TYR94-ASP515,
TYR94-GLN540, ARG80-GLN540, ALA143-TRP511,
GLY22-ASP534, GLY20-GLN508, ARG80-TYR542,
GLU76-ARG564, LYS66-THR566, ARG64-ASP563,
GLNS51-ASP563, GLU49-LYS594, GLY59-THR619,
LYS54-ASP586, GLN29-ASP559, THE27-ASP559 (Fig. 8).

Molecular Dynamics Simulation

The stable interaction between the receptor molecule (TLR
4) and the multi-peptide subunit vaccine was determined
using the molecular dynamics simulation. The RMSD
graph showed that the proposed vaccine remained stable in
combination with TLR 4 throughout the simulation time,
especially after 60 nanoseconds (Fig. 9). MD simulation
results were also used to determine the most flexible areas
of the vaccine molecule. The root-mean-square fluctuations
(RMSF) of vaccine-TLR4 complex residues were assessed
in this regard (Fig. 9). The small degrees of fluctuations of
the vaccine residues corroborate that the modeled vaccine
construct has established sustainable interactions with the
receptor protein. The majority of the vaccine molecule was
found to be stiff and have low RMSF values.

Optimization of the Codon and In Silico Cloning
In silico cloning was employed to better comprehend the

expression of our designed multi-peptide vaccine candidate
on the E. coli host. The Java Codon Adaptation tool was
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Fig.3 Secondary structure prediction of the final multi-epitope vaccine construct by using PSIPRED tool

@ Springer



49 Page120f19

International Journal of Peptide Research and Therapeutics (2022) 28:49

Fig.4 Homology modeling of the three-dimensional structure of the
final multi-epitope vaccine construct

used to optimize our vaccine design for expression in the E.
coli (K12 strain). We also chose three filter parameters to
minimize pointless errors: (a) eliminating rho-independent

Ramachandran Plot
saves

transcription terminators, (b) avoiding prokaryotic ribosome
binding sites, and (c) avoiding restriction enzyme cleavage
sites. The Codon adaptation index (CAI) value of the opti-
mized vaccine design is 1.0 (Range 0.8 to 1.0), while the
ideal GC (guanine—cytosine) content range is 53.28 (Range
30-70%), indicating a high likelihood of protein expres-
sion. In the next stage, we added 2 restriction endonucleases
(EcoRI and BamHI) to both terminal ends of the vaccine
construct to help in cloning. Finally, by using the SnapGene
software, the vaccine design was cloned into the pET28b (+)
vector (Fig. 10). The clone had a length of 6135 bp.

Immune Simulation for Vaccine Efficacy

As shown in Fig. 11, the in silico immune response produced
in the C-ImmSim immune simulator was compatible with
the real immunological responses. After the first, second,
and third doses of the proposed vaccine, antibody titers were
significantly higher. The secondary and tertiary responses
exceeded the initial response by a wide margin. Immu-
noglobulin activity (IgG1 + IgG2, IgM, and IgG + IgM
antibodies) was high in both secondary and tertiary reac-
tions, with a proportional decrease in antigen concentration.
Several B-cell isotypes with long-term activity were also

ERRAT RESULT

Overall quality factor**: 94.5695

Error value*

Psi (degrees)

20

[l
200

Il
40 80 100 120 140 160 180

Residue # (window center)

VERIFY 3D RESULT

1.pdb Chain 1

] Averaged Score [ Raw Score
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Fig.5 Structure validation tool results confirmed the developed multi-epitope vaccine to be reliable and accurate
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GLY 246 - VAL210

Fig.6 Disulphide engineering of the vaccine protein. Residue pairs
showed in red (ALA9 and VAL210) and magenta (ALA232 and
GLY246) spheres were mutated to Cysteine residues to form disul-
phide bridge between them

discovered, demonstrating the possibility of isotype switch-
ing and memory formation. The TH and TC cell popula-
tions showed an identical high reaction, as well as memory
acquisition, which is necessary to support the immune
response. Whereas the anergic B and T cells were continu-
ously decreasing which conferred a good sign for the vac-
cine efficacy. Increased macrophage activity was observed
throughout the exposure, whereas dendritic cell and natural
killer cell activity remained consistent. There was a rise in
the levels of IFN-g, TGF-B, IL-10, and IL-12, which are in
line with the report of high levels of cytokines in the recov-
ered individuals from Pseudomonas infection. The decrease
in Simpson value ‘D’ over time suggests a complex immune
response, which is understandable given the chimera vac-
cine’s several epitopes [33]. This immunogenicity profile
shows the emergence of immunological memory and, as a
result, higher antigen clearance in subsequent exposures.

Discussion

Pseudomonas major membrane proteins have a variety of
functions during visceral infection. The protein helps in
the growth of bacteria in high-osmolarity environments.
They contribute to the maintenance of contamination by
interfering with macrophage microbicidal capabilities and
play a key role in bacterial susceptibility to antimicrobial
peptides in a later stage. The identification of P. aerugi-
nosa major membrane proteins (OprF and Oprl) immu-
nogenic epitopes and their interactions with host MHC
alleles and immunological cells are extremely important
in developing new therapeutic strategies for the improve-
ment of immunizations against P. aeruginosa. Immuno-
informatics approach employing different bioinformatics
tools and databases have recently emerged as the most
cost-effective, rapid, and reliable method for the prediction
of most antigenic regions of protein as potential targets for
the advancement of subunit vaccines [34-36].

Therefore, an attempt has been made in this study to
create a novel multi epitope-based vaccine for P. aer-
uginosa infection targeting the major membrane proteins
(OprF and OprlI proteins) utilizing the immune-informatics
approach. promiscuous highly immunogenic, non-toxic,
and non-allergenic B-cell and T-cell (MHC-I and MHC-
IT) epitopes were consensually predicted through multiple
epitope prediction tools. These epitopes also had a high
affinity for binding to the highest number of human leuko-
cyte antigen alleles. Consequently, the predicted epitopes
along with specific linkers and p-defensin as an adjuvant
were used to construct the final vaccine construct. Physi-
ochemical features of vaccines revealed that the vaccine’s
molecular weight is 26,726.58 kDa, which is within the
acceptable range for a subunit vaccine [37-39]. The vac-
cine has a theoretical PI score of 9.85, indicating that it
is basic in nature. The high aliphatic index indicated high
thermostability, while the negative GRAVY value shows
its hydrophilic nature. The vaccine protein is classified as
stable (Instability index < 40) by ProtParam. PSIPRED
V3.3 was used to predict and analyze the vaccine’s sec-
ondary structure, which indicated the presence of 32.17%
alpha-helix, 11.41% beta-strand, and 55.90% coil. Fol-
lowing that, a homology modelling approach was utilized
to construct the tertiary structure of the final designed
vaccine [40]. Ramachandran plot results showed that the
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(D)

Fig.7 The conformational B-lymphocyte epitopes present in the vac-
cine. The yellow spheres showing epitopes containing a 7 residues
(AA 85-91) with 0.808; b 49 residues (AA 29-30, AA 37-51, and

overall model is reasonable because more than 99% of
residues were located in the allowed region. Likewise,
other structure validation tools like ERRAT, Verify 3D
corroborated the stereochemical accuracy of the developed
structure. Furthermore, the vaccine was docked with the
TLR-4 receptor to determine the vaccine’s ability to elicit
a significant immunological response. Finally, to confirm
the stability of the interaction, MD simulation up to 100 ns
was performed on the docked vaccine—receptor complex.
The RMSD graph showed fluctuation from 40 to 60 ns
while RMSF values were observed to be uniform through-
out the time period. To ensure the complex’s stability, we

@ Springer

AA 53-84) with 0.773; ¢ 10 residues (AA 163-172) with 0.748; d 9
residues (AA 110-118) with 0.715; e 45 residues (AA 196-220, AA
235-254) with 0.696 (Color figure online)

performed MD simulations for up to 100 ns. This probably
suggests the vaccine construct is robust. In silico cloning
was used to analyze the expression of the vaccine con-
struct in the host E. coli K12 strain. According to the find-
ings of the immune simulation, using this multi epitopic
vaccine protein as a potential candidate against pseu-
domonas infection could result in high amounts of anti-
bacterial cytokines, as well as humoral and innate immune
responses. In conclusion, this peptide will undoubtedly aid
in the development of broad-spectrum peptide vaccines
against P. aeruginosa bacteria in the near future.
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Conclusions

Defining epitopes possessing the ability to bind with dif-
ferent MHC alleles is the major requirement of cellular
immunity. The immunoinformatics tools and databases
employed in this study helped to determine immunogenic
peptides from the antigenic major membrane proteins of P.
aeruginosa. LBL, CTL, and HTL epitopes that are nonal-
lergenic, highly antigenic, and nontoxic, as well as 100%
conserved, were considered for final vaccine development,
this would elicit a strong immunogenic response while
causing no harmful side effects within the body. With
high-cost requirements and multiple restrictions for devel-
oping the live, attenuated, or inactivated vaccine prepa-
ration, these peptide-based vaccine candidates could be
useful in further experimental validation to combat pseu-
domonas infections.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10989-021-10356-z.
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