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Abstract 
Pseudomonas aeruginosa is a complex nosocomial infectious agent responsible for numerous illnesses, with its growing resistance 
variations complicating treatment development. Studies have emphasized the importance of virulence factors OprE and OprF in 
pathogenesis, highlighting their potential as vaccine candidates. In this study, B-cell, MHC-I, and MHC-II epitopes were identified, 
and molecular linkers were active to join these epitopes with an appropriate adjuvant to construct a vaccine. Computational tools 
were employed to forecast the tertiary framework, characteristics, and also to confirm the vaccine’s composition. The potency was 
weighed through population coverage analysis and immune simulation. This project aims to create a multi-epitope vaccine to reduce P. 
aeruginosa–related illness and mortality using immunoinformatics resources. The ultimate complex has been determined to be stable, 
soluble, antigenic, and non-allergenic upon inspection of its physicochemical and immunological properties. Additionally, the protein 
exhibited acidic and hydrophilic characteristics. The Ramachandran plot, ProSA-web, ERRAT, and Verify3D were employed to ensure 
the final model’s authenticity once the protein’s three-dimensional structure had been established and refined. The vaccine model 
showed a significant binding score and stability when interacting with MHC receptors. Population coverage analysis indicated a global 
coverage rate of 83.40%, with the USA having the highest coverage rate, exceeding 90%. Moreover, the vaccine sequence underwent 
codon optimization before being cloned into the Escherichia coli plasmid vector pET-28a (+) at the EcoRI and EcoRV restriction sites. Our 
research has developed a vaccine against P. aeruginosa that has strong binding affinity and worldwide coverage, offering an acceptable 
way to mitigate nosocomial infections. 
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Introduction 
Pseudomonas aeruginosa is considered to be one of the three most 
harmful bacteria according to the World Health Organization 
(WHO); therefore, research on this matter must be performed 
immediately with the aim of discovering novel therapies. This 
bacterium is a pathogen known to be resistant to many drugs, 
such as Enterococcus faecium, Staphylococcus aureus, Klebsiella 
pneumoniae, Acinetobacter baumannii, and  Enterobacter species. They 
have been acknowledged as a substantial contributor to the 
prevalence of disease, fatalities, and economic burden on health-
care systems worldwide [1–4]. P. aeruginosa belongs to the common 
Gram-negative bacteria, which can potentially be detected 
in a wide range of environments. P. aeruginosa, a well-known 
pathogen, is recognized as the causative agent of various life-
threatening diseases [5, 6]. Poisons that frequently arise in various 

healthcare environments include soft tissue and burn infections, 
and pneumonia associated with ventilators, in addition to chronic 
pulmonary infections in those who have cystic fibrosis (CF). 
Since P. aeruginosa infections are becoming more common, 
WHO has prioritized research and development of potential 
medications. [7]. 

The genome of P. aeruginosa is composed of an adaptable 
accessory element and an unchanging core. The bacteria may 
adjust to a wide range of environments corresponding to their 
genetic arrangement, including biofilms in ventilators and 
catheters as well as agricultural settings. The genetic variety 
of P. aeruginosa provides it with a diverse range of transporters, 
regulatory proteins, and signalling systems that improve its 
capacity for metabolic modification and survival [8–11]. P. 
aeruginosa uses a multifaceted style to grow inside a host, 
attaching itself to the host cell through cell surface components
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and releasing toxic substances and effector proteins through 
bacterial mechanisms that help them escape or modify the host’s 
immune system (e.g. through type III secretion systems). Bacteria 
use many type IV pili to adhere to cell surfaces and flagella to  
move throughout people with a weakened immune system. The 
lipopolysaccharide and exopolysaccharide alginate of P. aeruginosa 
act as crucial surface particles that support adhesion to host 
cells and improve the persistence of the bacterium in the host 
surroundings [12–14]. 

Many different proteins make up the outer membrane of P. 
aeruginosa and are essential for stabilizing and shielding the bac-
teria. Proteins show indispensable roles in the control and also 
the increase of molecular transport across cellular membranes. 
These proteins exhibit consistent preservation throughout differ-
ent serogroups of P. aeruginosa and retain their phenotypic stability 
even in the presence of biofilms. The combined action of external 
and released constituents has been found to have a significant 
impact on the immune response of the host, along with the dam-
age imposed on host tissues and the overall virulence of bacteria. 
As a consequence, multiple elements have been recognized by the 
adaptive immune system and have undergone extensive research 
as potential targets for the development of vaccines [14–16]. The 
diverse range of virulence factors exhibited by P. aeruginosa allows 
it to induce a multitude of disease manifestations, establishing 
its status as a significant pathogen in humans [17]. The abil-
ity of this pathogen to induce infections in various anatomical 
regions, such as the pulmonary and renal system, skin and soft 
tissues, and the eyes and ears, has been extensively studied [18, 
19]. Infections of this nature primarily affect individuals who 
have physical barriers, reduced phagocytic functions, or weak-
ened immune systems. The presence of P. aeruginosa, a pathogen 
frequently encountered in hospital environments, poses a consid-
erable obstacle to healthcare. It accounts for 17% of pneumonia 
cases linked to the use of ventilators, 9% of other pneumonia cases 
acquired within hospital settings [20, 21], 10% of urinary tract 
infections associated with catheters, 4% of bloodstream infections 
originating from central lines, and 6% of infections occurring at 
surgical sites. In addition, P. aeruginosa is noteworthy for being the 
main source of lung infections in CF patients, which significantly 
increases morbidity and death rates in this population [22, 23]. It 
has been identified as a commonly encountered pathogen among 
military personnel who have returned from battlefields in Iraq 
and Afghanistan. These individuals often present with infections 
that are directly linked to war-related activities [24, 25]. Outside 
of the battlefield, burn wound infections are an urgent concern 
for these bacteria since the individuals who suffer from them are 
becoming less responsive to antibiotics. Furthermore, individu-
als receiving chemotherapy who have advanced neutropenia—a 
decrease in neutrophil count—are more vulnerable to P. aeruginosa 
infections, which may include serious illnesses such as blood-
stream infections and pneumonia [26]. An efficient vaccination 
must be developed immediately since P. aeruginosa may cause 
a broad variety of diseases and is becoming more resistant to 
medications [27–30]. Our goal was to reduce P. aeruginosa–related 
morbidity and death by developing a multi-epitope vaccine by 
leveraging epitopes obtained from OprE and OprF via the use of 
immunoinformatics methods. 

Materials and Methods 
Retrieval of protein sequence 
An extensive review of the subject of research was performed 
to determine which proteins would be best for creating a 
multi-epitope vaccine. OprE (accession id: GLF06114) and OprF 

(UniProt id: P13794) are two significant outer membrane proteins 
from P. aeruginosa. The UniProt database was consulted in order to 
get the FASTA formatted protein sequences for these proteins. The 
ExPASy ProtParam via the web was implemented to evaluate the 
candidate proteins’ physical and chemical characteristics [31]. 
Moreover, the VaxiJen server version 2.0 assessed the protein’s 
antigenicity [32]. VaxiJen has carried out an antigenicity analysis 
by applying the utilization of data that accumulates from the 
physical and chemical attributes of the protein. The sequences 
(OprE and OprF) were compared using the NCBI protein–protein 
BLAST program to reduce the likelihood of cross-reaction and the 
formation of autoimmune conditions against human proteins. 

Immune epitope estimation 
Regarding the development of vaccines, B-cell epitopes possess 
the greatest interest as they stimulate the humoral immune 
response, leading to the production of antibodies that can 
efficiently eliminate pathogen antigens during an illness. A 
threshold of 0.5 was employed in our application of the Bepipred 
Linear Epitope Prediction 2.0 technique, which is accessible via the 
web server of the Immune Epitope Database (IEDB), to generate 
projections about sequence-based linear B-cell epitopes for two 
target proteins [33, 34]. For the purpose of our inquiry, we applied 
the default settings and uploaded the FASTA sequences of the 
protein. After identifying these B-cell epitopes, we evaluated their 
ability to serve as MHC-I and MHC-II epitopes using the MHC-I 
and MHC-II binding prediction tool on the IEDB website, using 
human HLAs as the benchmark. With all reference sets of human 
HLA alleles, MHC-I epitopes were discovered utilizing the 2020.09 
approach (NetMHCpan EL 4.1) as specified by the IEDB. The IEDB 
analytical resource MHC-II binding tool, which covers HLA alleles 
like human HLA-DR, was employed to undertake MHC-II binding 
projections. The corresponding binding alleles were determined 
utilizing the NetMHCIIpan EL 4.1 technique, with human HLAs 
serving as the standard reference set (see Supplementary Table S1 
available online at http://bib.oxfordjournals.org/) [35]. The 
epitopes that were chosen had elevated antigenicity scores 
(see Supplementary Tables S2 and S3 available online at 
http://bib.oxfordjournals.org/). In addition, these epitopes were 
examined for their allergic, poisonous, and soluble properties as 
described in the next section [36–39]. 

Epitope characterization 
The antigenic properties of the reported epitopes were verified uti-
lizing the VaxiJen v2.0 program, resulting in a suitable limit of 0.4. 
The k-nearest neighbours’ method (kNN, k = 1) and the autocross 
covariance (ACC) for sequence conversion were employed for 
arranging epitopes in the AllerTOP v2.0 system, which was uti-
lized to test the peptides’ allergenicity potential (https://www. 
ddg-pharmfac.net/AllerTOP/). ACC is a technique that converts 
protein sequences into vectors whose length can be accurately 
estimated. The kNN method (k = 1) was employed with a training 
set of 2427 known allergens and 2427 non-allergens from distinct 
species [40]. The toxicity of the targets was studied using the 
default configuration of the ToxinPred server, which incorporates 
an Support Vector Machine (SVM) (Swiss-Prot-)-based algorithm 
[41]. In addition, the solubility of these epitopes was assessed 
using the default settings of the Innovagen Peptide Calculator 
(https://pepcalc.com/). 

Vaccine construction 
Through the application of suitable linkers, including EAAAK 
and GPGPG, the adjuvant cholera toxin B, as well as certain B-
cell, MHC-I, and MHC-II epitopes, was combined to produce the
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vaccine. The prospective vaccine candidates, the epitopes, were 
connected by GPGPG linkers [42]. The adjuvant, which is typi-
cally employed to boost the effectiveness of vaccine, was coupled 
to the epitopes employing the EAAAK linker [43]. A substantial 
improvement in the comprehensive immunogenicity of the multi-
epitope peptide may be achieved with the incorporation of an 
adjuvant substance [44]. As a result of the fact that they favour 
epitope exhibition to the immune system and permit for effective 
immunological release, GPGPG linkers were used in the construc-
tion of the epitope peptide combination [45]. These linkers ensure 
that the protein is as flexible as possible while also facilitating the 
accurate folding of amino acids into the proper conformations. 

Characteristics and molecular conformations of 
the vaccine 
We investigated the vaccine’s chemical and biological character-
istics employing the ExPASy ProtParam database. This program 
availed application to protein sequence data to estimate several 
properties, such as molecular weight, solubility, theoretical iso-
electric point (pI), in vitro half-life, and GRAVY (grand average of 
hydropathy). The secondary structure was anticipated to employ 
two website servers: SOPMA and PSIPRED. 

Structure prediction and justification 
We applied I-TASSER (Iterative Threading Assembly Refinement) 
to generate the three-dimensional structure. The structure 
obtained from the experiment was subjected to additional 
refinement using the GalaxyRefine2 service. Through the 
utilization of PROCHECK to produce a Ramachandran plot, which 
can be available at https://servicesn.mbi.ucla.edu/PROCHECK/, 
the validity of the model was evaluated. The server assesses 
the model’s geometry and forecasts its stereochemical quality 
employing a set of programs named PROCHECK. The energetically 
viable torsional angles of a peptide’s residues, phi (υ) and psi 
(ψ), are illustrated graphically by a Ramachandran plot. The 
model’s dependability has been demonstrated by the percentages 
of residues in the allowed and disallowed areas. The projected 
tertiary structure’s accuracy was further analysed through the 
ProSA-web platform. The Z-score is calculated by this site; a 
number greater than zero indicates that the protein model 
may include flaws or instability. Moreover, model quality was 
determined employing Ramachandran diagrams (https://saves. 
mbi.ucla.edu/), which show the acceptable zones for amino acid 
conformations inside a protein structure. 

Population coverage screening 
The Population Coverage tool (IEDB) was employed for assessment 
how racial, regional, and national variations in epitope affinity for 
HLA alleles affect the creation of epitope-based vaccines. For this 
investigation, 23 geographical locations were selected using the 
default parameters. This study analysed the human MHC binding 
allele distribution to measure the scope of population coverage of 
T-cell epitopes across various geographical regions [46]. 

Discontinuous B-cell epitope assessment 
The ElliPro server was employed to estimate discontinuous B-cell 
epitopes. The server operated successfully with an initial residue 
number of 0.5 and an optimal distance of 6 Å when configured 
as default. The Protrusion Index (PI) allocates a sign to every 
epitope that produces the average of all the PI values for every 
residue inside the epitope. This approach correlates the three-
dimensional protein structure by ellipsoids. With a PI score of 
0.9, it is assumed that 90% of the protein’s residues are located 

within the ellipsoid and 10% are outside of it. The centre of mass 
of each residue is utilized to figure out the PI number and show if 
the residue fits inside the ellipse. The PI values of discontinuous 
epitopes help find them, and the distance parameter R, which  
contributes to how close the centres of mass of residues are to 
each other, decides how they are grouped. A higher R number 
means that there are more likely to be multiple discontinuous 
epitopes. 

Docking and molecular dynamics simulation 
Cluspro 2.0 employs rigid-body docking to predict protein interac-
tions. This software is extremely automated and efficient. It uses 
three primary processes grouping the best energy conformations, 
using a particular correlation based on fast Fourier transform, 
and executing brief Monte Carlo simulations to assess cluster 
stability. The MHC-I (PDB ID: 5xs3) and MHC-II (PDB ID: 3l6f) 
proteins, which were extracted from the RCSB’s PDB database, 
were customized for docking analysis with PyMol software. The 
best conformations were then shown for protein–protein interac-
tions using PyMol. The docked complex’s stability and physical 
properties were monitored via the iMODS web server (http:// 
imods.Chaconlab.org). This platform predicts protein-coordinated 
movements employing internal dihedral coordinates using nor-
mal mode analysis (NMA). The iMODS analysis assessed the 
vaccine–receptor complex’s deformability, B factor, eigenvalues, 
variance, covariance map, and elastic network. These analyses 
revealed an essential understanding of the complex’s structural 
movements. 

Immune simulation 
Actual vaccine immunogenicity was assessed employing the C-
ImmSim server. Machine learning and the PSS matrix produce 
immunological and peptide interaction assumptions in the agent-
based C-ImmSim dynamics simulator. The time span between 
the first and subsequent administrations of vaccination was a 
minimum of 4 weeks. As a result, 3 doses of 1000 vaccine proteins 
were given at intervals of 4 weeks at time points 1, 84, and 168 
(with the time point representing 8 h, with time point 1 corre-
sponding to the first injection at time = 0). As a consequence, there 
were cumulatively 1050 simulation steps. The settings of the C-
ImmSim immune simulator were modified appropriately, but all 
other parameters remained at their default levels. To investigate 
clonal selection and simulate recurrent exposure to an antigen in 
a normal milieu where the antigen is prevalent, three injections 
of the chosen peptide were administered at 4-week intervals. 
The Simpson index (D), which quantifies diversity, was computed 
based on the obtained data. 

Codon optimization and cloning 
We employed in silico cloning approaches to gain a better knowl-
edge of the expression patterns of our newly generated vaccine 
candidate in hosts of Escherichia coli. Operating the Java Codon 
Adaptation Tool (JCAT) website, the vaccine was enhanced and 
expression was achieved in the E. coli K12 strain. The study’s 
findings frequently suggest that the codon adaptation index (CAI), 
which is calculated by the JCAT’s output, should be >0.8 and 
closer to 1.0. This indicates that the nucleotide sequence consists 
of the codons that occur the most often [47]. Furthermore, the 
GC content percentage must be within the designated range of 
30% and 70% [48, 49]; in prokaryotes, greater GC concentration 
corresponds with improved protein expression [50]. The locations 
that were circumvented included the bacterial ribosome bind-
ing site, the Rho-independent transcription termination site, and
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Table 1. Porin OprE and Porin F protein models for B-cell epitopes and immunogenicity 

Protein Epitope sequence Start 
position 

Antigenicity 
score 

Allergenicity Toxicity Solubility 

Porin OprE KGDNIKSGRGDQSEW 391 1.8879 Non-allergen Nontoxic Good water 
solubilityGLPVSGSGTATQRDQ 435 1.5728 

Outer membrane porin F DKSKVKE 247 1.2018 
YGESRPVADNATAEGRA 320 0.9562 

the restriction enzyme cleavage site. The vaccine’s optimized 
nucleotide sequence was cloned into the E. coli pET-28a (+) vector  
using Snap Gene 5.2.4. In the N- and C-terminal edges of the 
sequence, EcoRI and EcoRV restriction sites were accordingly 
inserted. 

Results 
Retrieval of protein sequence 
OprE (accession ID: GLF06114) and OprF (UniProt ID: P13794) are 
two important outer membrane proteins from P. aeruginosa. The  
UniProt database produced protein sequences in FASTA format, 
which were then examined for antigenic potential using the Vaxi-
Jen v2.0 server. The investigation produced antigenic values higher 
than the cutoff point of 0.4, with OprE yielding 0.8657 and OprF 
yielding 0.8044. The ExPASy ProtParam web server was employed 
to further examine the physical and chemical properties of these 
proteins (see Supplementary Tables S4 and S5). 

Projection of linear B-cell epitopes 
The expression of antigen-specific antibodies in serum was 
increased by B-cell epitopes. When immunogenic epitopes 
attach to B-cell receptors in the natural world, the generation 
of antibodies begins, and the cells differentiate into memory 
and plasma cells. Memory cells contribute to the generation of 
secondary infection antibodies, while plasma cells are in charge 
of producing primary antibodies during the original infection. 
Therefore, the development of epitope-based vaccine depends on 
discovering B-cell epitopes within marker proteins. The epitopes 
that scored higher than the cutoff of 0.5 were selected. Among 
the 26 expected epitopes (see Supplementary Table S6), four 
(KGDNIKSGRGDQSEW, GLPVSGSGTATQRDQ from porin OprE, 
and DKSKVKE, YGESRPVADNATAEGRA from porin F) fulfilled the 
criteria defined above and were chosen for vaccine development 
(Table 1). 

Projection of MHC binding epitopes 
HTL-activating epitopes were discovered by using the IEDB service 
to find peptides that engage with MHC-I and MHC-II molecules. 
Targeting 54 predominant human alleles, the NetMHCpan EL 4.1 
method was implemented to forecast MHC-I epitopes. Using the 
NetMHCIIpan EL 4.1 approach, 27 alleles were selected for MHC-
II epitopes (see Supplementary Tables S2 and S3 available online 
at http://bib.oxfordjournals.org/). The epitopes’ allergenicity, tox-
icity, solubility, and antigenicity were additionally assessed. The 
scores of the top three putative epitope candidates associated 
with distinct MHC class alleles are presented in Tables 2 and 3. 

Vaccine construction 
The final vaccine formulation contained cholera toxin B as the 
adjuvant, which was connected to the B-cell epitope at the N-
terminal end by an EAAAK linker. Two B-cell epitopes were sep-
arated by GPGPG linkers, and then MHC-II peptides were inserted 

to join them. Lastly, the MHC-I epitopes were attached at the 
C-terminal end employing a GPGPG linker. Figure 1A presents the 
vaccine graphically. 

Physicochemical and secondary structure of 
vaccine 
Physicochemical characteristics of the designed vaccine revealed 
an estimated isoelectric point (pI) of 9.17 and a molecular weight 
of 40 764.71 kDa. It was estimated to have an in vitro half-life 
of 30 h in mammalian reticulocytes and an in vivo half-life of 
>20 h in yeast and 10  h in  E. coli. The vaccine was determined 
to remain stable, as evidenced by an instability index score of 
23.63 (values exceeding 40 points to instability). The vaccine’s 
thermostability was indicated by an aliphatic index of 47.27, while 
its hydrophilic nature was demonstrated by a GRAVY score of 
−0.827. The protein has a high solubility following expression, as 
demonstrated by its calculated solubility score of 0.586. According 
to the SOPMA technique, 21.87% of the isolates were alpha helices, 
11.55% were extended strands, 6.14% were beta twists, and 60.44% 
were random coils (Fig. 1B). 

Vaccine 3D structure: prediction, refinement, and 
validation 
A 3D configuration was generated using the I-TASSER server. From 
10 threading templates, 5 3D structural models were predicted 
with Z-scores ranging from 0.67 to 1.01 and C-scores ranging from 
−5 to −4. The model’s confidence is indicated by its C-score, which 
ranges from −0.5 to 2. The model chosen for further examina-
tion has the highest C-score of −0.67. The model according to 
evaluation had a root-mean-square deviation of 8.4 ± 4.5 Å and 
a Template Modeling (TM) value of 0.63 ± 0.14, as shown in the 
information provided in Fig. 2A. The TM score was calculated to 
evaluate the models’ structural similarity. 

Five unique vaccine variants were produced from the initial 
version. Model 5 proved to be the most significant model accord-
ing to structural parameters such as the Rama value (89.4), weak 
rotamers (0.0), GDT-HA (0.8888), RMSD (0.835), and MolProbity 
(1.887). For more research, this model was selected (Fig. 2B). The 
Ramachandran plot analysis was employed to confirm the struc-
ture of the vaccine. The results showed that 79.7% of the residues 
were in the most favoured regions, 18.4% were in the allowed 
regions, and 1.8% were in the prohibited regions (Fig. 2C). In 
addition, the ERRAT analysis determined that the updated model 
had an overall quality factor of 81.152%, as shown in Fig. 2D. 
The Z-score of the model, calculated using the ProSA, was found 
to be −4.85 (Fig. 2E). Overall, the results from computational 
applications of RAMPAGE, ERRAT, and ProSA-Web demonstrated 
the tertiary structure quality of the vaccine. 

Population coverage investigation 
T-Cell epitopes that bind to several HLA super types alleles were 
sought for wide population coverage. The MHC-I and MHC-II (T-
cell) epitope-specific IEDB database tool was utilized to estimate
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Table 2. Potential MHC-II epitopes from porin OprE and Porin F proteins and their immunogenicity 

Protein Epitope sequence Allele Antigenicity 
score 

Allergenicity Toxicity Solubility 

Porin OprE GTVDGGGRAGKSGLG HLA-DQA1∗05:01 2.4582 Non-allergen Nontoxic Good water 
solubilityTQGTVDGGGRAGKSG HLA-DQA1∗05:01 2.4616 

TVDGGGRAGKSGLGL HLA-DQA1∗05:01 2.3598 
Outer membrane porin F DAYNQKLSERGVEGY HLA-DRB1∗08:02,HLA-

DQA1∗04:01,HLA-
DRB1∗11:01 

1.6339 

NINSDSQGRQQMTTE HLA-DRB1∗03:01 1.8418 
TDAYNQKLSERGVEG HLA-DRB1∗08:02,HLA-

DQA1∗04:01,HLA-
DRB1∗11:01 

1.8237 

Table 3. Reported MHC-I epitopes from porin OprE and Porin F proteins and their immunogenicity 

Protein Epitope sequence Allele Antigenicity 
score 

Allergenicity Toxicity Solubility 

Porin OprE DGKNGSRSGR HLA-A∗33:01 3.2546 Non-allergen Nontoxic Good water 
solubilitySGSGTATQR HLA-A∗31:01,HLA-A∗68:01 2.9601 

TVDGGGRAGK HLA-A∗11:01 2.7645 
Outer membrane porin F DAYNQKLSER HLA-A∗68:01,HLA-A∗33:01 1.7436 

KLSERGVEGY HLA-B∗15:01,HLA-A∗30:02,HLA-
A∗01:01,HLA-A∗03:01 

1.7199 

NSDSQGRQQM HLA-A∗01:01 2.141 

Figure 1. (A) The multi-epitope vaccine possesses 407 amino acids. The N-terminal EAAAK linker includes the cholera toxin B buffer peptide. GPGPG 
linkers coupled B-cell, MHC-II, and MHC-I epitopes. (B) SOPMA secondary structure analysis revealed 21.87% alpha helices, 11.55% extended strands, 
6.14% beta twists, and 60.44% random coils in the vaccine. (C) PSIPRED predicts vaccine construct solubility and secondary structure. 

the geographic coverage of these anticipated epitopes. This anal-
ysis encompassed 16 geographical regions across 6 significant 
countries. According to population coverage analysis, 83.40% of 
the population would be safeguarded by the proposed vaccine 

worldwide. Notably, the predicted epitope core sequences demon-
strated substantial variations in population coverage rates. As 
illustrated in Fig. 3, the territories of the USA and Japan exhibited 
the highest and lowest coverage rates, respectively.
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Figure 2. Vaccine 3D structure prediction, refinement, and validation. (A) The initial 3D structure of the vaccine (I-TASSER). (B) GalaxyRefine aided in 
refining the three-dimensional structure. (C) The residues in the Ramachandran plot were classified as 79.7% favourable, 18.4% acceptable, and 1.8% 
in the disallowed zone. (D) With an ERRAT quality aspect of 81.152%. (E) According to the ProSA-web evaluation, the E.Z. was −4.85. 

Figure 3. HLA allele population coverage for particular epitopes by area and nation. 

Discontinuous B-cell epitopes 
A total of 212 residues were found in 13 discontinuous B-cell 
epitopes, corresponding to the ElliPro server information. The 
epitopes’ lengths encompassed >3 to 37 residues, while their 
scores varied from 0.502 to 0.971. The peptides that were discon-
tinuous are demonstrated in Fig. 4 (1–14). 

Docking and molecular dynamics simulation 
The ClusPro 2.0 server was employed to carry out protein–protein 
interaction between the vaccine and human immunological 
receptors. The model that exhibited the lowest energy value was 
deemed the most optimally docked of the 30 representations 
produced by the server. The results, shown in Fig. 5A and B,
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Figure 4. The ElliPro server predicts discontinuous B-cell epitopes for multi-epitope vaccination. 1–13. The green surface has discontinuous B-cell 
epitopes. 14. Discontinuous B-cell epitope residues and score. 

demonstrated that the vaccine exhibits significant binding 
affinity to both MHC-I and MHC-II receptors, the corresponding 
binding strengths of 865.4 kcal/mol and 879.6 kcal/mol, respec-
tively. The outcomes of this investigation demonstrated that 
the vaccine may interact with immune receptors in an efficient 
manner and stimulate substantial immune responses ( Fig. 5). 

The iMOD server was employed to conduct NMA to assess 
the vaccine’s stability in combination with MHC-I and MHC-
II. A significant level of deformability was observed in the 
regions featuring hinges, as illustrated in Figs. 6 and 7. The B-
factor values revealed a direct relationship with the root mean 
square in the normal mode analysis. Specifically, the eigenvalues 
for the MHC-I complex were determined to be 2.534410 × 108, 
and those for the MHC-II complex were 2.869817 × 108. The  
energy necessary for structural deformation is denoted by 
these values; value reduction indicates easier deformation. The 
relationships between residue pairs are depicted in the covariance 
matrix, whereas the interatomic connectivity via springs is 
illustrated in the elastic network model. The data suggest that 
the vaccine exhibits prolonged interactions with MHC-I and 
MHC-II. 

Immune simulation 
The results obtained from immune simulations completed by the 
C-ImmSim server exhibited a notable enhancement in immune 
responses that displayed similarities to genuine immunological 
reactions. An elevation of the IgM concentration revealed the most 
significant response. The antigen levels decreased while the B-
cell population, IgG1 + IgG2 antibodies, and IgG + IgM antibodies 
increased in response to secondary and tertiary injections. In 
addition, memory cells and TC cells could be incorporated into 
a vaccine model to augment the TH population. Additionally, 
IFN- and IL-2 production increased with repeated exposure. These 

findings confirmed the vaccination model’s immunogenic and 
antigenic characteristics (Fig. 8). 

Codon optimization and in silico cloning 
A specific amino acid being programmed by multiple codons in 
distinct organisms results in codon bias. Identical amino acids 
may be transcribed using distinct codons due to variations in 
the cellular machinery between organisms. Predicting the most 
efficient codon for encoding a specific amino acid in a given 
organism was the objective of this investigation, which applied 
codon adaptation. The microorganism E. coli strain K12’s codon 
was optimized using the java codon adaptation tool. Restriction 
enzyme cleavage sites, including EaeI and StyI, rho-independent 
transcription terminators, and bacterial ribosome binding sites, 
have been reported to the server. The optimized sequence showed 
a CAI of 0.966 and a GC content of 55.937%, in contrast to the 
native GC level of E. coli, which was 50.734%. Afterwards, locations 
for restriction enzymes were searched for in the codon-optimized 
vaccine construct sequence; EcoRI and EcoRV enzymes were not 
identified in the vaccine. In order to facilitate in silico cloning, 
these enzymes were consequently encompassed into vaccine can-
didates. Eventually, a successful clone of 5205 bp was generated 
after placing the vaccine into the pET28a (+) vector, as shown in 
Fig. 9. 

Discussion 
The major membrane proteins of Pseudomonas play diverse 
roles during visceral infections, aiding bacterial growth in high-
osmolarity environments, impeding macrophage microbicidal 
functions, and influencing susceptibility to antimicrobial pep-
tides [51]. To develop more effective immunization strategies 
against P. aeruginosa, it is essential to identify the immunogenic
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Figure 5. (A) MHC-I receptor with a vaccine candidate interaction between chain A and chain B. (B) MHC-II receptor with vaccine candidate interaction 
between chain A and chain B and chain C. The interaction analysis was predicted by the web server (PDBsum) and virtualized by PyMOL. 

Figure 6. Molecular dynamics simulation of a vaccine model with MHC-I includes several aspects. (A) Analysis of deformability through molecular 
dynamics simulations. (B) Examination of B-factors. (C) Evaluation of eigenvalues, where lower numbers indicate more facile deformation. (D) Analysis 
of variance, with red indicating individual variations and green indicating aggregate variances. (E) Covariance mapping, with red representing correlated 
regions, white demonstrating no correlation, and blue representing anti-correlation. (F) Elastic network analysis, where darker areas suggest increased 
stiffness. 

epitopes of the essential membrane-associated proteins of P. 
aeruginosa, such  as  OprE and OprF, as well as their interac-
tions with the MHC alleles of the host and immune cells. A 
technique that recently appeared to be an economical, quick, 

and dependable method for detecting antigenic regions of 
proteins is the application of immunoinformatics methods. 
These methods involve an assortment of bioinformatics tools 
and databases. For the purpose of improving subunit vaccines, 
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Figure 7. Molecular dynamics simulation of a vaccine model with MHC-II includes several aspects. (A) Analysis of deformability through molecular 
dynamics simulations. (B) Examination of B-factors. (C) Evaluation of eigenvalues, where lower numbers indicate more facile deformation. (D) Analysis 
of variance, with red indicating individual variations and green indicating aggregate variances. (E) Covariance mapping, with red representing correlated 
regions, white demonstrating no correlation, and blue representing anti-correlation. (F) Elastic network analysis, where darker areas suggest increased 
stiffness. 

Figure 8. In silico immune system simulations using the C-ImmSim service include the following observations: (A) Increases in IgM and IgG responses 
(depicted as a cream peak) and a reduction in antigen levels (black peak) were noted after the second and third injections. (B) Activation of the B-cell 
population is shown by a purple peak. (C) Boosting of B cells for memory functions is indicated by a green peak. (D) TH cell activation is represented by 
a purple peak. (E) The enhancement of memory TH cells is shown as a green peak. (F) The T-cell response showing Th1 polarization is depicted with a 
purple peak. (G) Increases in IL-2 (cream peak) and IFN-γ (purple peak) in response to the vaccine. 
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Figure 9. In silico pET-28a (+) vaccine cloning. The vector DNA was black, whereas the vaccination DNA was green. The SnapGene restriction sites EcoRI 
and EcoRV were cloned. 

this method provides simpler methods for discovering promising 
antigens [ 52–55]. 

Therefore, the objective of this investigation was to develop 
an innovative multi-epitope vaccine against P. aeruginosa infec-
tion. The vaccine was designed through an immunoinformatics 
technique and focused on the main membrane proteins of the 
bacterium, OprE and OprF [51]. The promiscuous, highly immuno-
genic, nontoxic, and non-allergenic B- and T-cell (MHC-I and 
MHC-II) epitopes were identified by integrating the predictions 
generated by numerous distinct epitope prediction mechanisms. 
Furthermore, these epitopes exhibited a strong propensity for 
binding to an inclusive variety of human leukocyte antigen alleles. 
This was a significant finding. As a consequence, the antici-
pated epitopes, in conjunction with the linkers that had been 
constructed, were used in the process of constructing a possi-
ble vaccine, which incorporated cholera B toxin as an adjuvant 
[56, 57]. 

We noticed that our possible vaccine had a molecular weight 
of 40.76 kDa when we were in the midst of assessing its physic-
ochemical properties. Considering the standard recommendation 
for proteins to have a molecular weight of ≤100 kDa, this quantity 
is within the permissible range for straightforward synthesis and 
purification [58]. The theoretical isoelectric point (pI) of the  vac-
cine was 9.17, indicating an alkaline nature. Particularly notewor-
thy is that the vaccine had prolonged half-lives, which exceeded 
10 h in E. coli and >20 h in yeast cells, indicating that it was visible 
to the immune system for an extended period of time. In standard 
applications, the vaccine had an elevated degree of stability, as 
shown by its stability index, which was <40. Furthermore, the 
high aliphatic index showed that the substance had outstanding 
thermostability, and the low GRAVY value indicated that it has 
hydrophilic properties [59, 60]. 

The secondary structural analysis revealed that the vaccine 
was largely composed of random coils, which represented 

60.44% of the total, followed by alpha helices, which accounted 
for 21.87%, and extended strands (10.55%). A stable structure 
that was primarily characterized by random coils, which helps 
in identification by components of the immune system, was 
proposed based on these results [61]. Next, the tertiary structure 
of the peptides was determined by employing the I-TASSER. 
Afterwards, the GalaxyRefine server was employed with the 
goal of refining and improving the structural irregularities 
that emerged [62]. The examination of the projected three-
dimensional model using well-established methods revealed 
that 79.7% of the residues were located in the chosen location. 
This finding is indicative of the stability and excellent quality 
characteristics of the proposed structural model [63]. 

According to an investigation that examined population cov-
erage, the vaccine managed to safeguard 83.40% of the global 
population. The USA had the highest coverage percentage, which 
was >90% [64, 65]. Furthermore, the vaccine was docked with 
both MHC-I and MHC-II receptors to determine whether it could 
provoke an effective immunological response. According to the 
data, the vaccine showed the greatest binding affinity for both 
MHC-I and MHC-II complexes. Strong binding indicates that the 
vaccine peptides are likely to be effective, facilitating the acti-
vation and growth of these T cells via MHC-I molecules, which 
are mainly responsible for presenting endogenous antigens to 
CD8+ cytotoxic T cells. This activation plays a crucial role in 
managing and resolving infections since it is necessary for locat-
ing and destroying contaminated cells. Likewise, the high bind-
ing affinity of the vaccine for MHC-II molecules, which expose 
CD4+ helper T cells to external antigens, suggests that these 
cells are capable of efficiently identifying vaccine peptides. The 
coordination of the immune response as a whole, which includes 
stimulating CD8+ T cells and activating B cells to produce anti-
bodies, depends on this relationship. The vaccine candidate may 
be able to elicit a strong and all-encompassing immunological
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response, as shown by its dual high binding affinities to MHC-
I and MHC-II [66–68]. In vaccine development, verifying the sta-
bility of vaccine–receptor interactions is critical for guaranteeing 
successful immune responses. Following docking studies, molec-
ular dynamics simulations demonstrated considerable stability of 
vaccination complexes with both MHC-I and MHC-II receptors, as 
evidenced by the values of 2.534410 × 108 for the MHC-I complex 
and 2.869817 × 108 for the MHC-II complex [56, 69, 70]. These 
numbers represent the energy needed for structural deformation, 
with lower values indicating easier deformation. This stability is 
required for extended antigen presentation, which promotes T-
cell activation. Stable MHC-I complexes guarantee successful pre-
sentation to CD8+ cytotoxic T cells, which is crucial for targeting 
infected cells, while stable MHC-II complexes allow for effective 
engagement with CD4+ helper T cells, which is required for B-cell 
activation and immune response coordination. Thus, the substan-
tial binding affinities and stability suggested by these simulations 
highlight the vaccine candidate’s capacity to elicit a complete 
and prolonged immune response, making it a suitable option for 
further development [66, 71–73]. The immunological simulation 
results suggest that using this multi-epitope vaccine protein could 
generate a significant quantity of antibacterial cytokines. Addi-
tionally, it may also stimulate both humoral and innate immune 
responses, making it a potential option for combating Pseudomonas 
infection [47, 74]. The technique of in silico cloning was employed 
to evaluate the observation of the peptides in the E. coli, which 
served as the host organism [75, 76]. Overall, these results indicate 
that the recommended vaccine design is a suitable option for fur-
ther research since it may be extremely stable and has potential 
for mass manufacturing. Further research via in vitro or in vivo 
tests will be necessary to clearly confirm the immunogenicity, 
efficacy, stability, safety, and various biophysical features of the 
prospective vaccine. 

Conclusion 
A multi-epitope vaccine targeting P. aeruginosa was successfully 
created using an immunoinformatics technique that included 
OprE and OprF epitopes. The vaccine displayed promising binding 
affinity and durability for MHC-I and MHC-II receptors, as well 
as widespread worldwide coverage. Codon optimization made it 
possible to clone the gene into a plasmid vector. This opens the 
door for future clinical and experimental validation, providing 
a viable way to treat P. aeruginosa infections and reduce the 
associated death and morbidity. 

Key Points 
• High affinity binding: The selected epitopes demonstrate 

strong and stable binding affinities for both MHC class I 
and class II receptors, indicating robust potential to elicit 
an immune response. 

• Global coverage: The vaccine is designed to be effective 
across diverse genetic populations, ensuring broad appli-
cability and effectiveness worldwide. 

• Codon optimization and cloning of vaccine: Codon opti-
mization of the vaccine’s sequences facilitated success-
ful cloning into a plasmid vector, an essential step for 
producing the vaccine in laboratory settings. 

Supplementary data 
Supplementary data is available at Briefings in Bioinformatics 
online. 
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