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Abstract The rate of human health care-associated infections caused by Acine-
tobacter baumannii has increased significantly in recent years for its remarkable
resistance to desiccation and most antibiotics. Phospholipases, capable of destroying
a phospholipid substrate, are heterologous group of enzymes which are believed to
be the bacterial virulence determinants. There is a need for in silico studies to
identify potential vaccine candidates. A. baumannii phospholipase D (PLD) role has
been proved in increasing organism’s resistance to human serum, destruction of host
epithelial cell and pathogenesis in murine model. In this in silico study high
potentials of A. baumannii PLD in elicitation of humoral and cellular immunities
were elucidated. Thermal stability, long half-life, non-similarity to human and gut
flora proteome and non-allergenicity were in a list of A. baumannii PLD positive
properties. Potential epitopic sequences were also identified that could be used as
peptide vaccines against A. baumannii and various other human bacterial pathogens.
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1 Introduction

The most significant clinical representative of Acinetobacter spp. in hospitals is
Acinetobacter baumannii. According to the Centers for Disease Control (CDC)
reports, A. baumannii is cause of about 80 % of documented Acinetobacter
infections. A. baumannii has appeared as a globally important multidrug-resistant
(MDR) trouble maker over the last two decades. Considerable potency to upregulate
or obtain antibiotic resistance genes even to forceful antibiotics, resistance to drying
and disinfectants, having ability to airborne transmission and patient-to-patient
transmission account for long-term persistence and shedding of these microorgan-
isms into their surrounding environment A. baumannii potential to survive in
clinical environment has been reported especially in Asian and Middle Eastern
hospitals and from war zones in Iraq and Afghanistan (Camp and Tatum 2010;
Peleg et al. 2008; Towner 2009). A. baumannii relevant problematic infections are
ventilator-associated pneumonia, skin, central nervous system, urinary tract, bone,
blood-stream and soft tissue infections, wound infections and secondary meningitis.
Given the aforesaid reasons, it is obvious that many of these infections occur in
intensive care units (ICUs), where the severely ill patients are treated with broad-
spectrum antibiotics or require mechanical ventilation, or bear wound or burn
injuries (Peleg et al. 2008; Towner 2009). Mortality rates of A. baumannii infections
range from 19 to 54 % (Russo et al. 2013). Pathogenic bacteria produce various
substances like capsule, slime, proteins, toxins, and enzymes to aid in the survival,
propagation and invasion in the host, and also in eluding defense mechanisms of the
host. Requisite of host invasion by microorganisms is production of hydrolytic
enzymes which destroy the outer cell envelope. The main targets of these enzymes
are membrane lipids and proteins (Braun 2008; Ghannoum 2000).

Membrane ester linkage in glycerophospholipids could be cleaved by a
heterogeneous group of enzymes namely “phospholipases” (PLs) depending on
specific ester bond targeted, A, B, C and D letters are used in the nomenclature of
phospholipase (Ghannoum 2000; Ivanovska 2003).

Phospholipase D (PLD) is a signal-activated enzyme that can catalyze two
reactions: (1) cleavage of the phosphate side to yield phosphatidic acid and free
polar head group of choline, inositol and ethanolamine, depending on the primary
substrate; (2) generation of different phospholipid by primary or secondary alcohols
transphosphatidylation (Yang and Roberts 2002). Several other phosphatidyl
transferase enzymes involved in lipid metabolism such as cardiolipin and
phosphaidylserine synthases hydrolyze equivalent bond, too (Liscovitch et al.
1999; Ponting and Kerr 1996; Schmiel and Miller 1999).

The existence of PLD has been proven in both eukaryotes, including animals,
plants, fungi, protozoa, and prokaryote bacteria (Exton 1997). PLD is one of
Corynebacterium pseudotuberculosis major exotoxins which contributes to spread
of bacteria by hydrolyzing ester linkages in host cell membrane (McKean et al.
2007). This microorganism causes caseous lymphadenitis (CLA), a globally
distributed disease of sheep and goats (Dorella et al. 2006). Commercial combined
vaccines based on cell-culture supernatant of this bacterium, containing PLD as a
main component, and other pathogens are available in some countries. Glanvac is
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one example of these kinds of vaccines (Stanford et al. 1998). Also significant
protection against C. pseudotuberculosis has been reported by vaccination of animal
models based on PLD with different strategies such as attenuated vaccine via
constructing PLD-negative (Hodgson et al. 1992) or genetically inactive PLD
mutants of C. pseudotuberculosis (Hodgson et al. 1999), DNA vaccine expressing
some antigens along with genetically manipulated PLD (Chaplin et al. 1999) and
subunit vaccine by producing recombinant inactive PLD (Fontaine et al. 2006;
Young 2011). In the case of A. baumannii, studies are indicative of PLD role in
increasing organism’s ability to prosper in the human serum, epithelial cell invasion
and pathogenesis (Cerqueira and Peleg 2011; de Leseleuc and Chen 2012; Jacobs
et al. 2010). Several methods using whole cell, capsular polysaccharide, outer
membrane proteins, autotransporter, biofilm protein were tested to produce a
therapeutic antiserum against A. baumannii and indicated the possibility of their
vaccination potential (Bentancor et al. 2012; Fattahian et al. 2011; McConnell et al.
2011; McConnell and Pachon 2010; Russo et al. 2013). However, some of them
have several disadvantages such as high costs of preparation, limited protection
against some isolates. The prevalence, variability and solubility of single antigen
candidates barricade delivery of an ideal effective vaccine. Since no vaccine has
been licensed for A. baumannii, attempts should be made to arrive at better vaccine
candidates with least drawbacks. Better recognition of the molecules and
mechanisms involved in pathogenicity of this microorganism would help the
researchers arrive at their objectives of finding efficient targets for new therapies.
The present work focuses on in silico analysis of one of the most neglected
molecules of A. baumannii described as PLD.

Similar in silico methods were reported to have been used in identification of
vaccine candidates in Salmonella Typhi (Prabhavathy et al. 2011), Mycobacterium
tuberculosis (Somvanshi et al. 2008), Neisseria meningitides (Chandra et al. 2010)
and Neisseria gonorrhoeae (Barh et al. 2010). The peptide vaccine in question can
be used against some other pathogenic bacteria too. To the best of our knowledge,
this is the first in silico study designed to address important characteristics of PLD
as a suitable vaccine candidate and is the first attempt made to develop peptide
vaccine against A. baumannii. Our results identified PLD as a vaccine candidate
owing to its intrinsic advantages.

2 Methods
2.1 Primary Sequence Analysis

The sequence of A. baumanii ATCC19606 PLD with accession number
WP_001985196.1 was retrieved from NCBI protein database (http://www.ncbi.
nlm.nih.gov/protein), in FASTA format.

Selected sequence was subjected to blastp against non redundant protein
sequence (nr) Database with A. baumanii as a selected organism in NCBI server
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). The resulted sequence with a similar-
ity >50 %, coverage > 50 % and E-value < 10™* were selected and aligned with
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multiple sequence alignment tool PRALINE (http://ibivu.cs.vu.nl/programs/
pralinewww/) (Simossis and Heringa 2005). It has high quality output files for
publication and presentation purposes (Kumar and Srivastava 2012). The aim was to
choose the longest sequence to continue working on it.

The primary structure and the basic physico-chemical properties of the selected
PLD sequences were computed using ProtParam tool (http://web.expasy.org/
protparam/).

Subcellular localization of PLD in gram-negative bacteria was predicted by
PSLpred (http://www.imtech.res.in/raghava/) a hybrid approach-based method with
an overall high accuracy of 91.2 % (Bhasin et al. 2005) and CELLO at cello.li-
fe.nctu.edu.tw which uses multiple Support Vector Machines (SVMs) to assign a
query protein to one of the five Gram-negative localization sites (Yu et al. 2000).

Presence of signal peptide sequence was tested by Signal-3L software at http://
www.csbio.sjtu.edu.cn/bioinf/Signal-3L/ (Shen and Chou 2007) and SignalP at
http://www.cbs.dtu.dk/services/SignalP-3.0/ (Dyrlov Bendtsen et al. 2004).

Signal-3L predictor software consisting of three prediction engines is known by
high success prediction rates and short computational time (Shen and Chou 2007).
According to a benchmark study SignalP 3.0 was found to be the best method of
signal peptide prediction (Choo et al. 2009).

Solubility of PLD was evaluated by Recombinant Protein Solubility Prediction
(http://biotech.ou.edu/#rt) by discriminated analysis of charge average, molecular
weight, amino acid fractions, aliphatic, alpha-helix propensity, beta-sheet propen-
sity, average pl and hydrophilicity parameters (Diaz et al. 2010). Surface accessi-
bility of PLD was estimated by IEDB surface accessibility prediction (http://tools.
immuneepitope.org/tools/bcell/iedb_input) at default threshold (Emini et al. 1985).

Algpred sever  (http://www.imtech.res.in/raghava/algpred/submission.html)
allowed prediction of allergens based on combining different approaches of SVMs,
MEME/MAST, IgE epitope mapping and blast search against 2,890 allergen-rep-
resentative peptides (ARPs). The protein sequence is identified as allergen if any
one of the methods predicts it as allergen (Saha and Raghava 2006a, b). Algpred has
the highest specificity compared with other predictors (Dimitrov et al. 2013).

The PLD protein close homologues in the human proteome were identified
through human blast p using a BLOSUMG62 matrix (with abovementioned cutoff
values). The same analysis was performed against mouse proteome, because it is
most widely used animal model in studying diseases.

Similarity of PLD protein to gut flora proteins was searched through blast (with
abovementioned cutoff values) against the proteome of 95 organisms microbes
comprising the human gut flora, obtained from a report by Raman et al. (2008), that
inhabit the healthy human gut.

2.2 Secondary and Tertiary Structure Prediction
The secondary protein structure was predicted by self-optimized prediction align
method, SOPMA (http://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_

sopma.html) (Geourjon and Deleage 1995) using default parameters (Window
width: 17, similarity threshold: 8 and number of states: 4) and PSIPRED v 3.3
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(http://bioinf.cs.ucl.ac.uk/psipred/). The PSIPRED assembles several structure pre-
diction methods, data to analyze protein sequences (McGuffin et al. 2000).

3D protein structure predictions were performed by online I-Tasser
(iterative threading assembly refinement) software at http://zhanglab.ccmb.
med.umich.edu/I-TASSER/. It combines ab initio folding and threading mod-
eling methods to generate tertiary structure. It has been ranked as the best
method for the automated protein structure prediction in the recent CASP
experiments because of using composite approaches in protein structure pre-
diction (Roy et al. 2010).

2.3 Model Evaluation and Refinement

The 3D model with the best score of I-Tasser was selected and the structure was
evaluated qualitatively by PROSESS (Protein Structure Evaluation Suite and
Server) (http://www.prosess.ca) (Berjanskii et al. 2010) and Qmean (Qualitative
model energy analysis) (http://swissmodel.expasy.org/qmean/cgi/index.cgi?page=
help) (Benkert et al. 2008).

PROSESS is a comprehensive web server, with ability to unify previously tested
methods to evaluate predicted structures (Berjanskii et al. 2010). Qmean describes
the major geometrical aspects of protein structures by scoring function to
distinguish good models from bad (Benkert et al. 2008).

In addition, the Ramachandran diagram was plotted via Rampage (http:/
mordred.bioc.cam.ac.uk/ ~ rapper/rampage.php).

Ramachandran plot can determine which torsional angles can obtain insight into
the structure of peptides. The selected PLD 3D structure was corrected by
ModReiner (http://zhanglab.ccmb.med.umich.edu/ModReiner/) which improves
models by minimization of atomic-level energy (Xu and Zhang 2011).

To prove model refinement, the model evaluated by PROSESS, Qmean. The
Ramachandran plot was also depicted. The refined model was used at discontinuous
B cell epitopes predictions.

2.4 Antigenicity Prediction

Sequence was analyzed for antigencity using IEDB B cell antigenic prediction
site (http://tools.immuneepitope.org/tools/bcell/iedb_input) (Zhang et al. 2008),
at default threshold value of 1.0, which predicts antigenic determinants on
protein sequence, using a semi-empirical method of Kolaskar and Tongaonkar
(1990). To ensure accuracy of antigenic areas, Antigenic Peptide Prediction
tool available at http://imed.med.ucm.es/Tools/tools.html was employed too.
The VaxiJen v2.0 server (http://www.ddg-pharmfac.net/vaxijen/VaxiJen/
VaxiJen.html) (Doytchinova and Flower 2007) was used to analyze the anti-
genicity of PLD. VaxiJen is alignment-free approach for antigen prediction. It
allows antigen classification based on the physicochemical properties of pro-
teins for vaccine development.
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2.5 Identification of B-Cell Epitopes

B-cell epitopes identification plays an important role in vaccine design and antibody
production. For prediction of B-cell epitopes, full-length PLD sequence was
subjected to B-cell epitope prediction using BCPreds (http://ailab.cs.iastate.edu/
bepreds/index.html) (EL-Manzalawy et al. 2008). Both the BCP and AAP predic-
tion methods with specificity of 75 % and epitope length of 20aa were used. Pos-
sibility of BCPreds determined sequences to be epitope through ABCpred (http://
www.imtech.res.in/raghava/abcpred/) (Saha and Raghava 2006b) and LBtope
(www.imtech.res.in/raghava/lbtope/) (Singh et al. 2013) were investigated.

Spatial Epitope Prediction of Protein Antigens (Seppa) (http://lifecenter.sgst.cn/
seppa) (Sun et al. 2009) and BEpro at http://pepito.proteomics.ics.uci.edu/cgi-bin/
BEpro.cgi (Sweredoski and Baldi 2008) were used for predicting conformational
B-cell epitopes with three-dimensional protein structures. The default threshold of
the server is 1.80 to help specify the epitope residues.

2.6 T-Cell Epitope Prediction

Prediction of human HLA restricted determinants within this antigen was detected
by the first prediction server using the matrix-based TEPITOPE algorithm, ProPred
(http://www.imtech.res.in/raghava/propred) (Singh and Raghava 2001), and Pro-
Predl (http://www.imtech.res.in/raghava/propredl) (Singh and Raghava 2003)
servers to predict HTL (MHC class II binding peptides) for 51 alleles and CTL
(MHC class I binding peptides(for 47 alleles. ProPred analysis was performed at the
default setting with threshold value of 3 %. In the case of PropPred, 4 % default
threshold level with 5 % proteasome filter was selected. The 50 % inhibitory
concentration (ICsy) of common epitopes of both of servers was calculated using
quantitative prediction of binding affinity of peptide-MHC binding site, MHCPred
(http://www.ddg-pharmfac.net/mhcpred/MHCPred/) (Guan et al. 2003). Epitopes
with IC50 value <1,000 nM for allele DRB1*0101 were selected as a good epitope.

2.7 Identification of Common Epitope for Multiple Pathogens

B-cell predicted epitopes by both modules of BCPreds (BCPred and AAP) having
cutoff score of >0.8 and antigenic sites predicted by IEDB (cutoff score > 1) were
aligned to get common overlapping amino acid sequences that possess both the
B-cell binding sites as well as antigenic sequences. Selected sequence(s) was then
analyzed with ProPred and ProPredl using parameters as mentioned before, to find
whether this common sequence(s) elicit T cell response. The sequence(s) was/were
further checked using VaxiJen v2.0 server.

To identify a single epitope against multiple pathogens, full length sequence of A.
baumannii PLD was subjected to blastp [cutoff values: bit score (>100), E-value
(<1079, and percentage of identity at amino acid level (>35 %)] against proteome
of CDC reported important pathogens associated with antimicrobial resistance
(Clostridium difficile, Klebsiella spp., Escherchia coli, N. gonorrhoeae, M.
tuberculosis, Campylobacter spp., Enterococcus spp., Pseudomonas aeruginosa,
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non-typhoidal Salmonella, S. Typhi, Shigella spp., Streptococcus pneumonia and
Staphylococcus aureus) (Centers for Disease Control and Prevention 2013).

The essentiality in survival of these microorganisms harboring PLD homologous
proteins was checked by blastp against Database of Essential Genes (DEG) at http://
tubic.tju.edu.cn/deg/ (Zhang et al. 2004).

PLD homologue sequences of the qualified pathogens were checked for their
similarity to human proteome via blastp. Non-human homologues were aligned
using PRALINE to determine similarity at common sequence(s) position(s). The
antigenicity of these sequences was analyzed using VaxiJen. Their Tcell eliciting
ability was predicted by ProPred and ProPredlI.

3 Results
3.1 Primary Sequence Analysis

Multiple sequence alignment showed the selected PLD sequence to be the longest one
(543aa) as against a protein from A. baumannii ATCC 17978 (accession number
ABS90299.1) as the shortest one (77aa). ProtParam parameters shown in Table 1 reveal
the physicochemical properties of the protein. The number of positively charged residues
are slightly higher than negatively charged residues. Both subcellular localization
prediction sites viz., CELLO and PSLpred identified PLD as a periplasmic protein with
the reliability index of 2.683 and 1 respectively. A potential signal peptide comprising 36
amino acids was predicted in the N-terminal of the protein by signal-3L and SignalP
software. The PLD sequence has 95.5 % chance of solubility when overexpressed in
E. coli. The average score of surface accessibility predicted by Emini Surface
Accessibility Prediction was 1.00 and the maximum and minimum scores were 5.763 and
0.052, respectively. Predicted peptides are given in Table 2. Based on different allergen

Table 1 Physicochemical properties of PLD shown by ProtParam

Characteristics Property
No. of amino acids 543
Molecular weight 62,410.6
Total number of negatively 63
charged residues (Asp + Glu)
Total number of positively 73
charged residues (Arg + Lys)
Theoretical pI 9.08
Estimated half-life 30 h (mammalian reticulocytes,

in vitro). > 20 h (yeast, in vivo)

>10 h (Escherichia coli, in vivo)

Instability index 33.03
Extinction coefficient 78,270
Aliphatic index 91.44
Grand Average hydropathy —0.425
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Table 2 Accessible peptides by Emini Surface Accessibility Prediction

Peptide Start position End position
QYARDIDTS 52 60
LREKNP 71 76
KAEKTL 100 105
FNPYRFRKYR 165 174
NMTNQYYNVSDSYQ 207 220
DYWNHEY 242 248
QQHRLR 259 264
ESLKQQL 266 272
DSPDKIRSKAKKEE 314 327
LEKPES 337 342
GKYRKEL 391 397
TPDKRDLNKNTD 410 421
TMDENLNKYAY 484 494
LKLDPNN 496 502
WQQETS 506 511
YKKEPEMKWW 517 526

prediction approaches in AlgPred, the PLD protein was not detected as an allergen. PLD
was not similar to any human or murine protein. The most similar human and/murine
proteins had 22/34 % identity, query coverage of 31/36 %, E-value of 0.088/0.36 and
total score of 38.5/36.2 respectively. PLD protein Blastp against proteome of gut flora
showed that just one out of the 95 bacteria namely Citrobacter sp. ATCC 29220 had the
cutoff prerequisites. PLD domain protein of this bacterium had 54 % similarity and 88 %
query coverage with A. baumannii PLD. E-value of the resulting output was 3~ "%°.

3.2 Secondary and Tertiary Structure Prediction

The secondary structure prediction defined each residue into either beta sheet, alpha
helix or random coil structures. SOMPA analysis revealed alpha helix more than
random coil or beta strand (Table 3). The secondary structure prediction of
PSIPRED shown in Fig. 1 indicates the abundance of alpha helix parts was more
than beta sheet segments. Five 3D model structures for protein were generated by
I-TASSER. The best confidence score (C-score) of the models was —1.25. In
addition, the expected TM-score for this model was 0.56 £ 0.15. The expected
RMSD was 10.4 + 4.6 A. This model was used for evaluation and refinement.

3.3 Model Evaluation and Refinement
The refined 3D structure of PLD is shown in Fig. 2. Comparison of the validation
indices of modeled structure before and after refinement showed that Qmean and

PROSESS scores vary as follows: score was improved from 0.441 to 0.458.
PROSESS overall and torsion angel quality scores were improved from 3.5 to 4.5
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Table 3 SOMPA analysis of secondary structure
Secondary structure No. of residues Percentage
Alpha helix 235 43.28
Random coil 194 35.73
Beta sheet 90 16.57
Beta turn 24 4.42
cont: Jinnnznnmn EELELLLEL L L] Conf: jnnnaNiananlananiinsnlinznnlNRRNNsRNNnnnt
Pred: — g — Pred: gis -, _
Pred: CCCCCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHCC Pred: HHCHHHHHCCCHHHHHHHHCCCCCEEEEEEEEECCCCCCC
AA: MIMAQSFHSKQLQTHQLAKGFLIKASIVVCSSFAVALTGC AA: VQNFLDLTSRSHAFDKWLDRNIKFDWVKAEVVKDSPDKIR
10 20 30 40 290 300 310 320
cont: JINNNNNRRRNRRznnRRRNRRNson0nnnnnnnallllnal  cont: JERRR=anRREEN B[ [T BT ] SESRE L]
Pred: 5  WR Pred:
Pred: CCCCCCCCCCCCCCCCCCCCCCCHHHHCCHHHHCCCCCCE Pred: CCCCCHHHHHHHHHHHHCCCCCCEEEEEECCCCCHHHHHH
AA: STLPKHSPEPIQYARDIDTSQTSLSKIITRLREKNPNLIG AA: SKAKKEEHLNFQLINHLEKPESNVDLISAYFIPEKQGAKI
50 60 70 80 330 340 350 360
cont: JHNNaNEsERNENNRNERNNE:--R0nRRNNRNRN E cont: JNNNNNRRNNCRNNN=RRRRNNNEnnnnnnRRnRNRNNNxt
Pred: SH— - S— Pred: " -
Pred: EEECCCHHHHHHHHHHHHHHHHCEEEEEEEEEECCHHHHH Pred: HHHHHHCCCCEEEEECCCCCCCHHHHHHHHHHHHHHHHHC
AR: YHLLNDPLEALAARLRLIDKAEKTLDLOYYIWDNDKVGAL AA: LSTLAKEGVEVRVLTNSFKANDVAVVHAFYGKYRKELLKN
920 100 110 120 370 380 390 400
Conf: LIEELLELLLTERELL]LTEE Bl0sf  cont: JEmNERNRRRNRRRRNNNNN=anRRnsnnnnnllNNRaast
— R Pred: U, VS
Pred: HHHHHHHHHHCCCEEEEEEECCCCCCCCHHHHHHHCCCCC Pred: CCEEEEECCCCCCCCCCCCCHHHHHHHHHCCCCCCCCCCE
AA: ALHAIIRAADRGVKVRLLIDDNNAKKMEGVLLALSQHKNT AA: GVQLYEFLPTPDKRDLNKNTDELATKAKVNMKGLSRSSLH
130 140 150 160 410 420 430 440
cont: JINNNNzENNE | EEERL | | iR | | cont: JazilNEERaENEEn nznn-BNNN-NNNNNNN
Pred: — Pred: — S - -
Pred: EEEEECCCCCCCHHHHHHHCCCCCCCCCCCCCEEEEECCE Pred: EEEEEECCCEEEEECCCCCCCCCCCCEEEEEEECHHHHHH
AA: EVKLFNPYRFRKYRAMDMILDLKRINHRMHNKSFIADNQY AA: TKLMALDEQVFIGSFNFDPRSAYLNTEIGVILDSPSLAKT
170 180 190 200 450 460 470 480
(OIS YA || 1 FREEEEEN | | ][] [ EREE] [ FEE | BE const: BEEE | | | il bl | |kl | [ [ ERI
Pred: —_— - Pred: ) ¢ —
Pred: EEECCCCCCCCCCCCCCCCCC: EECHHHHHHHHHH Pred: HHHHHHHHHHHCEEEEEECCCCCEEEEECCCCCCEEECCC
AA: ALIGGRNMTNQYYNVSDSYQFSDVDVMLVGAAVDDIVNSE AA: IHHTMDENLNKYAYKLKLDPNNHIYWQQOETSKGPVIYKKE
210 220 230 240 490 500 510 520
cont : JIlllzznalEnannnn-nnnnnnnNRRRNERRRN f cont:
Pred: T Pred: = W
Pred: HHHHCCCCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHH Pred: CCCCHHHHHHHHHCCCCCCCCCC

Fig. 1 Analysis of PLD protein secondary structure by PSIPRED. Pink and yellow colors represent helix
and beta sheet structures respectively. The dash represent random coil. Blue columns show confidence of

prediction for each position. (Color figure online)

and 2.5 to 3.5, respectively. Covalent and non-covalent band quality remained
unchanged. Ramachandran plot revealed that before refinement 87.1, 9.4 and 3.5 %
of amino acid residues of modeled 3D structure were incorporated in the favored,
allowed and outlier regions respectively (Fig. 3a) while 0.2 % was located in the
outlier area after refinement with the increased percentage of favored region to

90.6 % (Fig. 3b).
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Fig. 2 Refined 3D structure of PLD as viewed by Rasmol software

3.4 Antigenicity Prediction

IEDB B-Cell antigenic predicted sites listed in Table 4 show the shortest sequence
of 6 amino acids at the start position of 460 and the longest one consisting of 50
residues with the start position of 5. High similarity of Antigenic Peptide Prediction
results ensured the accuracy of antigenic areas. Vaxilen classified PLD as probable
antigen, because it has a value of 0.4768 which is above the normal threshold value
of 0.4.

3.5 Identification of B-Cell Epitopes

B-cell epitopes prediction by BCpreds generated 8 epitopes with Bepred model 2 of
which possessed scores below 0.8 with start position of 259 and 401. It was also
presented 9 epitopes with another model, all of which owned scores above 0.9.
Qualified epitope of both models is listed in Table 4. Discontinuous B-cell epitopes
predicted by Seppa and BEpro were specified in Fig. 4. The PLD have several
surface exposed conformational epitopes. Antigenic B-cell epitopes of 53 and 26
mers sequences were identified and analyzed.

3.6 T-Cell Epitope Prediction

Full length protein was subjected to T-cell epitope prediction. Number of ProPred
predicted epitopes which bind MHC class II were 95. One of them bound 42 alleles
and 11 other bound just one allele. The number of ProPred I predicted epitopes
binding MHC class I were 44. The number of alleles that they can bind varies from
1 to 19. There were 9 common epitopes generated both TCL and HCL mediated
immune response (Table 5). “LLNDPLEAL” sequence with the binding ability to
25 MHC alleles was the best common epitope. Lower ICs, is equal to higher
affinity. All the common epitopes possessed expected ICs, value (<1,000 nM).
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Fig. 3 Validation of protein structure using RAMPAGE before (a) and after refinement (b)
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MIMAQSFHSK QLQTHQLAKG FLIKASIVVC SSFAVALTGC STLPKHSPER
IQYARDIDTS QTSLSKIITP LREKNPNLTG YHLLNDPLEA LAARLRLiDK
AEKT1D1qYY THDNDKvgAL aLHATIRaAD RGVKVRLLiD DNNAKKUEGY
LLALSQHKNI EVKLENPYRE RKYRRMDMIL DLKRINHRMH NKSEIADNQV
ALIqGRITH Q¥yNVSDSY(Q FSDVDWIMLVG ARVDDIVNSE DDYHNHEYAY
SVQSIVSAQQ HRLRYESLKQ QLDAHYQQAT VQNFLDLTSR SHAEDKWLDR
NIKEDWVKAE VVKDSPDKIR SKAKKEEHLN FqLInHLEKP ESHvDLISAY
FIPEKQGAKI LSTLAKEGVE VRVLTNSEKA NDVAVVHAFy GKYRKELLKH
GVQLYeFLPT PDKRDLNKNT DELATKAKVN MKGLSRSSLH TKLMALDEQYV
FIgSFNFDPR SAYLnTeIgv ILDSPS1AKT IHHTMDENLN KYayKLKLDP
HIHi YHQQET SKGPVIYKKE PEMKWHQKAG MKLLSHLPLE GE)

Fig. 4 Conformational epitope determination by BEpro (a) and Seppa (b). Red and yellow colored
regains are representative of sequences participated in conformational epitope forming. (Color figure
online)

Table 5 Characteristics of common T cell epitope sequences

Epitope Position Number Number 1Cso
of MHCI of MHCIIL value
binding alleles binding alleles

VCSSFAVAL 29 8 3 76.38

VALTGCSTL 35 19 2 974.99

YHLLNDPLE 81 2 1 65.92

LLNDPLEAL 83 17 8 43.35

WDNDKVGAL 112 12 2 31.77

LALHAIIRA 120 8 13 21.58

FIADNQVAL 194 11 2 8.38

LNTEIGVIL 464 13 2 123.88

WQKAGMKLL 526 13 2 48.31

3.7 Identification of Common Epitope for Multiple Pathogens

Two common antigenic B-cell epitopes were identified using IEDB and BCPreds
which meet all the selection criteria of antigenic B-cell epitope(s). One of them was
53 mers sequence positioned at 5-57 (QSFHSKQLQTHQLAKGFLIKASIVVCSS-
FAVALTGCSTLPKHSPEPIQYADI) and the other one was 26 mers sequence
positioned at 304-329 (FDWVKAEVVKDSPDKIRSKAKKEEHL) with acceptable
VaxiJen scores (>0.4) of 0.4340 and 0.5426 (Table 4). Both sequences were
analyzed with two ProPred and ProPredl servers. 53 mers sequence consisted of 8
MHC class II binding epitopes and 4 MHC class I binding epitopes. Two of these
epitopes were common, represented by bold characters in the Table 6. Four MHC
class II and one MHC class I binding epitopes existed within 26 mers sequence with
no common epitope.

Blastp of A. baumannii PLD against multiple pathogens showed that C. difficile,
M. tuberculosis, Campylobacter spp., P. aeruginosa, S. pneumonia and S. aureus
did not have any specified PLD homologues. According to DEG blastp analysis
PLD homologous proteins in S. Typhi, S. Typhimurium, and E. coli were not
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Table 6 The common antigenic B-cell epitopes analyzed by ProPredI and ProPred for their ability to

bind MHC I and MHC II molecules

Sequence

Start
position

Number of
binding alleles

QSFHSKQLQTHQLAKGFLIKASIVVCSSFAVALTGCSTLPKHSPEPIQYADI

ProPred (MHCII): HCL epitope sequences

FHSKQLQTH
LQTHQLAKG
FLIKASIVV
IKASIVVCS
IVVCSSFAV
VCSSFAVAL
FAVALTGCS
VALTGCSTL

ProPred I (MHCI) :TCL epitope sequences

SKQLQTHQL
THQLAKGFL
VCSSFAVAL
VALTGCSTL

FDWVK AEVVKDSPDKIRSKAKKEEHL
ProPred (MHCII): HCL epitope sequences
WVKAEVVKD

VKAEVVKDS
VVKDSPDKI
IRSKAKKEE

ProPred 1 (MHCI) :TCL epitope sequences

FDWVKAEVV

7 7
12 9
21 22
23 22
27 28
29 3
33 8
35 2

9 2
14 5
29 8
35 19

306 14
307 6
311 11
319 18
304 9

Common epitopic site of 53 mers sequence that bind both MHC class I and MHC class II are represented

by bold characters

Table 7 Epitopes of various pathogens homologous to A. baumannii selected epitope®

Pathogen A. baumannii homologous sequences VaxiJen
score
N. gonorrhoeea WQSVQTRLISDTPAKGLDRDRRKPPI 0.6980
S. flexneri LIWAKTRLLSDDPAKGEGKAPRHSLL 0.3525
S. boydi LIWAKTRLLSDDPAKGEGKAKRHSLL 0.5917
S. Enteritidis LIWAKTRLLSDDPSKGEGKAQRHSLL 0.6047
S. dysenteriae, S. sonnei and K. pneumoniae LIWAKTRLLSDDPAKGEGKAKRHSLL 0.5917

* FDWVK AEVVKDSPDKIRSKAKKEEHL

considered essential. Since DEG includes limited number of human pathogens data,
essentiality of PLD homologous proteins for other pathogens (Table 7) could not be
checked by this server. The PLD homologues sequences of the rest of the pathogens
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301 311 321 330

gi_487911730_re KFDWV, EEH
gi_34597315_gb_ DWQSV KPP
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gi_320177333_gb PLIWA HSL
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Fig. 5 The multiple alignments of PLD homologues of other human pathogens using PRALINE
Sequence similarity at the sequence “FDWVKAEVVKDSPDKIRSKAKKEEHL” position.
Microorganisms from top to bottom of aligning rows are: A. baumannii, N. gonorrhoeae, S. flexneri,
S. dysenteriae, S. sonnei, S. boydi, S. Enteritidis and K. pneumonia

did not show any similarity to human proteome. Multiple alignments of PLD
homologues using PRALINE indicated that there was not any sequence similarity at
the position of the first selected sequence (5-57). Relative similarity existed at the
position of the second selected sequences (304-329) (Fig. 5).

The similar sequences of different pathogens are given in Table 7. Antigenicity
analysis of these sequences by VaxiJen showed S. flexneri score was below the
threshold. These homologous peptide sequences were capable of stimulating
T-cells.

4 Discussion

PLD affects host cell penetration and lysis ability of microorganism. A. baumannii
may avoid the host’s immune response and contribute to antibiotic tolerance with
the help of this natural property (Antunes et al. 2011). In this study, PLD was taken
as an appropriate target for prevention of infectious processes in order to recognize
the immune responses elicited by this enzyme. The selected PLD sequence was the
longest of its homologues in A. baumannii strains. A long sequence with common
similar PLD protein parts is assumed to be useful in elicitation of strong immune
response against most of A. baumannii strains. Computed isoelectric point (pI) of
greater than 7 (pI = 9.08) indicates that this protein is basic in character. The
extinction coefficient of protein at 280 nm was as high as 78,270 M~' cm ™'
representing a high concentration of Cys, Trp and Tyr. High (91.44) relative protein
volume occupied by aliphatic side chains (A, V, I and L), aliphatic index, was a
positive factor implied stability of PLD for a wide temperature range (Nazarian
et al. 2012). The low range Grand Average hydropathy (GRAVY) value (—0.42)
indicates better interaction of protein with water (Sahay and Shakya 2010).
ProtParam classifies the PLD protein as stable (Instability index < 40). The
estimated half-life of greater than 10 h and the protein stability are attractive
features for a vaccine candidate. CELLO and PSLpred predicted PLD as a
periplasmic protein. The localization of a protein is correlated with its biological
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function. Extracellular secretion of proteins such as proteases, phospholipases and
toxins are regarded as a major virulence mechanism in bacterial infections. These
proteins usually are secreted by the type II pathway and perform periplasmic pool
and then fold into a translocation competent conformation before secreting across
channels to extracellular environments (Sandkvist 2001). This is further supported
by Signal-3L that predicted PLD to have signal sequence. In the secretion process
signal peptides function as a tag that directs proteins to the periplasm (Filloux
2010). In a recent in silico study to identify vaccine antigens of A. baumannii
(Moriel et al. 2013), PLD was not listed as a good vaccine candidate. The reason
was that they selected outer membrane, extracellular or unknown proteins only
while neglecting the others in particular the periplasmic proteins.

The high solubility of protein (95.5 %) implies that it could be purified under
native condition when expressed in E. coli. In spite of the fact that a protein with its
native tertiary structure could be a good candidate for immunogenic studies, this
protein should be purified with denaturants like guanidium hydrochloride or urea.
During this process, protein loses its bioactive conformational folding reversibility
of which is difficult on the basis of thermodynamic rules even after removing this
chaotropic denaturants (Dobson 2004; Timasheff and Xie 2003). This denaturation
process is required for the prevention of functional toxicity in the body. This goal
can be achieved by site directed mutagenesis in the sequences coding protein active
site prior to its cloning as carried out on PLDs of Strepromyces chromofuscus and C.
pseudotuberculosis (McNamara et al. 1994; Yang and Roberts 2002). The PLD was
not predicted as an allergen. Although many of allergen clusters are present in a
limited number of protein families, none of the developed techniques has produced
a reliable prediction of IgE epitopes du to the limited number of known epitopes
(Davies and Flower 2007).

Since inhibition of proteins of normal bacterial flora results in adverse side
effects and in colonization of the gut by pathogens (Mai and Morris 2004; Raman
et al. 2008), hence, PLD was compared with the proteins of the gut flora by blastp
analysis. Citrobacter genus was the only gut flora that possessed a homologous
protein. Citrobacter species exist in soil, water, waste water and human intestine.
Their presence is not common in the intestinal tract as the most predominant species
of Bacteroides, Prevotella, Clostridium, Fusobacterium and Eubacterium (Dethlef-
sen et al. 2006; Mai and Morris 2004; Suau et al. 1999).

Unlike majority of the protein secondary structures which include mainly B-sheet
and o-helix, PLD contains higher percentage of o-helix and random coils.
Composition of the secondary structures influences protein tertiary structure,
protein quality, availability and digestive behavior (Yu 2005). Different amino acids
have distinct tendency to form helical strand and random coils (Malkov et al. 2005).
In PLD, the number of helix admirers including (Ala, Leu, Glu, Gln, Arg Met, and
Lys) was higher than strand and coil admirers.

Three-dimensional structure of protein prediction has been useful in biomedicine
like drug candidate selection. Protein structure precision is often measured by root
mean squared deviation (RMSD) of all the equivalent atom pairs and template
modeling score (TM-score) of all the residue pairs. Low accuracy of RMSD values
(>3 A) indicates protein does not have solved template structures. Therefore,
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RMSD value greater than 3 A would no longer be a good marker of modeling
quality or accuracy. Under such circumstances TM-score is more applicable. TM-
score value >0.5 indicates a model with an approximately correct topology (Xu and
Zhang 2010; Zhang 2009). C-score, based on convergence parameters of the
structure assembly simulations and the consensus significance score of multiple
threading, ranges from —5 to 2. Greater C-score, higher is the confidence (Roy et al.
2010). These explain correctness of the predicted PLD 3D structure.

B-cell epitope characterization is necessary for understanding the interactions in
humoral immune response (Rubinstein et al. 2008). For prediction of B-cell
epitopes, BCPreds was used as the main predictor. The results presentation of other
available software for predicting B-cell epitopes such as IGpred were of no or
limited use for our purpose. Rich output and easy use of prediction results were
main features of the used software over other related servers. None of the important
measures like accuracy, specificity, sensitivity, and correlation coefficients can be
used alone to evaluate the performance of the predictors. These metrics are
threshold-dependent and are useful to evaluate performance of the predictor by the
area under receiver operator curves (AUC). It is defined as the probability that a
randomly chosen positive sample will be ranked higher than a randomly chosen
negative sample. AUC value of any predictor with a performance better than
random will be between 0.5 and 1.0. AUC greater than 0.7 is indicative of
acceptable performance of software. AUC value of BCPred (0.758) and AAP (0.7)
is greater than AUC of some B-cell epitope predictors. However AUC has some
limitations and can yield misleading conclusions in comparing different predictors,
and there is a need for better metrics for performance comparison of different
predictors. Therefore it is not easy to state which predictor is better (EL-Manzalawy
et al. 2008; Yasser and Honavar 2010). Lysine was the most abundant amino acid in
epitope sequences whereas leucine was overrepresented in non-epitopic parts. These
findings are in support of previous reports claiming that charged residues are
preferred in epitope sequences (Chandra and Singh 2012). Specific amino acid pairs
of epitope sequences Y: Y, Y: N, Y: G, Y: R and P: D (Rubinstein et al. 2008)
existed in the predicted sequences. Adaptation of secondary structure prediction
results and linear epitope sequences revealed that epitopes were significantly
enriched with (irregular) random coil and turn structures compared to non epitopic
sequences. These structures tend to be more flexible than the other secondary
structures. The secondary structure content is important property of protein—protein
interfaces. The flexible secondary structures affect conformational adjustment of
epitopes upon antibody binding (Chandra and Singh 2012). Comparison of linear
epitope sequences and surface accessibility predictions showed almost half of the
epitopic sequences in surface regions. In fact, unexposed sequences, capable of
stimulating production of specific antibodies, and a few exposed ones are required
for generation of antibodies, because they have higher potential to be recognized by
the immune systems (Rubinstein et al. 2008).

In this study T-cell epitope prediction was performed using ProPred and
ProPredl. Despite development of many computational methods and the focus of
many studies on evaluating the success of various MHC-peptide binding prediction
methods, there is no consensus on the ideal method (Lafuente and Reche 2009). If
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sufficient peptide quantities of a pathogen bind to a major histocompatibility
complexes (MHC) on the surface of an antigen-presenting cell, the T cell can elicit
the cellular immunity (Davies and Flower 2007). This study manifested a lot of PLD
epitopic parts which could trigger strong immune response. It is worth mentioning
that awareness about distribution of HLA-ABC (MHC class I) and HLA-DR (MHC
class II) has clinical application in adaptive immunity and vaccine development
(Shankarkumar 2010). Therefore a good vaccine candidate should have T-cell
epitope parts with ability to bind most frequent HLA alleles of area used for. No
HLA allele was detected by ProPred or ProPredI that PLD could not bind.

An epitope evoking both the B-cell and T-cell (MHC I and MHC II) mediated
immunity is highly useful in developing peptide based vaccines. Two peptide
sequences of PLD, “QSFHSKQLQTHQLAKGFLIKASIVVCSSFA-
VALTGCSTLPKHSPEPIQYADI”, and “FDWVKAEVVKDSPDKIRSKAK-
KEEHL” possessed these properties.

In this analysis, homologous PLD sequences from N. gonorrhoeae, Shigella sp.
(flexeneri, sonnei, dysenteriae and boydi), S. enterica subsp. enterica serovar
(Typhi, Typhimurium and Enteritidis), E. coli, K. pneumonia and E. gallinarum
qualified the cut off value. Hence, it is presumed that their homologous proteins
have similar epitopic sequences; therefore, inhibitors for A. baumannii PLD may
inhibit these proteins, too. The genus Salmonella consists of two species viz, S.
enterica (medically important salmonellae) and S. bongori. Typhoidal serotypes
(e.g., S. enterica var Typhi and S. enterica var Paratyphi, and non-typhoidal
Salmonella serotypes (NTS serotypes) of S. enterica subsp. Enterica can cause
human diseases. S. Typhimurium and S. Enteritidis account for 80 % of NTS
serotypes induced infections (Feasey et al. 2012; San Roman et al. 2013). Thus, we
chose these two serotypes to find homologous PLD sequences. Enterococci are
frequent causes of nosocomial urinary tract infections and nosocomial bacteremia.
E. galinarum contribution to these infections is very negligible as compared with E.
faecalis and E. faecium. A low level of Vancomycin resistance is found in E.
galinarum (Arias and Murray 2012; Teixeira and Merquior 2013). Since the aim of
this study was to find a target sequence for antiobiotic resistance species, this
species was omitted. All the above-mentioned species of Shigella can produce
shigellosis. Because the CDC report did not specify any particular species, we
surveyed all of these four species.

S. Typhi, S. Typhimurium and E. coli of CDC reported microorganisms did not
require PLD homologous proteins for their survival. In addition to CDC list,
Helicobacter pylori and Mycoplasma pulmonis had homologous ones playing key
roles for their life. Alignment analysis revealed the first sequence did not exist in
most of the pathogen studied. Signal-3L analysis of A. baumannii revealed the first
36 of total 53 PLD amino acids are signal peptide sequence which under natural
conditions most part (36aa) of these peptide would be omitted. So, triggering
antibody and cell immunity against this part would not have any influence on the
inhibition of pathogen unless antibody reacts with the bacterial components from
lysed bacteria. The lysed components influence the pathogenesis of infectious
diseases (Chen et al. 2009). There were similar sequences in the second peptide
sequence position in all the qualified pathogens (Fig. 5; Table 7). In order to
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demonstrate the possibility of these sequences to be used as peptide vaccine,
VaxiJen value was determined. S. flexneri did not qualify VaxiJen threshold. All the
homologues peptides had T-cell epitopic sites. A PLD based vaccine for N.
gonorrhoeae (Apicella et al. 2007) is in agreement with our in silico results.

5 Conclusions

Inhibition of PLD activity by humoral and cellular immune response could have
significant therapeutic potential against A. baumannii. The peptide sequence
“FDWVKAEVVKDSPDKIRSKAKKEEHL” could serve as a peptide vaccine
against A. baumannii. The sequence with slight modifications can find similar
application against some other human pathogens.
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