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Introduction: Vaccine studies against Pseudomonas aernginosa have often focused on outer membrane proteins (OPRs) due to
their potent stimulation of the immune response. Using major outer membrane proteins of cell walls (mOMPs) of P. aeruginosa
and other Gram-negative bacteria actively stimulate the immune system without any toxic side effects. Moreover, these
antigens show immunological cross-reactivity with mOMPs of other serotypes belonging to the same species. The main OPRs
of P. aeruginosa, OptF, and OprL, have received much attention from biologists as the potential OPR-based vaccine candidates.
Methods: Homology modeling of OptFF and OprL. was done based on the template structures obtained from the BLAST
search. The quality of OptF and OprL. molecules was assessed using GMQE and QMEAN4 quality assessment tools. The
secondary structure of the proteins was predicted as well as the structural topology, subcellular localization, functional analyses,
signal peptide and B cell epitopes of proteins. Results: The structures of OptF and OprL proteins were successfully modeled
and assessed using 4RLC-A and 4G4V-A as template structures. The regions of the proteins with a high B cell epitope density
were identified as candidates for vaccine design. These regions contain functional and exposed amino acids. In these regions,
the majority of amino acids were hydrophilic, flexible and accessible. Conclusion: It should be noted that in silico approaches
are appealing alternatives for empirical methods. These approaches could pave the way for precise vaccine design efforts with

lower cost and time. | Med Microbiol Infec Dis, 2018, 6 (1): 1-7.
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INTRODUCTION

The nature and acquired resistance of P. aeruginosa to a
variety of new antibiotics have led researchers to look for
new ways to treat and prevent infections caused by this
bacterium. Since 1960, the immunological methods based
on pathogenicity and virulence factors in addition to new
antibiotics were considered as significant approaches to
fight against this infection [1, 2]. The most crucial factor in
reducing the mortality rate caused by this bacterium is early
diagnosis followed by appropriate antibiotic treatment. The
control of Pseudomonas infection frequently fails due to the
indiscriminate use of drugs and increased drug resistance,
especially against conventional antibiotics. Currently, the
immunotherapy with harmless and effective vaccines to
prevent complications caused by P. aeruginosa is very
promising. Subcutaneous injection of an effective dose of
the purified bacterial lipopolysaccharide as an active
immunogen has been suggested by many researchers [2, 3].

The pathophysiological nature of LPS and its serotype-
specific immunological activities has limited LPS
applications for Pseudomonas infection control, whereas
major outer membrane proteins of cell walls (MOMPs) of
this bacteria and other Gram-negative bacteria have
received much attention. The mOMPs are non-toxic and
active stimulants of the immune system. Moreover, these
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molecules show immunological cross-reactivity —with
mOMPs of other serotypes belonging to the same species.
Today, the protection of mOMPs of many pathogenic
Gram-negative bacteria against the corresponding etiologic
factors have been approved [4]. The OprF and OprL are
lipoprotein constituent of secretory pumps in the outer
membrane of P. aeruginosa [5]. The OprF and OprL
proteins are respectively used to identify the genus
Pseudomonas and P. aeruginosa species. These two genes
encode the major lipoproteins of outer membrane involved
in antibiotic resistance of bacteria [6].

The first step to achieve an effective vaccine against the
target organism is to identify the optimal combinations of
protective regions.
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Polysaccharide capsules, as well as protein moieties, are
among the protective antigens used in the formulation of
multiple vaccines. However, the need for a culture of
pathogenic bacteria and the molecular instability of their

antigens, has hindered the introduction of effective vaccines.

Today, development of vaccines have focused on
identification and production of recombinant protein
antigens [7]. Access to whole genome sequencing data of
pathogenic bacteria and various bioinformatics tools have
initiated a new era for scientists to identify the
immunogenic antigens. The interaction between the
exposed surfaces or secretory proteins with host cells is the
crucial step in virulence and pathogenicity. Bioinformatics
tools could be employed to achieve novel insights into these
interactions and their uses in vaccine design studies.

One of the leading bioinformatics objectives in
immunology is algorithm development for production of
new vaccines. ldentifying valid and reliable epitopes
through bioinformatics computing reduces the costs of
laboratory analysis of bacterial, viral and parasitic gene
products [8]. In the present study, bioinformatics tools were
used for further characterization of OprF and OprL proteins
of P.aeruginosa, and the obtained results were used to
design an effective vaccine against this bacterium. In this
regard, the structures of these proteins were predicted and
evaluated. The obtained structures were used for prediction
of the regions with the higher B cell epitope density [9].

MATERIAL AND METHODS

Sequence availability and homology search. The
OprF and OprL protein sequences with accession numbers
of WP_004885687.1 and WP_003111417.1 were acquired
from NCBI (http://www.ncbi.nlm.nih.gov/protein) and
saved in FASTA format for further analyses. The sequences
served as a query for protein BLAST search against a non-
redundant protein database (http://blast.ncbi.nlm.nih.gov-
/Blast.cgi). We also searched for the probable putative
conserved domains of the query proteins.

Template search. The query protein sequences were
used as an input for the PSI-BLAST search against protein
data bank (PDB) at “http://blast.ncbi.nlm.nih.gov/Blast.cgi”
to identify its homologous sequences with resolved
structures.

Primary sequence analysis. Protparam [10] online
software  (http://expasy.org/tools/protparam.html)  and
InterPro program (https://www.ebi.ac.uk/interpro) were
employed for estimation and determination of the properties
such as molecular weight, theoretical pl, amino acid
composition, the total number of negatively and positively
charged residues, instability index, aliphatic index and
molecular function.

Subcellular localization. The subcellular localization
of the proteins was predicted by CELLO [11] and PSORTII
(https://psort.hgc.jp/form2.html).

Topology and signal peptide prediction. SignalP 4.1
software [12] was used to predict the presence and location
of signal peptide cleavage sites in amino acid sequences
from different organisms. The method incorporates a
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prediction of cleavage sites and a signal peptide/non-signal
peptide prediction based on a combination of several
artificial neural networks. The SPOCTOPUS programme
[13] and PRED-TMBB software (http://bioinformatics.-
biol.uoa.gr/PRED-TMBB/input.jsp) were employed to
determine the membrane protein topology and signal
peptides.

Secondary structure prediction. The secondary
structure of the protein was predicted by PSIPRED [14]
software. The PSIPRED Protein Sequence Analysis
Workbench aggregates several University College London
(UCL) structure prediction methods into one location.
Phyre2 software [15] at “http://www.sbg.bio.ic.ac.uk/phyre-
2/html/page.cgi?id=index” employed to validate the
PSIPRED predictions.

3D structure prediction, evaluation, and refinement.
The SWISS-MODEL [16] Workspace at “http://swiss-
model.expasy.org” is a web-based integrated service
dedicated to protein structure homology modeling. It assists
and guides the user in building protein homology models at
different levels of complexity. Building a homology model
comprises four main steps, identification of structural
template (s), alignment of the target sequence and template
structure(s), model building, and model quality evaluation.
These steps can be repeated until a satisfying modeling
result is achieved. Each of the four steps requires
specialized software and access to up-to-date protein
sequence and structure databases. All the designed 3D
models of the proteins were qualitatively estimated by
GMQE and QMEAN4 scores. The obtained structures were
refined using the 3Drefine program at
“http://sysbio.rnet.missouri.-edu/3Drefine”. The quality of
refined models was estimated by the RaAAMPAGE program
at “http://mordred.bioc.cam.-ac.uk/~rapper/rampage.php”.

Identification of functionally and structurally
important residues. The Consurf [17] program at
“http://consurf.tau.ac.il” was used for annotating functional
residues of protein structure in the twilight zone.

Ligand binding site predictions. The Cofactor [18] is a
structure-based method for biological function annotation
of protein molecules. This software predicts the relevant
amino acid involved in the ligand binding site.

Single-scale amino acid properties assay and B cell
epitope prediction. The IEDB database [19] parameters
such as hydrophilicity, flexibility, accessibility, turns and
the antigenic propensity of polypeptide have been
correlated with the location of B cell epitopes. This has led
to a search for empirical rules that allows prediction of the
position of B cell epitopes from specific features of the
protein sequence. The ElliPro [20] at “http://tools.immun-
eepitope.org/tools/ElliPro/tutorial.jsp” predicts linear and
discontinuous antibody epitopes.

RESULTS

Sequence availability and homology search. The
OprF sequence with 344 residues and OprL sequence with
168 residues were obtained from NCBI and saved in
FASTA format. The protein sequence serving as a query for
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BLAST analysis returned a set of sequences as the highest
similar sequence. The BLAST search revealed numerous
hits to the OprF and OprL subunit sequence. All hits
belonged to the genus Pseudomonas. The putative
conserved domains were detected within OprF and OprL
sequences. Most of the sequences belong to ompA_C-like
(Peptidoglycan binding domains similar to the C-terminal
domain of outer-membrane protein OmpA). The OmpA-
like domains (named after the C-terminal domain of OmpA
protein) have shown to be non-covalently associated with
peptidoglycan, a network of glycan chains composed of
disaccharides, which are cross-linked via short peptide
bridges.

Vaccine for Pseudomonas Aeruginosa

Template search. The PSI-BLAST against protein data
bank (PDB) results displayed several hits as homologous
structures. The first hit possessing the highest score was
selected as a template for homology modeling (Table 1).

Primary sequence analysis. The protein sequence
served as input for the computation of various physical and
chemical parameters. The computed parameters included
the molecular weight, theoretical pl, instability index,
aliphatic index and the grand average of hydropathicity
index that indicates the solubility of the proteins (positive
GRAVY (hydrophobic), negative GRAVY (hydrophilic))
are summarized in Table 2.

Table 1. The template structures for homology modeling of OprF and OprL structures.

PDB BLAST Accession Max score Query coverage Max ident
OprF 4RLC-A 148 44% 50%
OprL 4G4V-A 134 59% 63%

The Table presents the PDB ID of each template along with the BLAST search score, the sequence coverage of the template over the OprF and OprL

sequences and the identity of sequences between OprF and OprL and the templates

Table 2. Physical and chemical parameters of OprF and OprL

Residue number Molecular weight Theoretical pl Instability index Aliphatic index GRAVY
OprF 344 36549.1 4.69 30.77(stable) 69.74 -0.448
OprL 168 17925.0 5.95 25.79 73.27 -0.432

Subcellular localization. The subcellular localization
of the OprF and OprL was predicted to be the outer
membrane. The predicted location was associated with the
highest reliability index (4.848 and 4.016 respectively).

Topology and signal peptide prediction. The OprF
and OprL signal peptide cleavage site predicted by
SPOCTOPUS and SignalP programs are shown in Figure 1.
The first 24 amino acids of OprF and 21 amino acids of
OprL were predicted to compose the signal peptides. The
topology of the transmembrane proteins was predicted to be
single span transmembrane by SPOCTOPUS and PRED-
TMBB programs.

Secondary structure prediction. The secondary
structure of the proteins was predicted by PSIPRED
program. The coil, helix, and strands are the main
secondary structure components constituting the secondary
structure of the proteins. The results from Phyre2 confirmed
the results of the PSIPRED program. The secondary
structure could be used to validate the tertiary structures.
The attribution of the secondary structure components in
the proteins is listed in Table 3.

Inside
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Fig. 1. Topology prediction for OprF (up) and OprL (down) by the SPOCTOPUS programs
The yellow line represents the signal peptide, and the red line represents the sequences located outside of the cell (extracellular).

Table3. Attribution of secondary structure components in the OprF and OprL

alpha helix beta strand random coil
OprkF 19% 35% 46%
OprL 42% 8% 50%
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3D structure prediction, evaluations, and
modification. Building a homology model comprises four
main steps: identification of structural template (),
alignment of the target sequence and template structure (s),
model building, and model quality evaluation. These steps
can be repeated until a satisfying modeling result is
achieved. Each of the four steps requires specialized
software and access to up-to-date protein sequence and
structure databases. Swiss model software recruited for
homology modeling introduced 2 models. All the models
were selected for further analyses. The 3D models

estimated qualitatively by two programs revealed that there
was a consensus on a single model. The results are shown
in Table 4. Ramachandran plot evaluations indicated that
the predicted models have more than 90% of their residues
in the favored region.

ldentification of functionally and structurally
important residues. The Consurf annotated functional
residues on the 3D structure of OprF and OprL in twilight
zone (Figure 2).

Table 4. Estimated quality scores of the predicted 3D models for OprF and OprL before and after refinement.

Model Figure Seq Identity Seq Similarity Coverage GMQE QMEAN4 Refined QMEAN4
e
OprF 1 g 53.33% 0.44 0.29 -3.60 -2.77
OprF 2 g 50.99% 0.44 0.26 -4.23 3.14
r
oprL1 % 42.86% 0.75 0.58 -3.39 256
OprL 2 @/\ 50.40% 0.74 0.57 -1.97 112

The conservation scale

02 3456 78E

Variable Average Conserved

Fig. 2. Functionally and structurally essential residues in OprF (up) and OprL (down)
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Fig. 3. Cofactor ligand binding site prediction in OprF (up) and OprL (down)

Ligand binding site predictions. The OprF ligand
binding sites determined by COFACTOR software
indicated the involvement of conserved residues 31, 32, 70,
72, 87 and 112 in the binding site with the highest
Cscore"® (the confidence score of predicted binding site).
The OprL ligand binding sites determined using
COFACTOR software, indicate the involvement of
conserved residues 31, 32, 65, 67, 72 and 118 in binding
site with the highest C-score™® (Figure 3).

Single-scale amino acid properties assay and
prediction of B cell epitopes. The IEDB programs
predicted several properties such as hydrophilicity,
accessibility, antigenicity, flexibility, and beta-turn
secondary structure in the protein sequence. The propensity
scale methods assigned a propensity value to each amino
acid which measures the tendency of an amino acid to be
part of a B-cell epitope (as compared to the background).
To reduce fluctuations, the score for each target amino acid
residue in a query sequence was computed as the average of
the propensity values of the amino acids in a sliding
window centered at the target residue. Hydrophilicity,
accessibility, antigenicity, flexibility and secondary
structure properties have a fundamental role in B cell
epitope prediction. A reliable result cannot be achieved
regarding B cell epitope prediction by relying only on just

Table 5. OprF and OprL linear Epitopes Predicted by ElliPro

one of these properties. Therefore, to confirm the results of
B cell epitope predictions the single-scale amino acid
properties of the proteins were predicted. B cell epitope
prediction results indicated that four linear along with 11
discontinuous B cell epitopes exist in OprF protein and five
linear along with 8 discontinuous B cell epitopes in OprL
protein (Table 5, 6). The epitopes were mainly predicted to
be situated in the C terminus region.

DISCUSSION

P. aeruginosa, an opportunistic gram-negative bacillus,
is one of the most critical hospital pathogens [21]. The
mortality resulted from infections caused by this bacteria is
very common due to its inherent resistance to most
common antibiotics. This bacteria causes urinary tract
infections, respiratory system infections, inflammation and
dermatitis, soft tissue infections, bacteremia, bone and joint
infections, gastrointestinal infections and a variety of
systemic infections, particularly in immunosuppressed
patients with severe burns, cancer, and AIDS (acquired
immune deficiency syndrome). Virulence factors of this
bacteria including toxins, enzymes, flagella,
lipopolysaccharide, pili, and secretory proteins create
severe and fatal infections [1, 2].

Protein  No. Start End Peptide Number of residues Score
CPDTPANVTVDADGCPAVAEVVRVELDVKFDFDKSVVKPSSYGDIK

OprF 1 209 344 NLADFMQQYPQTSTTVEGHTDSVGPDAYNQKLSERRANAVKQVLV 136 0.792
NQYGVGASRVNSVGYGESRPVADNATESGRAVNRRVEAEVEAQAK

OprF 2 1 7 MKLKNTL 7 0.592

OprF 3 156 165 QYNIDQGNTE 10 0.583

OprF 4 117 132 QSIGQDARGGRDGSTF 16 0.555

OprL 1 138 168 LELVSYGKERPVATGHDEQSWAQNRRVELKK 31 0.837

OprL 2 93 111 GSGQRVVLEGHTDERGTRE 19 0.682

OprL 3 75 85 DLKPEAMRALD 11 0.665

OprL 4 53 64 GSLSDEAALRAI 12 0.625

J Med Microbiol Infect Dis
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Table 6. OprF and OprL discontinuous Epitopes Predicted by ElliPro

Protein  No. Residues Number of residues Score
OprF 1 _:R334, :V335, :E336, :A337, :E338, :V339, :E340, :A341, :Q342, :A343, :K344 11 0.983
OprF 2 _:R318, _:P319, :V320, :A321, :D322, :N323, :A324, :T325, :E326, :S327, :G328, 15 0.942
_:R329, :A330, :V331, :N332
OprF 3 _:Y302, _:G303, _:V304, :G305, _:A306, :S307, _:R308, _:V309, :N310, _:S311, _:V312, 16 0.862
_:G313, :Y314, :G315, :E316, :S317
OprF 4 _:M260, _:Q261, :Q262, :Y263, _:P264, :Q265, :T266, _:S267, _:T268, :T269, _:V270, 25 0.846
_E271, G272, _:H273, _:T274, _:D275, _:S276, _:V277, _:G278, _:P279, :D280, _:A281,
:Y282, :N283, :Q284
OprL 1 _:R163, :V164, :E165, :L166 4 0.772
OprL 2 _:W158, :A159, :Q160, :N161 4 0.759
OprL 3 _:E155, :Q156, :S157 3 0.75
OprL 4 _:Q137, _:E139, _:L140, V141, :S142, :Y143, G144, :K145, :E146, :R147, _:P148, 17 0.684
V149, :A150, :T151, :G152, :H153, :D154

Lipopolysaccharide (LPS) based vaccines,
PseudogenTM, a heptavalent preparation, and PEV-01 a
16-valent vaccine, showed to be the most potent vaccines
tested against P. aeruginosa infections [22, 23]. However,
due to the toxicity associated with their lipid, LPS vaccines
failed to be approved for clinical use [24]. Despite many
efforts to develop an effective vaccine based on less toxic
vaccine moieties and even their success to induce humoral
responses [23, 25], an FDA approved P. aeruginosa
vaccine for clinical use is not available yet. Given the
failure of the previous efforts to provide an efficient anti-P.
aeruginosa vaccine, attentions were driven to OPRs due to
their high conservancy and their ability to induce a cross-
protective immunity among all 17 known P. aeruginosa
serotypes, their ability to be produced by recombinant DNA
technology free of contaminating LPS, their applicability
to be designed as naked DNA immunization agents and
their potential to be transfected into particular vectors like
non-pathogenic Salmonella strains to induce a mucosal
immune response [7, 26, 27]. These facts have convinced
us to perform an in silico analyses to provide
immunological insights about two main OMPs of the P.
aeruginosa.

Our structural results indicate the high quality of
predicted structures. These structures could be employed
for accurate prediction of other structure-based features of
the OprF and OprL proteins like conformational B cell
epitopes. The positions of the predicted epitopes within the
OprF and OprL sequences reveals that the C terminus
regions of these proteins contain higher numbers of both
linear and conformational B cell epitopes, while the N
terminus region contains only one epitope. The results of
the single-scale amino acid properties confirmed the results
obtained from ElliPro software. This indicates that the B
cell epitope predictions were reliable to a great extent. The
regions of the OprF and OprL protein with the highest
density of epitopes could be suitable candidates to be
included in the future vaccine design studies. Higher
protection could be anticipated using these regions as
individual vaccines or as combined antigens. There are
reports of combined OMPs vaccines comprising OprF and
Oprl, Vaccination with recombinant OprF-Oprl increased
protection to a 975-fold LD50. Even at a challenge dose of
5 x 10° CFU, highly significant protection could be
acquired [28, 29]. We believe that fusion vaccine of OprF
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and OprL could provide promising results due to the high-
density B cell epitopes within their sequences. Further
studies are required for the rational design of such fusion
vaccines.

Recently, in silico approaches for solving biological
issues have gained much attention due to the arduous and
time-consuming nature of empirical approaches. Using
bioinformatics tools would provide novel insight into the
unsolved problems. These tools allowed us to disclose
several structural, functional and immunological properties
of OprF and OprL, the two members of P. aeruginosa
mMOMPs. This information would pave the way for
immunologist in their efforts to design more effective
vaccines against this bacterium.
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