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Outer membrane protein A (OmpA) is the most promising vaccine candidate against one of the most
successful nosocomial pathogens, A. baumannii. Despite advantages of the antigen, its cytotoxicity could
be considered as a challenge in clinical trials. In order to improve this effective immunogen, rational
vaccine design strategies such as structure-based vaccinology should be assessed. However, native
structure of OmpA remains controversial. The present study is conducted to address the native structure
of OmpA; then, a novel immunogen with lower toxicity and higher antigenicity was designed based on
structural vaccinology. Various bioinformatic and immunoinformatic tools were harnessed to perform
analyses such as topology, secondary structure, and tertiary structure predictions as well as B-cell
epitope predictions. A novel 12-stranded model is suggested for OmpA. K320 and K322 were substituted
by Alanine, “NADEEFWN” sequence was replaced by “YKYDFDGVNRGTRGTSEEGTL”, Position 1e24 at the
N-terminus and the C-terminal sequence “VVQPGQEAAAPAAAQ” were removed. The designed construct
has more epitope density and antigenic properties with higher immunogenicity while its cytotoxicity is
decreased. Moreover, this single cross-protective antigen could trigger antibodies rendering protection
against two important nosocomial pathogens i.e. Pseudomonas aeruginosa and A. baumannii.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Acinetobacter baumannii is one of the most successful pathogens
causing nosocomial infections [1]. This bacterium can produce
multiple infection types including pneumonia, meningitis, bloodstream infections, skin and soft tissue infections and urinary tract
infections [2]. Owing to emergence of multidrug resistant (MDR)
strains of the pathogen, the clinical management of A. baumannii
infections is difﬁcult. In spite of the increasing prevalence of MDR
strains and their associated infections, no efﬁcient antibiotic is
developed for treatment of the infections by the pharmaceutical
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industry [3]. In this context, the active and passive vaccination
could be a cost-effective approach to reduce the clinical and economic burden of infections caused by this pathogen. To date,
several protein antigens are introduced as appropriate vaccine
candidates: OmpA [4e6], OmpW [7], Bap [8,9], Ata [10],
Omp34 kDa [6] and phospholipase D [11]. Amongst these, OmpA is
the most promising one for being a pivotal virulence factor of
A. baumannii [12] and is highly immunogenic in mice and human
[4e6]. This protein is highly conserved (>89%) at the amino acid
level among various clinical isolates sharing minimal homology to
human proteome [5]. During sub-lethal infection of A. baumannii in
mice, OmpA is a predominant target of humoral immunity [5].
Although OmpA is an appropriate vaccine candidate against
A. baumannii infections, some draw backs must be considered. This
protein could directly bind to eukaryotic cells, translocate to the
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nucleus by a nuclear localization signal (NLS) and thereby induce
cell death [13]. Recently, Lin et al. showed that recombinant OmpA
dose escalation resulted in an enhanced Type 2 immune response,
accompanied by restricted IFN-g-inducing epitopes and substantial
IL-4-inducing T cell epitope spreading. These results indicate that
immune polarization and epitope selectivity can be modulated by
altering vaccine dose [4]. Cytotoxicity of OmpA could be as a snag
behind the rOmpA dose escalation as a vaccine candidate. This
problem could be resolved by harnessing bioinformatic tools to
design a new OmpA-derived antigen. Nowadays, conventional
empirical vaccine development strategies are replaced by rational
vaccine selection and/or design approaches [14]. In this regard, two
broad areas could be remarkable: “reverse vaccinology” in which
novel vaccine candidates are unveiled via whole genome in silico
analyses [15] and, “structural vaccinology” in which available
structural information are invoked to engineering and designing
immunogens [16,17]. ‘Antigen minimization’ could be considered as
an effective branch of this approach in which domains of a given
protein, containing protective epitopes but lack other nonprotective or potentially undesirable epitopes, could be employed
to focus eliciting responses on the epitopes of interest. In this
approach, knowledge of the relevant protein structure may aid
selection of stable domains and/or design of stabilizing features
compensating for domain isolation [17]. “Broad-coverage immunogens” design is another branch of structural vaccinology [17] in
which a single antigen with broad cross-protective efﬁcacy against
various variants could be developed [16,17].
In spite of huge efforts conducted on OmpA structure [18e29],
its native conformation has still remained as a controversial challenge. Prediction of three-dimensional protein structures [30,31], B
and T cell epitopes predictions [32e35] and multi-epitope vaccine
designs [35,36] could also be considered as further applications of
bioinformatics and immunoinformatics. Moreover, involvement of
bioinformatics and immunoinformatics could obviously result in
signiﬁcant decrease in experimental attempts, avoid from inevitable ethical aspects of laboratory works as well as time consuming
and expensive experimental studies. In the current study, we
integrate various bioinformatics and immunoinformatics methods
to resolve structure of OmpA in A. baumannii; and then, to predict
its linear and conformational B cell epitopes. Ultimately, employing
structure-based vaccine design strategy, a novel OmpA-derived
antigen is designed in which its cytotoxicity is low while its
immunogenicity as well as the B-cell epitopes density are
enhanced.
2. Methods
2.1. Sequence availability
OmpA sequence (accession no. WP_000777878.1) was obtained
from NCBI at http://www.ncbi.nlm.nih.gov/protein/and saved in
FASTA format for further analyses.

Hidden Markov Model method) is discriminating beta-barrel outer
membrane proteins and predicting their trans-membrane betastrands [39]. BOCTOPUS2 is an improved topology prediction
method for putative trans-membrane beta-barrel proteins. BOCTOPUS2 could predict the location and number of the trans-membrane beta-strands as well as the orientation (i.e. facing lipids or
facing the barrel pore) of residues predicted in trans-membrane
beta-strands [40].
2.3. Secondary structure prediction
SYMPRED
[41]
at
http://www.ibi.vu.nl/programs/
sympredwww/, Jpred4 [42] at http://www.compbio.dundee.ac.uk/
jpred4/index.html and SEGMER [43] at http://zhanglab.ccmb.med.
umich.edu/SEGMER/were used to predict OmpA secondary structure. SYMPRED (a consensus-deriving secondary structure predictor) is employing the PSI-BLAST algorithm to produce input for the
individual methods used [41]. Jpred4 is the latest version of Jpred
could predict three-state (a-helix, b-strand and coil) secondary
structure with accuracy of >80.0% [42]. SEGMER splits the target
sequence into segments consisting of 2e4 consecutive or nonconsecutive secondary structure elements (alpha-helix, betastrand). The segments were then threaded through the PDB to
identify conserved substructures [43].
2.4. Three-dimensional structure prediction
2.4.1. Template search and homology modeling
The OmpA protein sequence served as a query for PSI-BLAST
against PDB at http://blast.ncbi.nlm.nih.gov/Blast.cgi to arrive at
an appropriate template for homology modeling.
2.4.2. Other approaches
Various servers with different approaches were also used to
avail an accurate 3D model for OmpA: RaptorX [44] at http://
raptorx.uchicago.edu/is a statistical template-based method for
protein structure prediction. Alignment accuracy of this tool is
improved enabling it to predict 3D structures of protein sequences
without close homologs in the Protein Data Bank (PDB). Phyre2 [45]
at
http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id¼index
analyze the effect of amino acid variants for a given protein
sequence and uses advanced remote homology detection methods
to generate 3D models. I-TASSER [46] at http://zhanglab.ccmb.med.
umich.edu/I-TASSER/identiﬁes structural templates from the PDB
using multiple threading approach LOMETS. Then, it constructs
full-length atomic models by iterative template fragment assembly
simulations. FALCON@home [47] at http://protein.ict.ac.cn/
TreeThreader/predicts protein structures based on remote homologue identiﬁcation. Rather than the full-length template, this tool
aligns a query protein with conserved regions found from each
template.
The signal peptide was removed from the query sequence in all
3D model predictions.

2.2. Signal peptide and topology prediction
SignalP 4.1 [37] at http://www.cbs.dtu.dk/services/SignalP-4.1/
and LipoP 1.0 [38] at http://www.cbs.dtu.dk/services/LipoP/were
employed to predict probable signal peptide within the sequence.
LipoP 1.0 could assign signal peptidase I and II cleavage sites within
the protein sequence.
Potential trans-membrane b-strands were predicted by 2
different servers: PRED-TMBB [39] at http://bioinformatics.biol.
uoa.gr/PRED-TMBB/and BOCTOPUS2 [40] at http://boctopus.cbr.
su.se/pred/. The analyses were performed on the full-length and
the truncated (195e356 aa) protein sequences. PRED-TMBB (a

2.4.3. Model evaluation and reﬁnement
Full-length modeled structures were evaluated by QMEAN [48]
at
http://swissmodel.expasy.org/qmean/cgi/index.cgi
and
RAMPAGE at http://mordred.bioc.cam.ac.uk/~rapper/rampage.php.
QMEAN (Qualitative Model Energy ANalysis) estimates the quality
of protein structure models and describes the major geometrical
aspects of protein structures. This server is a composite scoring
function which is able to derive both global (i.e. for the entire
structure) and local (i.e. per residue) error estimates on the basis of
one single model. RAMPAGE could depict the Ramachandran plot
for each predicted model.
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The best model was reﬁned by ModReﬁner [49] at http://
zhanglab.ccmb.med.umich.edu/ModReﬁner/. ModReﬁner is able
to draw the initial starting models closer to their native state, in
terms of backbone topology, hydrogen bonds and side-chain positioning and also generates signiﬁcant improvement in physical
quality of local structures. Quality of reﬁned models was reevaluated by QMEAN and RAMPAGE.
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QMEAN and RAMPAGE. The obtained structure of construct was
aligned with predicted OmpA structure by CLICK [61] at http://
mspc.bii.a-star.edu.sg/minhn/click.html. The reﬁned model was
used as input data for DiscoTope and BEpro to determine its
conformational B-cell epitopes. Conservancy of “ADNKTKEGRAMNR” and “ADNATAEGRAMNR” in OprF of P. aeruginosa PAO1
with acc. no. NP_250468.1 was analyzed (Ref) at http://tools.
immuneepitope.org/conservancy/.

2.5. Antigenicity analyses
2.8. Data validation
Hydrophilicity [50], ﬂexibility [51] and surface accessibility [52]
of OmpA were predicted by invoking IEDB tools at http://tools.iedb.
org/bcell/. Antigen probability of OmpA was estimated by VaxiJen
[53] at http://www.ddg-pharmfac.net/vaxijen/VaxiJen/VaxiJen.
html.
2.6. B cell epitope predictions
Various servers were used to ascertain linear B cell epitopes of
OmpA in A. baumannii.
BepiPred [54] at http://www.cbs.dtu.dk/services/BepiPred/uses
a combinationof a hidden Markov model and a propensity scale
method to predict linear B-cell epitopes. BCPREDS [55] at http://
ailab.ist.psu.edu/bcpred/is a novel method using the subsequence
kernel. SVMTriP [56] at http://sysbio.unl.edu/SVMTriP/invokes
Support Vector Machine (SVM) in combination with the Tri-peptide
similarity and Propensity scores (SVMTriP) in order to achieve the
better prediction performance. All epitope lengths available as the
server options were run on the OmpA sequence. EPMLR [57] at
http://www.bioinfo.tsinghua.edu.cn/epitope/EPMLR/is a novel
linear B-cell epitope prediction model developed using the multiple linear regression (MLR). LBtope [58] at http://www.imtech.res.
in/raghava/lbtope/index.php is an improved method for linear Bcell epitope prediction using antigen's primary sequence. This
method developed using various techniques (e.g., SVM, IBk) on a
large dataset of B-cell epitopes and non-epitopes (12063 epitopes
and 20589 non epitopes obtained from IEDB database). Moreover,
experimentally validated non B-cell epitopes were used for developing this prediction tool.
The predicted OmpA 3D structure served as an input ﬁle for
DiscoTope [59] at http://www.cbs.dtu.dk/services/DiscoTope/and
BEpro [60] at http://pepito.proteomics.ics.uci.edu/predicting
conformational B cell epitopes. DiscoTope invokes calculation of
surface accessibility (estimated in terms of contactnumbers) and a
novel epitope propensity amino acid score [59]. BEpro combines
amino-acid propensity scores and half sphere exposure values at
multiple distances [60].
2.7. Antigen design and analyses
Position 1e24 was removed and “NADEEFWN” sequence was
replaced by “YKYDFDGVNRGTRGTSEEGTL”. K320 and K322 were
substituted by Alanine. The C-terminal sequence “VVQPGQEAAAPAAAQ” was removed. Some properties of the construct such as
amino acid composition, molecular weight, theoretical pI, half-life
and stability of the protein were determined by ProtParam at
http://web.expasy.org/protparam/. Topology of the obtained
construct was analyzed by PRED-TMBB and BOCTOPUS2. Antigen
probability of the construct was estimated by VaxiJen. Hydrophilicity, ﬂexibility and surface accessibility of the designed construct
were analyzed by tools available at IEDB. Linear B-cell epitopes of
the construct were ascertained by tools mentioned under section
“Linear B cell epitope predictions”. Tertiary structure of the
construct was modeled and reﬁned by RaptorX and ModReﬁner
respectively. The predicted and reﬁned models were evaluated by

The state-of-the-art servers were employed through all steps of
the workﬂow to enhance the results accuracy. B-cell epitopes in the
context of designed construct were predicted to retrieve the original ones in the OmpA. The integrative strategy (combination of
topology, secondary structure, 3D structure, propensity scale and Bcell epitope prediction results) could lead to more conﬁdent model,
epitope identiﬁcation and construct design. Moreover, prediction
results were combined with previous experimental evidence to
achieve the most reliable results.
3. Results
3.1. Signal peptide and topology of OmpA
Position 1e22 of the sequence predicted as signal peptide with
its cleavage site between position 22 and 23 could be cleaved by
signal peptidase I. Eight trans-membrane b-strands were predicted
by specialized servers, BOCTOPUS2 and PRED-TMBB.
3.2. Secondary and 3D structures
Details on secondary structures of OmpA predicted by
SYMPRED, Jpred4 and SEGMER are shown in Fig. 1.
The best hit obtained from PSI-BLAST with 10 iterations was a
sequence with Acc. no. 3NB3_A (query coverage: 96%, E value: 2e146 and identity: 23%).
FALCON@home, I-TASSER, Phyre2 and RaptorX built 10, 5, 1 and
1 full-length models for the query sequence respectively. The
Qmean scores along with RAMPAGE results for the built models are
shown in Table S1.
The model built by RaptorX was selected as the best. In this
model, OmpA is predicted as a two-domain protein, modeled based
on 3 different templates (3QRA_A, 3NB3_A and 3TD3_A). Two of the
selected structures (3QRA_A, 3NB3_A) served as templates for Nterminal domain and the other (3TD3_A) for C-termini. This model
possessed the highest QMEAN score (0.566) as well as its most
residues was in favored region (311 residues: 93.7%). Its QMEAN
score was 0.524 after reﬁnement and its RAMPAGE results changed
as follows: 320 (96.4%) residues in favored region, 7 (2.1%) residues
in allowed region and 5 (1.5%) in outlier. Fig. 2 represents OmpA
structure predicted and reﬁned by RaptorX and ModReﬁner
respectively.
3.3. OmpA antigenicity
Antigen probability of OmpA was predicted as 0.8754. The
average score of ﬂexibility, hydrophilicity and surface accessibility
for the designed construct were 1.003, 1.959 and 1.000 respectively.
3.4. B cell epitopes
The minimum size assumed for acceptance of predicted epitopes as linear B-cell epitope was 9aa. The highest and second
highest scored peptides assigned as linear B-cell epitopes by
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Fig. 1. Predicted secondary structure of OmpA. H: helix; E: extended strand; C, dash or blank: Coil.

Regions assigned as epitope at least by two various servers were
selected as more reliable linear B-cell epitopes.
B cell epitopes predicted by various serves are schematically
represented in Fig. 3 (the Figure is depicted by DOG 2.0). BCPREDS
could predict epitopes in various lengths (12aa, 14aa, 16aa, 18aa,
20aa and 22aa). The ﬁrst ﬁve epitopes of various lengths predicted
by BCPREDS were selected. The epitopes with overlapping regions
were merged together to show by DOG 2.0. Only predicted epitopes
by EPMLR with score 1 are shown in Fig. 3.
DiscoTope identiﬁed 122 B-cell epitope residues out of 334 total
residues. Residues scored >0.5 by BEpro were assumed as conformational B-cell epitopes. BEpro identiﬁed 195 residues as conformational B-cell epitopes.

3.5. New antigen analyses

Fig. 2. OmpA 3D structure. The best structure modeled by RaptorX and reﬁned by
MopdReﬁner.

BCPREDS
were
“APVVEVAPVEPTPVAPQPQELTEDLNM”
and
“GVNRGTRGTSEEGTLGNAGVGAF”
respectively.
“LKPAAPVVEVAPVEPTPVAPQPQELT” was the highest scored epitope predicted
by Bepipred.

Mature OmpA with 334 amino acids length had molecular
weight of 36240.26 Da and pI of 5.13. Its in vivo half-life was estimated as >10 h in E. coli and the protein instability index was
computed to be 32.55. The designed construct had 330 amino acids
(Fig. S1) with molecular weight of 35921.8 Da and pI of 5.21. In vivo
half-life of the construct was estimated as >10 h in E. coli. The
protein instability index was computed to be 30.44.
Table 1 represents details of OmpA and the designed construct
topologies predicted by specialized servers, BOCTOPUS2 and PREDTMBB.
Antigen probability of the designed construct was assigned as
0.9279. The average score of ﬂexibility, hydrophilicity and surface
accessibility for the designed construct were 1.009, 2.148 and 1.000
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Fig. 3. Graphical display of predicted linear B-cell epitopes (green). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article)

Table 1
Topology of the designed construct.
Predicted topology

Construct Residues (PRED-TMBB)

Construct Residues (BOCTOPUS2)

OmpA
Residues (PRED-TMBB)

OmpA
Residues (BOCTOPUS2)

In1
TM1
Out1
TM2
In2
TM3
Out2
TM4
In3
TM5
Out3
TM6
In4
TM7
Out4
TM8
In5

1e4
5e11
12e34
35e45
46e48
49e55
56e75
76e88
89e90
91e101
102e126
127e137
138e140
141e151
152e172
173e183
184e330

1e2
3e12
13e35
36e45
46e48
49e58
59e75
76e87
88e94
95e106
107e124
125e136
137e140
141e151
152e174
175e184
185e330

1e28
29e35
36e58
59e69
70e72
73e79
80e99
100e112
113e114
115e125
126e150
151e161
162e164
165e175
176e183
184e194
195e356

1e26
27e36
37e58
59e69
70e72
73e82
83e98
99e108
109e118
119e130
131e149
150e161
162e165
166e175
176e184
185e194
195e356

Labels “In”, “TM” and “Out” deﬁne the triple-state periplasmic space, transmembrane strand and for extracellular space for residues respectively.

respectively (Fig. 4).
Rather than epitopes in which the sequence of “NADEEFWN”
was involved, all predicted linear B-cell epitopes of OmpA were
retrieved in the designed construct (data not shown). Evaluation
results of the model and its reﬁned version suggested for the
construct is represented at Table 2. The structural alignment of
designed construct and OmpA is depicted in Fig. 5. Predicted
conformational B-cell epitopes are represented in Fig. 6.
The epitopes “ADNKTKEGRAMNR” and “ADNATAEGRAMNR”
share 76.92% and 92.31% identity respectively with their corresponding region of OprF (“ADNATAEGRAINR”) in Pseudomonas
aeruginosa.
4. Discussion
The urgent need to arrive at an efﬁcient vaccine against
A. baumannii could be inferred from increasing attempts conducted
in this regard [4e11,32,62e72]. Moreover, recent valuable review
articles [1,3,73e75] could make these attempts much more

outstanding. Currently, OmpA is introduced as the most promising
vaccine candidate against this pathogen [73]. However, some disadvantages such as cytotoxicity of the OMP could be a snag in its
beneﬁt as a human vaccine. In the present study, OmpA was
analyzed employing an integrative in silico approach to precisely
ascertain its 3D structure, linear and conformational B-cell epitopes, and ﬁnally to design a novel OmpA-derived protein construct
with increased antigenicity and no cytotoxicity.
Among approaches available for in silico protein 3D structure
determination (Homology modeling, threading and ab initio
methods as well as their combination), Homology modeling could
be invoked as the best method for query proteins which a template
structure is existing with sequence identity of >30% [76]. Since
identity between OmpA and its best template sequence was about
22% (<30%) in our study, we tried approaches rather than homology
modeling to arrive at the most qualiﬁed model. In comparison to
prior in silico studies on protein structures [30,31,77,78], our model
built for OmpA has higher quality scores based on QMEAN score
and z-score as well as Ramachandran plot analyses. Moreover, the
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Fig. 4. Propensity scale plots of OmpA and the designed construct. Flexibility (a), Hydrophilicity (b) and Surface accessibility (c). Horizontal red line is the threshold. Green color
(below the threshold) denotes unfavorable regions related to the properties of interest. Yellow colors, above the threshold, indicate favorable regions consisted of higher scored
residues. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article).

Table 2
Model evaluations. QMEAN and RAMPAGE results of the model suggested for the designed construct.
Tool/model

Qmean

Qmean Z-score

Favored region

Allowed region

Outlier

RaptorX
Reﬁned model

0.607
0.599

1.93
¡2.02

304 (92.7%)
315 (96.0%)

16 (4.9%)
11 (3.4%)

8 (2.4%)
2 (0.6%)
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Fig. 5. Structural alignments of OmpA (brown) and the construct (blue); (a) N-terminal domains alignment (RMSD: 1.79), (b) C-terminal domains alignment (RMSD:
0.54). (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article)

suggested 3D structure was consistent with the predicted secondary structure and topology analyses. Our topology analyses along
with 3D structure prediction assigned a two-domain structure for
OmpA. Structure of OmpA in E. coli has been extensively studied
[18e21,23e29,79,80]. However, the native conformation of mature
OmpA has remained unresolved [20]. Three postulates are available
regarding the OmpA structure. First, OmpA exists as a two-domain
structure in which N-terminal domain creates an eight b-barrel
narrow pore, while C-terminal domain remains in the periplasm in
association with the peptidoglycan layer [23,25,29,81]. Second, two
conformations could be assumed for OmpA (the majority as the
two-domain and the minority as the single-domain conformer); in
the single-domain conformation, most of C-terminal residues
participate in a large outer membrane pore formation [24,26e28].
Third, the native structure of OmpA is the single-domain conformer
while the two-domain could be partially denatured form or a stable
intermediate structure [22,79,82]. It must be noted that both single
and two-domain conformations are supported by strong evidences
[20] such that none of the conformations could be ignored. This
issue still remains controversial [18e20]. Our results are in agreement with several experimental reports [18,19] and do not support
the view suggesting “the single-domain conformer as native
structure of OmpA and the two-domain conformation as partially
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denatured form or an intermediate structure”. The recent studies
[18,19,83] supported the two-domain structure of OmpA. The Cterminal domain of OmpA [80] and its orthologue protein, OprF
[84], contain immunodominant epitopes accessible for antibodies
which is in contradiction with the proposed two-domain conformation [18,19] in a native form. Moreover, a model proposed
recently by Ishida et al. [19] is in contradiction to some experimental results. In this model, dimerization of OmpA could occur by
its C-terminal domain [18,19]. Formation of the large 16-stranded
pore made up of two N-terminal domains, may be triggered by
the dimerized protein. Since measured conductance for similar 16stranded barrels (e.g. OmpF) is at least twice as much as that of
measured for E. coli OmpA, it seems unlikely to be a reliable model
[19]. Thus, a model (12- or 14- stranded barrel) in which C-terminal
domain participate in formation of larger pore is more reliable and
rational. We propose a 12-stranded b-barrel rather than a 16stranded model in which C-terminus is partially participating in
its formation. This model could explain the repugnance exists between measured conductance for a known 16-stranded barrels (e.g.
OmpF) and OmpA. Furthermore, this model is in accordance with
evidences for the large-pore structure based on liposome-swelling
assays [26,27]
and
planar lipid
bilayer observations
[21,22,24,79,82]. Dimerization of OmpA in E. coli is an additional
evidence supporting the 12-stranded model, since OmpLA (a 12stranded b-barrel phospholipase) from E. coli forms a dimer
[85,86] while most porins form 16- or 18- stranded barrel trimers
[18]. Marcoux et al. showed that residues 188e276 are responsible
for partial dimerization of E. coli OmpA and CTD-OmpA consisted of
residues 227e325 is present only as a monomer [18]. Hence, it
could be assumed that residues 276e325 are permitted to participate in formation of large pore. Existence of NLS within
A. baumannii OmpA [13] is also strongly supporting participation of
CTD-OmpA in the formation of large pore. Typically, NLS consists of
one or more short sequences of positively charged lysines or arginines exposed on the protein surface. This signal 'tags' a protein to
be imported into the cell nucleus by nuclear transport [87]. The
OmpA NLS has also been experimentally determined as linear Bcell epitope [4].
In most of the employed linear B-cell epitope predictors
(BCPREDS, EPMLR and SVMTriP), the minimum length which could
be set for prediction of epitopes is 12, 9 or 10aa. Amongst, 9aa is the
minimum length. So, this size was assumed as acceptable length of
predicted epitopes. All four predicted linear epitopes of N-terminal
domain were located at loops which could be exposed to antibodies
in both OmpA conformers. These regions containing hydrophilic
residues are ﬂexible and surface accessible. Hydrophilicity, ﬂexibility as well as surface accessibility propensity scales are correlated with location of B-cell epitopes in a given protein sequence
[32e34]. Amongst, one epitope (KYDFDGVNRGTRG) had been
experimentally validated [4]. Moreover, 3 out of 5 predictors
assigned this region as linear B-cell epitope. Thus,
“KYDFDGVNRGTRG” could be considered as the most reliable
epitope. Lin et al. determined linear B-cell epitopes of A. baumannii
OmpA, three of which were located at CTD-OmpA [4]. Positions
201e223, 238e250, 255e287 and 295e356 within the CTD-OmpA
were predicted as linear B-cell epitopes. Region 295e356 contains
two experimentally validated epitopes (ADNKTKEGRAMNR and
RRVFATITGSRTV) and region 255e287 covers 13 residues of the 16meric experimentally validated epitope, PRKLNERLSLARANSV. It
seems that there are some misinterpretations in the study conducted by Lin et al. [4]. They state “homology modeling revealed
that the predominant B-cell epitopes were localized to surface
exposed a helices and b sheets, although there was also a dominant
B-cell epitope on the cytoplasmic face of the protein at a hairpin
loop structure” [4]. This misinterpretation could be due to
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Fig. 6. Conformational B-cell epitopes of the designed construct (above) and OmpA (below). Residues consisting conformational B-cell epitopes are depicted in yellow CPK model.
DiscoTope (a) and BEpro (b) results. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article)

misoriented 3D structure presented in their paper. Predominant Bcell epitopes are located at the CTD-OmpA, i. e cytoplasmic face of
the protein. The dominant B-cell epitope determined at a loop
structure is exposed since is located at extracellular face of the
protein. The epitope “ADNKTKEGRAMNR” shares 76.92% identity
with its corresponding region containing an immunodominant
epitope of OprF in Pseudomonas aeruginosa. It is demonstrated that
this epitope is exposed in OprF native form [84]. Moreover, these
two experimentally validated epitopes contain NLS. Hence, position
295e356 could be the most reliable region of CTD-OmpA in terms
of linear B-cell epitopes. Position 201e223 was the most consensus
(assigned as linear B-cell epitope by 4 out of 5 harnessed tools) Bcell epitope. Although this region has not been considered as a
predominant B-cell epitope, it is more likely that more precise
studies could nominate the region as a B-cell epitope. It must be
noted that the study conducted by Lin et al. could not determine all
potential B-cell epitopes within the OmpA. They used 13-meric
peptides while linear B-cell epitopes could often be 9e22 meric
peptides [55e57]. So, epitopes consisting more than 13 residues
could be ignored. Moreover, it is not clear that whether those
predominant epitopes are exposed in native form of OmpA, since
recombinant OmpA had been used for epitope mapping. More
extensive investigation, like those conducted on OprF, is needed to
unveil exposed protective B-cell epitopes of OmpA. The precise
determination of epitope locations exposed in OmpA native form

will be useful for future structure analyses. We hypothesize that
two small and large pore structures could be assumed for
A. baumannii OmpA. In the large pore conformer, approximately
last 60 residues of CTD-OmpA are incorporated and the remaining
residues could be involved in OmpA dimerization. In this model,
the major role of OmpA in maintaining the OM structural integrity
would be retained. This model complies with: large pore conformer
of OmpA and its lower conductance compared to 16-stranded
barrels, immunodominant B-cell epitopes exist in CTD-OmpA,
OmpA dimerization, OmpA-peptidoglycan association and NLS
exposure.
In the designed construct, the signal peptide was removed since
this region is not exposed to antibodies in native form of OmpA
presented on surface of A. baumannii. Topology analyses showed
residues 23 and 24 on periplasmic face of the protein. Since periplasmic side is inaccessible to antibodies on the live pathogen,
these residues were also removed from the designed construct. It is
demonstrated that substituting K320 and K322 located at NLS by
Alanine could result in decreased cytotoxicity [13]. Thus, in the
designed construct, these residues were substituted to make
possible high dose administration of the low cytotoxic vaccine
candidate. Interestingly, this substitution resulted in increased
identity (>92%) shared with its corresponding epitope of OprF. It
would be expected that antibodies raised against the novel
construct could react with OprF and exert protection against
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P. aeruginosa. The forth loop of N-terminal domain was the shortest
one; to beneﬁt high epitope density strategy, it was replaced by the
most reliable epitope, i.e. “KYDFDGVNRGTRG”. It has been
demonstrated that high epitope density in a single protein could
signiﬁcantly enhance its antigenicity and immunogenicity [88,89].
It is in consistence with the importance of repeated regions in B-cell
epitope predictions [9,34]. Transplanting and stabilizing of
discontinuous epitopes involving two or more segments of protein
backbone is a grand challenge in scaffolding owing to the majority
of B-cell epitopes are discontinuous [17]. In the current design,
minimum changes were carried out on the OmpA sequence to
preserve native OmpA structure as a scaffold for epitopes. This
circumstance was performed to retain the most linear and
conformational B-cell epitopes of OmpA. Structural alignments of
OmpA and the designed construct along with conformational B-cell
epitope analyses revealed that except for epitopes in which the
sequence of “NADEEFWN” participates, other conformational B-cell
epitopes were the same as the original ones in OmpA.
The last 15 residues of CTD-OmpA were trimmed from the
designed construct sequence to minimize the construct and elevate
its antigenicity. Antigen probability results showed that the
designed construct is more antigenic than OmpA. Moreover, B-cell
epitope propensity scales (hydrophilicity and ﬂexibility) of the
construct were also increased.
5. Conclusion
1) The model introduced for OmpA structure is closer to the
experimental evidence on OmpA structure. 2) The designed
construct is more antigenic and immunogenic with decreased
cytotoxic effects which could trigger antibodies rendering protection against P. aeruginosa in addition to A. baumannii.
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