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Abstract

Acinetobacter baumannii is a well-recognized cause of nosocomial infections. This organism is recognized to be among
the most difficult antimicrobial-resistant gram-negative bacilli to control and treat. One of the main challenges we face is
Carbapenem resistance in A. baumannii. Carbapenem resistance in A. baumannii associated with the loss of an outer mem-
brane protein designated CarO (Carbapenem resistance outer membrane protein). This protein is a membrane porin of A.
baumannii. Using specific antibodies against this protein exert a bacteriostatic or bactericidal effect in vitro. Attempts should
be made to discover peptides that could mimic protein epitopes and possess the same immunogenicity as the complete pro-
tein. Subsequently, bioinformatics methods for epitope prediction have been developed leading to synthesis of such peptides
that are important for development of vaccine. This study provides a basis for the design of pathogen specifically, B cell
epitope-based vaccine that is targeted to diseases caused by A. baumannii in the global human population. A combination of
available bioinformatics tools are used to understand and characterize the Baumannii Acinetobactin utilization structure of
A. baumannii and appropriate selection regions as effective B cell epitopes and functional exposed amino acids. In conclu-
sion, amino acids 19—-158 were selected as vaccine candidate.
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Introduction

Acinetobacter baumannii is an aerobic, pleomorphic, rod-
shaped and Gram-negative bacterium. The organism has low
virulence but is capable of causing infection in organ trans-
plantation and febrile neutropenia (Blue-Hnidy and Allen
2006; Weinstein et al. 2005). A. baumannii has known as an
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important and common pathogen creating nosocomial pneu-
monia and bacteremia among patients who admitted in the
intensive care unit (ICU) worldwide, followed by skin, soft
tissue, and urinary tract infection, and secondary meningitis
over the past few decades (Kempf et al. 2012; Longo 2006;
Peleg et al. 2008; Sanchez-Encinales et al. 2017; Wong
et al. 2017). The resistance of A. baumannii to the com-
monly used antimicrobial drugs such as Aminopenicillins,
Ureidopenicillins, Cephalosporins and Cephamycins has
observed for the last 25 years (Garcia-Patifio et al. 2017,
Kang et al. 2017).

Since then, strains of A. baumannii have gained resist-
ance to new antimicrobial drugs (Knezevic et al. 2016).
Multidrug-resistant (MDR) A. baumannii is an emerging
pathogen in healthcare and nosocomial infection rapidly.
(Dijkshoorn et al. 2007; Pagdepanichkit et al. 2016). Carbap-
enem-resistant A. baumannii (CRAB) presently is a serious
infection control challenge (Higgins et al. 2009; Livermore
et al. 2016).

Carbapenem are regarded as the most powerful antibiotics
because of its extremely effective antibacterial activity and
low toxicity, but the emergence of Carbapenem resistance
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in A. baumannii has become a global concern recently.
Non-enzymatic molecular mechanisms act in synergy with
Carbapenem-hydrolyzing b-lactamases to provide high-level
resistance, but they have been barely described (Shaker
and Shaaban 2017; Wong et al. 2017). The Carbapenem-
associated outer membrane protein, also called CarO, is
the most characterized porin of A. baumannii (Mussi et al.
2005; Poirel and Nordmann 2006). CarO allows the selec-
tive uptake of the ornithine, other basic amino acids, and
uptake of Carbapenem based on structural homologies (Gor-
don and Wareham 2010). MDR strains showed disruptions
in the CarO gene by the various insertion elements (Catel-
Ferreira et al. 2011).

This paper briefly discusses and explores bioinformatics
tools in vaccine design. The best antigenic region of CarO
has been determined as a novel construct for vaccine or diag-
nostics. That could be used as peptide vaccines against A.
Baumannii.

Methods

Sequence Availability, Homology Alignment
and Template Search

The CarO protein sequence was obtained from NCBI at
http://www.ncbi.nlm.nih.gov/protein and saved in FASTA
format for further analyses; then Protein BLAST (http://blast
.ncbi.nlm.nih.gov/Blast.cgi) against reference sequence on
the database was performed using Blosum80 matrix to col-
lect homologous sequences among different bacteria. For
Template Search, the protein sequence of CarO was used as
an input data for the PSI-BLAST against protein data bank
(PDB) at http://blast.ncbi.nlm.nih.gov/Blast.cgito identify its
homologous structures. In order to choose the best template,
lower E value, higher query coverage and maximum identity
was considered. The best result of PSI-BLAST was selected
as template (Altschul et al. 1990).

T-COFFEE at http://tcoffee.crg.cat/apps/tcoftee/do:regul
ar and PRALINE (Notredame et al. 2000) at http://www.
ibi.vu.nl/programs/pralinewww/ (Pirovano et al. 2008) were
used for generating of alignments. Alignments can demon-
strate the conservancy of the protein residues among various
strains. In this regard, suitable vaccine candidates are those
effective against all strains of a given pathogen. Conservancy
of the amino acids among bacteria other than Acinetobacter
implies probable cross-reactivity levels.

Protein Topology and Signal Peptide Prediction
Topology prediction servers predict the transmembrane and

outer membrane region of proteins. Transmembrane helix
and signal peptides are not suitable regions as B cell epitope.
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PRED-TMBB?2 at http://www.compgen.org/tools/PRED-
TMBB2 (Bagos et al. 2004) was employed to predict the
transmembrane beta-strands of the gram-negative bacteria
outer membrane proteins, and discriminating such proteins
from water-soluble ones when screening large datasets. The
transmembrane regions was also determined by SPOCTO-
PUS at http://octopus.cbr.su.se/ (Viklund et al. 2008).
SignalP 4.1 server at http://www.cbs.dtu.dk (Petersen
et al. 2011) used to determine the presence and location of
signal peptide cleavage sites in amino acid sequences. This
property was also predicted by SOSUI at http://harrier.nagah
ama-i-bio.ac.jp/sosui/ (Hirokawa et al. 1998).

Functional Annotation of Protein Domain

Recognition of protein domains helps us recognize func-
tionally important domains within a protein. Antibodies
appointed against such domains could impair CarO func-
tions and result in virulence reduction.

Dompred at http://bioinf.cs.ucl.ac.uk/psipred/dompred
(Bryson et al. 2007) was used to predict Protein domains
and detect homolog domains. InterProscan at http://www.
ebi.ac.uk/interpro/about.html (Zdobnov and Apweiler 2001)
was used to detect functional analysis of protein sequences
by classifying them into families and predict the presence
of domains and important sites.

Orientation of the Protein 3D Structure
in Membrane

Rotational and translational positions of transmembrane and
peripheral proteins in membranes using their 3D structure
(PDB coordinate file) as input were calculated by the PPM
server at http://opm.phar.umich.edu/server.php. It can be
applied to newly determine experimental protein structures
or theoretical models. Many membrane-associated proteins
from the PDB have already been pre-calculated and can be
found in the OPM database.

Predicting Functionally and Structurally Important
Residues

Functional conserved amino acids allow more realism and
robustness in the description of epitope prediction and pro-
tein binding surfaces. There are different ways to predict
functionally and structurally important residues. In this
study, conserved functional and structural amino acids were
determined by Consurf at http://consurf.tau.ac.il (Berezin
et al. 2004). Consurf predicts functional residues according
to the neural-network algorithm. InterProSurf at http://curie
.utmb.edu/pattest9.html (Negi et al. 2007) used to predict
functional sites on protein surface using patch analysis.


http://www.ncbi.nlm.nih.gov/protein
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgito
http://tcoffee.crg.cat/apps/tcoffee/do:regular
http://tcoffee.crg.cat/apps/tcoffee/do:regular
http://www.ibi.vu.nl/programs/pralinewww/
http://www.ibi.vu.nl/programs/pralinewww/
http://www.compgen.org/tools/PRED-TMBB2
http://www.compgen.org/tools/PRED-TMBB2
http://octopus.cbr.su.se/
http://www.cbs.dtu.dk
http://harrier.nagahama-i-bio.ac.jp/sosui/
http://harrier.nagahama-i-bio.ac.jp/sosui/
http://bioinf.cs.ucl.ac.uk/psipred/dompred
http://www.ebi.ac.uk/interpro/about.html
http://www.ebi.ac.uk/interpro/about.html
http://opm.phar.umich.edu/server.php
http://consurf.tau.ac.il
http://curie.utmb.edu/pattest9.html
http://curie.utmb.edu/pattest9.html

International Journal of Peptide Research and Therapeutics (2020) 26:1185-1197 1187

Physicochemical Propertiesiof Protein

Parameters such as hydrophilicity, flexibility, accessibility,
turns, exposed surface, polarity and antigenic propensity of
polypeptides chains have been correlated with the location
of B cell epitopes. This has led to a search for empirical
rules that would allow the position of B cell epitopes to
be predicted from certain features of the protein sequence.
Bcepred at http://www.imtech.res.in/raghava/bcepred/ (Saha
and Raghava 2004) was used to predict linear B-cell epitopes
in a protein sequence. Average score of physico-chemical
properties (hydrophobicity, flexibility/mobility, accessibil-
ity, polarity, exposed surface and turns) of proteins were
predicted with IEDB at http://tools.iedb.org/bcell/ (Vita
et al. 2014).

Prediction of Linear B Cell Epitope

The identification and characterization of B-cell epitopes
play an important role in vaccine design, immunodiagnostic
tests, and antibody production. There are many tools act as B
cell epitope predictor. Since each software uses special algo-
rithm and individual methods in epitope prediction. There-
fore, usage of several tools to predict linear B-cell epitopes
in protein sequences are highly desirable.

BepiPred 1.0 server at http://www.cbs.dtu (Jespersen
et al. 2017) was used to predict linear B-cell epitopes based
on hidden Markov model. Bepred server at http://ailab.ist.
psu.edu (EL-Manzalawy et al. 2008) with 90% specificity
was also employed with report of overlapping epitopes.
Bcepred explores two machine learning approaches for
predicting flexible length linear B-cell epitopes. antigenic
epitopes using support vector machine to integrate tri-pep-
tide similarity and propensity scores (SVMTriP) in order to
achieve the higher accuracy and specificity were predicted
by Svmitrip at http://sysbio.unl.edu/SVMTriP/prediction.php
(Yao et al. 2012).

Prediction of Conformational B Cell Epitope

Ellipro at http://tools.immuneepitope.org (Ponomarenko
et al. 2008) predicted linear and discontinuous antibody
epitopes based on a protein antigen’s 3D structure. Disco-
tope at http://.cbs.dtu.dk/services/DiscoTope/(Kringelum
et al. 2012) determined discontinuous B cell epitopes from
protein 3D structures. The method utilizes calculation of
surface accessibility and a novel epitope propensity amino

acid score. The final scores are calculated by combining the
propensity scores of residues in spatial proximity and the
contact numbers.

Epitopia at http://epitopia.tau.ac.il/ (Rubinstein et al.
2009) used to detect immunogenic regions in a given protein
structure or sequence. The input is analyzed with regards to
its physico-chemical and structural-geometrical properties.

Pocket and Binding Site Detection

GHECOM (Grid-based HECOMi finder) at http://strco
mp.protein.osaka-u.ac.jp/ghecom/ (Zhang et al. 2011) was
used to find multi-scale pockets on protein surfaces. In addi-
tion, Depth (http://mspc.bii.a-star.edu.sg/tankp/help.html)
was employed to calculate/predict depth, cavity sizes, ligand
binding sites and PKA. Depth measures the closest distance
of a residue/atom to bulk solvent (Tan et al. 2011).

Immunogenic Regions Selection

A region with the largest gatherings of linear and confor-
mational epitopes could be selected as vaccine candidates.
This region should be qualified as single-scale amino acid
properties assay. Some specifications such as probability of
antigenicity, physiochemical properties average, PI and etc.
should also be considered in region selection. Hence, one
region was selected as appropriate antigenic candidates.
Further analyses were performed on the selected regions to
validate the selection.

The flow chart of experimental procedure which sum-
marizes an overview of the methodology used in this study
is shown in Fig. 1.

Results
Protein Sequencing and Alignments

CarO protein sequence with accession No. AKL79738.1 is
available as a query for protein BLAST against Acinetobac-
ter producing a set of sequences containing various species
of Acinetobacter. Out of 100 alignments, 50 sequences with
the highest similarity (identity >90%, query coverage: 100%
and E value: 0) were selected as PRALINE and T-COFFEE
alignment input. BLAST search of Acinetobacter revealed
numerous sequences of CarO. These hits showed that the
CarO protein is specific for Acinetobacter species. The
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Fig. 1 Flow chart showing an overview of the methodology pipeline

Fig.2 CarO sequence align-

BAD AVG GOOD
ment with 45 sequences i

obtained from protein BLAST AKE797381 —
against Acinetobacter. The cons Nk KRRk ko RoRiok Rk . ok, Rk ook
AKL79738.1 MKVLRVLVTTTALLAAGAAMADEAVVHDSYAFDKNQLIPVGARAEVGTTGYGGALLWQANPYVGLA

superposition was made with

the T-coffee program and cons

adjusted manually. Residues AKL79738.1

conservancy is depicted by blue cons . <.t

to pink colors (Color figure AKL79738.1 KRIGNGDTLSID

online) cons LERIES ] B
AKL79738.1 NPKVELTQY -Ni

results of PSI-BLAST revealed that there are limited pro-
teins similar to CarO with resolved structures. The structure
with highest score under the PDB code of 4FUV_A (73.68%
identity, 91% Query Cover) was selected as the template for
homology modelling.

The image of T-COFFEE alignment results with conser-
vation color scheme is shown in Fig. 2. PRALINE confirms
T-COFEE results.

Protein Topology and Signal Peptide Prediction

Cleavage site of signal peptide was predicted between posi-
tions 21 and 22 of protein sequence by Signalp and SOSUI
server. PRED-TMBB2 server and SPOCTOPUS identify
eight transmembrane segments. 2D topology prediction of
PRED-TMBB2server is shown in Fig. 3a, b.
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Functional Annotation of Protein Domain

Domain annotation shows that CarO protein is composed of
one domain that it contains 2 stranded b-barrel at positions
47 to 135 and 163 to 202 of protein.

Orientation of the Protein 3D Structure
in Membrane

The OPM database currently includes all unique structures
of transmembrane protein complexes and selected mono-
topic, peripheral proteins and membrane-bound peptides
from PDB with their calculated membrane boundaries. OPM
explores orientations of quaternary complexes formed by
a number of interacting proteins, rather than orientations
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Fig.3 Topology prediction and detection of beta-barrel outer mem-
brane proteins by PRED-TMBB 2 server. The diagram shows (a) the
estimated preference of a particular residue to be located either on
the transmembrane (red) or on the periplasmic (blue) or extracellu-
lar (pink). Schematic picture (b) shows residues from 39-46, 53-59,
61-69, 96-104, 116-124, 171-181, 185-195 and 237-249 are trans-
membrane regions (Color figure online)

of individual subunits or domains. The precision of calcu-
lated hydrophobic thicknesses and tilt angles are ~ 1 A and
2°, respectively, as judged from their deviations in different
crystal forms of the same proteins. The fluctuations of these
parameters calculated within 1 kcal/mol around the global
minimum of transfer energy are usually smaller than 2 A and
4°, respectively (+ values in all Tables of the database). The
calculated tilt angles in homologous proteins differ by 2—16°

Fig.4 Orientation of protein

in cell membrane. The origin

of coordinates corresponds

to the center of lipid bilayer.

Z axis coincides with mem-
brane normal; atoms with the
positive sign of Z coordinate are
arranged in the “outer” leaflet
as defined by the user-specified
topology. Positions of DUMMY
atoms correspond to locations
of lipid carbonyl groups

depending on the size of the protein, its oligomeric state and
percentage of sequence identity (Fig. 4).

Functionally and Structurally Important Residues

ConSurf and interproSurf annotated functional residues on
the 3D structure of CarO. Results are shown in Figs. 5 and
6, respectively. In ConSurf server Protein structure shows in
ribbon. Functional residues which were predicted by Con-
Surf at the protein structure differentiated with Purple filling
space model. InterproSurf revealed residues number 95, 152,
154, 156, 166, 19, 161, 223, 224, 225, 82, 83, 84,91, 92, 93
by auto patch analysis.

Physicochemical Propertiesiof Protein

IEDB and Bcepred servers predict properties such as hydro-
philicity, accessibility, antigenicity, flexibility and beta turn
secondary structure in the protein sequence. Although
single-scale amino acid properties were acquirable in all
sequence length, most salient regions of higher probability
were located in regions 45-60, 100-120 and 145-160. Peaks
in the plot indicate putative susceptible epitope boundaries
(Fig. 7).

Linear and Conformational B Cell Epitope Prediction

Linear B cell epitopes predicted by Bepipred server are more
concentrated in the regions of 45-50, 74-82, 148—159 and
212-229. A region at region 19-38 shows the presence
of a high density of linear epitopes. The highest score is
related to ““‘MKVLRVLVTTTALLAAGAAMADEAV-
VHDSYAFDKNQLIP’’ sequence at region 1-39 (Fig. 7).
ABCpred result shows 20 hits of 16 meric peptide sequences
as B-cell epitopes ranking based on scores (Fig. 7).
BCpred predicted 6 linear B-cell epitopes in CarO
sequence ranking based on scores (Fig. 7). The most
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Fig.5 ConSurf, identification of functionally and structurally important residues results. Functional residues which were predicted by ConSurf
at the protein structure differentiated with Purple filling space model (Color figure online)

Fig.6 Functional residues at the protein structure surface predicted by Interprosurf. Protein structure shows in ribbon. Functional residues which
were predicted by InterProSurf at the protein structure differentiated with red and green filling space model (Color figure online)

reliable linear epitopes predicted by BCpred (score=0.994
and 0.987) are ‘‘SIDGKNYQQAVPGQEGGVRG”’
and “‘LNAEIRPWGASTNPWAQGLY"’ started at posi-
tion 142 and 98 respectively. Svmtrip predicted 3 linear
B cell epitopes ranking based on score (Fig. 7). The best
epitope recommended by this server is ““AMADEAVVH-
DSYAFDKNQLI’’ at region 19-38. ““GAAYLDNDY-
DLAKRIGNGDT’’ at region 121-140 is the second best

@ Springer

epitope predicted by Svmtrip. Six linear along with 2 discon-
tinuous B cell epitopes were predicted by ElliPro software
(Tables 1, 2). Two linear and 2 discontinuous epitopes with
the highest PI (protrusion index) are shown in Fig. 8a, b.
Discontinuous B cell epitopes predicted from the 3D
structure of protein by Discotope are shown in Fig. 9. All
these servers highlighted outer membrane loops as confor-
mational B cell epitope. Epitopia predicted 5 immunogenic



International Journal of Peptide Research and Therapeutics (2020) 26:1185-1197 1191

Bepipred
T
|

8 159 212 229 249

" Ellipro’

65

IEDB

10 90 110 160 210 240 249

Svmtrip

19 38 57 76 121 140 249

ABCpred

23 39 59 71 80 96 18 134 154 170 210 226 249

Consensus

Fig. 7 Graphical display of linear epitopes predicted by various soft-
ware. The length and position of linear epitopes are graphically illus-
trated on a gray rod. The epitopes with the highest score are shown
in red and the remainders are in blue. The consensus predictions of
more or all servers shown in violet (Color figure online)

Table 1 Linear epitopes predicted by ellipro

No Start End Peptide Number  Score
of resi-
dues
13 19 KNQLIPV 7 0.792
81 95 IRPWGASTNRWAQGL 15 0.79
113 134 NVDATRSFRVNNQDFIA- 22 0.736
GADGV
154 164 FAPKINKNWGV 11 0.724
5 183 200 SGSAVTTGDQSLEEAVNA 18 0.725
6 52 65 DISWSDDVKVNGST 14 0.663

regions. These regions are located at positions between 417
and 436, 287 and 307, 470 and 482, 554 and 570 and 609
and 619 respectively ranking based on scores.

Table 2 Discontinuous epitopes predicted by ellipro

No Residues Number  Score
of resi-
dues
1 A:Kl13, A:N14, A:Q15, A:L16, A:117, 39 0.762
A:P18, A:V19, A:W36, A:A38, A:N39,
A:P40, A:Y41, A:V42, A:R82, A:P83,
A:W84, A:G85, A:A86, A:S87, A:T88,
A:N89, A:R90, A:W91, A:A92, A:Q93,
A:L95, A:F154, A:A155, A:P156, A:K157,
A:1158, A:N159, A:K160, A:N161,
A:W162, A:G163, A:V164, A:F224,
A:W225
2 A:S56, A:D57, A:D58, A:V59, A:K60, 65 0.705

A:V61, A:N62, A:G63, A:S64, A:T65,
A:Y103, A:N113, A:V114, A:D115,
A:All6, A:T117, A:R118, A:S119,
A:F120, A:R121, A:N123, A:N124,
A:Q125, A:D126, A:F127, A:1128,
A:A129, A:G130, A:A131, A:D132,
A:G133, A:V134, A:K143, A:N144,
A:D145, A:1146, A:Y172, A:T173,
A:G174, A:N175, A:P176, A:S183,
A:G184, A:S185, A:A186, A:V187,
A:T188, A:T189, A:G190, A:D191,
A:Q192, A:S193, A:L194, A:E195,
A:E196, A:A197, A:N199, A:A200,
A:R203, A:K204, A:A206, A:N207,
A:D208, A:D209, A:K212

Protein Pocket Detection

GHECOM server found 11 pockets on protein surfaces using
mathematical morphology. A residue in a deeper and larger
pocket has a greater chance to be a true pocket. The pockets
of small-molecule binding sites and active sites were higher
than the average value; specifically, the values for the active
sites were much higher. This suggests that pockets contribute
to the formation of binding sites and active sites of protein.
GHECOM results are shown in Fig. 10a, b.

The potential binding sites (PBS) of proteins are part of
residue or pocket which bind to ligands directly on protein
surface, they are near to the ligand binding sites. Binding
cavity is a protein sub-structure of conserved geometrical
and chemical properties complimentary to its bound ligand.
The algorithm estimates the probability value of form-ing
part of a binding cavity for every residue of the protein.
The plot shows both mean and standard deviation of depth
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Fig.8 Epitope mapping on

3D models. Discovery Studio
Visualizer 2.5.5 software was
used. From left to right, 2 linear
(a) and 2 discontinuous epitopes
(b) with the highest PI score
predicted by Ellipro server are
shown

Fig.9 Discontinuous B cell epitopes predicted from protein 3D struc-
tures by Discotope. Protein 3D structure is showing in ribbon in gray.
Discontinuous B cell epitopes at the protein structure differentiated
with yellow (Color figure online)

values. Probability of residue forming a binding site and
residue depth plot and a 3D rendition of the cavity prediction
is shown in Fig. 11a, b.

Immunogenic Region Selection

One region covering residues 19-158 was selected as vac-
cine candidate by various software (Fig. 12) and several
properties was compared to her parent protein (CarO).Vaxi-
jen antigenicity score, PI, instability index, solubility, hydro-
philicity, accessibility, flexibility and secondary structure

@ Springer

properties calculated for vaccine candidate. All results for
candidate and CarO protein were summarized in Table 3.
Parameters such as hydrophilicity, flexibility, accessibility,
turns, exposed surface, polarity and antigenic propensity of
polypeptides chains have been correlated with the location
of continuous epitopes. This has led to a search for empirical
rules that would allow the position of continuous epitopes to
be predicted from certain features of the protein sequence.
All prediction calculations are based on propensity scales for
each of the 20 amino acids. Each scale consists of 20 values
assigned to each of the amino acid residues on the basis of
their relative propensity to possess the property described
by the scale.

Discussion

Nosocomial infections caused by strains A. baumannii are a
serious clinical problem. CarO from A. baumannii is a small
membrane porin with a monomeric eight-stranded barrel
lacking an open channel and a large extracellular domain
(Longo 2006). CarO functions as an uptake channel for
small molecules such as Carbapenem (Zahn et al. 2015).

A proteomic study was performed on outer membrane
vesicles (OMVs) of A. baumannii ATCC 19606. Immu-
nization with OMVs induces protective immunity against
challenge with A. baumannii. Among OMYV proteins, six
proteins were nominated as highly immunogenic, one of
which was CarO (McConnell et al. 2011).Using several
criteria to assess immunogenicity and B epitope densities
CarO was selected as an immunogen in A. baumannii which
contributes to sidrophore mediated iron uptake (Bazmara
et al. 2019).
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Fig. 10 Pocket detection of a
CarO protein by GHECOM
server. a Graph residue-based
pocketness. The height of the
bar shows the value of pocket-
ness [%] for each residue. The
color of pocketness bar indi-
cates cluster number of pocket
(red: cluster 1, blue: cluster 2,
green: cluster 3, yellow: cluster
4, cyan: cluster 5). b Jmol view
of pocket structure based on
pocketness color (Color figure
online)
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This protein participates in the selective uptake of
L-ornithine, Carbapenem, and other basic amino acids in A.
baumannii (Mussi et al. 2007). Thus, employment of bio-
informatics tools to select appropriate region as a vaccine
candidate seems logical. CarO exists in all pathogenic and
clinical strains of A. baumannii (Siroy et al. 2005). Vaccine
developed based on this protein could be effective against all
pathogenic strains of A. baumannii. Alignment of sequences
from various strains suggests that such vaccines could trig-
ger antibodies with complete specificity for A. baumannii.
CarO is an acidic outer membrane protein with pl about
4.66. Acidic nature of CarO as well as its localization are
stimulating for B-cell responses (Rahbar et al. 2012a). Ter-
tiary structure of CarO is like other outer membrane trans-
port proteins with determined structure. Topology predic-
tions illustrated that 21 amino acids at the N-terminus of
the protein were predicted as signal peptide. This region
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could not be exposed and suitable to participate in B cell
epitopes. InterProSurf result shows that most of the func-
tional conserved amino acids are located in selected region
(Ashkenazy et al. 2010). Therefore, it could be inferred that
this region is the most important functional site of the pro-
tein. Thus, antibodies raised against these domains could
block Acinetobactin uptake by CarO.

New genome analysis tools based on bioinformatics and
immunoinformatics approaches help us select suitable anti-
gens or epitopes directly from the genomes of pathogens in
order to design a vaccine. These tools could be employed
for epitope selection and vaccine design. Moreover, predic-
tion of protein structures is one of their wide applications
(Jahangiri et al. 2017; Rahbar et al. 2012b; Sefid et al. 2013,
2015). Some of these designed vaccine candidates validate
with experimental analyses. In vivo analyses confirmed in
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Fig. 11 Prediction of Probability of resi-due forming a binding site
and residue depth plot and a 3D rendition of the cavity by depth
server. a Probability of residue forming a binding site and residue

silico predictions (Esmaeilkhani et al. 2019; Fattahian et al.
2011; Noori et al. 2014; SANGROODI et al. 2015).
Propensity scale methods assign 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 back-
ground). To reduce fluctuations, the score for each target
amino acid residue in a query sequence is computed as the
average of the propensity values of the amino acids in a slid-
ing window centered at the target residue. Hydrophilicity,

@ Springer
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depth plot. b A 3D rendition of the cavity prediction is shown using
Jmol. Residues of the predicted bind-ing cavity are colored red and
the rest of the protein is colored blue (Color figure online)

accessibility, antigenicity, flexibility and secondary structure
properties have fundamental role in B cell epitope predic-
tion (Rubinstein et al. 2008). Relying on just one of these
properties, reliable results could not be achieved. Amino
acid pair (AAP) antigenicity scale is based on the finding
that B-cell epitopes favor particular AAPs. Using SVM clas-
sifier, the AAP antigenicity scale approach has much better
performance than the scales based on the single amino acid
propensity (Sefid et al. 2015). Thus, we combined all the
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Fig. 12 Graphical display of immunogenic regions predicted by vari-
ous software. The region with the highest score are shown in red and
the remainders are in blue. The consensus predictions of more or all
servers shown in violet (Color figure online)

data obtained from various servers and software to predict
the B-cell epitopes. Region suggested by single-scale amino
acid properties assay (50-240) includes our selected region.
This region could efficiently induce B cell responses. B-cell
epitopes are regions on the surface of antigens recognized
by B-cell receptors or specific antibodies. These epitopes
can be categorized into two types: linear and conformational
epitopes. Linear epitope is recognized by its linear sequence
of amino acids, In contrast conformational epitope recog-
nized by specific three-dimensional shape and its protein
structure (Ansari and Raghava 2010). Linear and confor-
mational epitopes in CarO protein predict by several soft-
ware and various algorithms to achieve consensus epitopes.
Consensus epitopes obtained from various algorithms are
more reliable for selection. The highest scored linear B cell
epitopes are located in region 19-38. The second best linear
B cell epitope introduced by Svmtrip is located in region
121-140. Fifteen of 20 hits (*75%) predicted as B cell
epitopes were within amino acids 19-160 (selected region)
by ABCpred (Saha and Raghava 2007). Linear and confor-
mational B cell epitopes predicted by Ellipro were located
within selected region (Dehghani and Sefid 2016). Depth
server result shows that higher possibility of residue forming
a binding site are located in region 80-85 and 130-154. All
servers predicting conformational B cell epitopes based on
3D structure such as Discotope demonstrated that residue
(70, 108, 138, 140, 178, 176, 201, 202, and 205) have the
most important role to form discontinues epitopes (Reimer
2009).

The humoral immune system response is based on the
interactions between antibodies and antigens for the clear-
ance of pathogens and foreign molecules (Parkin and Cohen
2001). An epitope, also known as antigenic determinant,
is the part of an antigen that is recognized by the immune

Table 3 Average physicochemical properties of vaccine candidate and CarO

Candidate number Residue number 3D structure Weight Vaxigen antigenicity Instability index
score

1 25 15079.48 0.5793 11.53

CarO 46 26871.94 0.6212 15.25
Candidate B cell epitope Hydropathicity Felexibility Accesibility Beta turn Isoelectric PH
number

1 0.824 -0.312 0.509 7.222 1.31 4.15

CarO 0.52 -0.391 0.492 7.167 1.279 4.66
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system. The epitope is the specific piece of the antigen to
which an antibody binds (Peters et al. 2005). Epitopia server
can predict immunogenic regions on protein structure. Fifty
percent of immunogenic regions predicted by the server
are located in region 107-225 of CarO. All these analyses
reveal that majorities as well as the best B cell epitopes are
located in 20160 region. So, this region was selected as
vaccine candidate. Average of each single scale amino acid
propensity (hydrophilicity, accessibility, flexibility, beta turn
and B cell epitope averages) was increased in the candidate
vaccines than their parent protein, CarO. The present study
was designed to in silico resolving the major obstacles in
the control or in prevention of the Infection caused by A.
baumannii. We exploited bioinformatics tools for better
understanding and characterizing the CarO structure of A.
baumannii and selection of appropriate region as effective
B cell epitopes.
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