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Availability of genome sequences of pathogens has offered a tremendous amount of information that
can be useful in drug target identification. Complete genome sequences of several pathogenic bacteria
including Shigella spp., Escherichia coli, Vibrio cholerae, Salmonella typhimurium and Yersinia
enterocolitica mostly involved in causing diarrheal diseases have been determined. Detection of
bacterial genes that are common in all of them, non-homologous to human genes and essential for the
survival of the pathogen represents a promising means of identifying novel drug targets. Results
recommended that among these common proteins, surface associated proteins might be most useful.
Our approach has identified seven essential proteins that may be considered as potential drug targets;
motifs were identified for these proteins to determine their functions and antigenicity and profiling was
also done to identify probable epitopes among the candidate antigens. This approach enables rapid
potential drug target identification, thereby greatly facilitating the search for new drug targets against
the causative agents of diarrheal diseases. These results highlight the significance of in silico

systematic drug target identification in the post-genomic era.
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INTRODUCTION

Diarrhea remains the second leading cause of death
around the world for children under five years of age,
accounting for approximately 15% of under-five child
deaths worldwide, or almost two million deaths annually
(WHO, 2008). Diarrhea is the passage of loose or watery
stools occurring three or more times in a 24 h period. The
three types of diarrhea are: acute diarrhea, which lasts
less than 14 days, persistent diarrhea, which lasts 14
days or more, and dysentery Diarrhea with blood in the
stool with or without mucus. The new approach of the
genomic era, to develop vaccines starting from the geno-
mic information rather than growing the causative micro-
organism, was named reverse vaccinology (Rappuoli,
2000) and can be used for the development of vaccines
against pathogens for which the applications of Pasteur’s
principles have failed.

In the post-genomic era, pathogen genome sequencing
efforts have expanded in order to include multi-
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representatives of the same species and this pan-
genome approach has shown tremendous potential for
making vaccines that once might have been impossible
to design. Comparative genomics allows antigen
candidates to be identified on the basis of sequence
conservation in different serotypes and strains of a given
pathogen. ldentification of shared virulence factors and
protective antigens could support a concept of combined
vaccination approaches (Zagursky et al., 2003). Although
one of the most important features of effective vaccine
antigens is their ability to induce antibodies and or to
activate immune cells, it is anticipated that with the
wealth of knowledge currently being generated, it would
be possible to develop predictive algorithms to pinpoint
proteins that are likely to be immunogenic and/or
protective (Mayers et al., 2003).

More advanced however, is the strategy to mine
genomic sequence databases of intracellular pathogens
for predicted T-cell epitopes and validate them
experimentally, on the basis of immune recognition
(Flower, 2003). Detection of bacterial genes that are
common in all of them, non-homologous to human genes
and are essential for the survival of the pathogen,



represents a promising means of identifying novel drug
targets. Results recommend that among these common
proteins, surface associated proteins might be most
useful. Our approach has identified seven essential
proteins that may be considered as potential drug targets.
Motifs were identified for these proteins to determine their
functions and antigenicity profiling was done to identify
probable epitopes among the candidate antigens. This
approach enables rapid potential drug target
identification, thereby greatly facilitating the search for
new drug targets against the causative agents of
diarrheal diseases. These results also highlight the
significance of in silico systematic drug target
identification in the post-genomic era.

MATERIALS AND METHODS
Retrieval of DNA sequences

Complete DNA sequences were mostly retrieved from
www.ncbi.nim.nih.gov. In the case of the five bacterial species,
section related to core nucleotides was selected for sequence
analysis.

Retrieving coding sequences from genomic databases

DNA and protein encoding DNA sequences were taken and
analyzed for the outer membrane, lipopolysaccharide, adhesins,
and siderophores (iron uptake). Separate datasets were made in
which these proteins were stored locally. For selecting consensus
sequences, open reading frames (ORF) of these surface
associated proteins were retrieved from
http://spock.genes.nig.ac.jp/~genome/org.html.

Protein-protein BLAST

Protein-protein BLAST (Altschul et al., 1990) was performed by
using alignment tools. Dataset of all the surface associated proteins
(ORFs of a particular bacterial species) were BLAST against all
other selected bacterial species in order to obtain similar
sequences. This procedure was repeated for selected proteins for
example, outer membrane proteins of Escherichia coli were
analyzed by BLAST one by one against the outer membrane
proteins (obtained from database) of the rest of the bacterial
species (http://blast.ncbi.nim.nih.gov/Blast. cgi?PROGRAM=blastp
&BLAST_PROGRAMS=blastp&PAGE_TYPE=BlastSearch&SHOW
_DEFAULTS=0n&LINK_LOC=blasthome).

Selection of proteins from alignment files

Sequences were selected by observing the alignment criteria; bit
score, expected value (E value) and % identities. However, as the
E value varies from sequence to sequence depending upon their
length, % identity was taken as the selection criteria whose range
falls between 99 to 100% using both the BioEdit and CLC protein
workbench software packages. More refinement was made to
improve the alignment so that only those sequences whose %
identity was almost 100%, that is either 99% or 100%, were
selected.
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Expression profile data comparison

In silico, two-dimensional gel electrophoresis (2-DE) patterns were
observed in order to study the expression profile of each species.
For this, two separate websites were used; GELBANK and
JVIRTUAL GEL. GELBANK was available from the NCBI FTP
server. This website incorporates only completed genomes and
information  pertinent to 2-DE. Link is available at
www.gelbank.anl.gov. JVirGel is a software for the simulation and
analysis of proteomics data (http://www.jvirgel.de/). The Java TM
based software determines the theoretical isoelectric points (pl),
calculates molecular weights (MW) of proteins and visualizes these
as a virtual two-dimensional (2D) protein map.

Selection of common proteins

Common proteins were selected from the data; the proteins that
were common in all bacterial species, were selected by using
BLAST (Altschul et al., 1990) and the proteins that showed 99 to
100% identity were included in the list.

Prediction of protein sub-cellular localization

A protein's subcellular localization is influenced by several features
present within the protein's primary structure, such as the presence
of membrane-spanning alpha-helices (http:/psort.hgc.jp/). PSORT
uses information obtained from each analysis to generate an overall
prediction of localization site. Developed by Kenta Nakai in 1991,
PSORT is an algorithm which assigns a probable localization site to
a protein given an amino acid sequence alone. Originally developed
for prediction of protein localization in Gram-negative bacteria,
PSORT was expanded into a suite of programs PSORT (Nakai and
Kanehisa, 1991), PSORT II (Horton and Nakai, 1997) and iPSORT
(Bannai et al., 2002) capable of handling proteins from all classes
of organisms.

Identification of protein domains and function

Domain in a protein is important for the functional ability of a
protein. SBASE is a collection of protein domain sequences
collected from the literature, from protein sequence databases and
from genomic databases. In addition, function of a particular protein
can also be identified (http://hydra.icgeb.trieste.it/sbase/).

Transmembrane helices by hidden Markov model

For prediction of transmembrane helices, TMHMM version 2.0
(Krogh et al., 2001) was used (http://www.cbs.dtu.dk/services/
TMHMMY/).

Discrimination and prediction of transmembrane beta strands
in outer membrane proteins

A statistical method was devised by scientists based on amino acid
composition for discriminating outer membrane proteins from other
globular and membrane proteins (Gromiha et al., 2004).
Furthermore, the method was able to correctly exclude alpha-helical
membrane proteins up to an accuracy of 80% (http://psfs.cbrc.jp/
tmbeta-net/).

Motif identification

MEME (Bailey et al., 2010) I s basically a software package to
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Table 1. Genome size of bacterial species causing diarrheal diseases.

Organism Species Genome size (bp) DNA Database Accession
E. coli 0157:H7 EDL933 5528445 Circular  www.nchi.nim.nih.gov NC_002655
S. typhimurium  LT2 4857432 Circular  www.ncbi.nlm.nih.gov NC_003197
V. cholera O1 Biovar eltor str. N16961 2961149 Circular  www.ncbi.nlm.nih.gov  NC_002505,06
Y. enterocolitica Subspecies 8081 4615899 Circular  www.ncbi.nlm.nih.gov NC_008800
S. flexneri 2a str. 2457T 4599354 Circular  www.ncbi.nlm.nih.gov NC_004741
S. dysenteriae = Sd197 4369232 Circular  www.ncbi.nlm.nih.gov NC_007606
S. sonnei Ss046 4825265 Circular  www.ncbi.nlm.nih.gov NC_007384
S. boydii Sh227 4519823 Circular  www.ncbi.nlm.nih.gov NC_007613

discover motifs (highly conserved regions) in groups of related DNA
or protein sequences and search sequence databases using known
and well defined motifs (http://meme.nbcr.net/meme/intro. html).

BioEdit

BioEdit is a biological sequence editor that runs in Windows
95/98/NT/2000/XP and is intended to provide basic functions for
protein and nucleic acid sequence editing, alignment, manipulation
and analysis. In this study it was mainly used for alignments that is,
local alignment (Altschul et al., 1990), multiple sequence alignment
(Thompson et al., 1994) and identification of common proteins. This
software has the inbuilt functionality that it creates its own local
database (Hall, 1999).

BLAST

Local BLAST (Altschul et al., 1990) was performed in order to
obtain common proteins on the basis of % identities and secondly it
was performed for the reverse BLAST (protein-protein BLAST
against each other) to improve the results.

CLC combine workbench

In combine workbench we mostly used the protein workbench as
our project requirements. Protein workbench was used for
antigenicity, hydrophobicity and secondary structure prediction.

RESULTS AND DISCUSSION

Table 1 shows organism used during this study, their
species name, genome size, type of DNA, database used
and their accession numbers. The surface associated
proteins that were focused in this project belong to the
following category: outer membrane, lipopolysaccharide,
siderophores (iron uptake), secreted and adhesins
proteins. These proteins were BLAST against each other
using different bioinformatics tools in order to identify
those proteins which were common. For example,
protein-protein BLAST of outer membrane protein of E.
coli was performed against all the other bacterial species.
Those alignments were selected whose identity values
were between 99 to 100%. Significant results were
obtained for most of the species except V. cholera, and

Y. enterocolitica in case of surface associated proteins.
Expression profile of various proteins is important due to
the fact that only data obtained from ORF’s that is not
sufficient. There is a possibility that ORFs that are under
consideration are not expressed in that organism as
through scientific data, it is clear if all ORFs are
expressed at a particular time (www.gelbank.anl.gov).

More also, in order to study the in silico expression of
surface associated proteins, two different computational
tools were used which included GELBANK and JVIR
GEL. Protein expression is the key step for in silico
identification of vaccine targets because proteins that are
not expressed will be insignificant. For protein
expression, JVIR GEL was tested to be a more reliable
tool due to the fact that it is easier to use than GELBANK,
and users can also obtain a list of all the expressed
proteins divided into secretory proteins, membrane and
other proteins, hence no need for the user to click on
every expressed spot one by one to check which protein
it is.

List of common proteins

From the alignment files that were generated previously,
a list was obtained containing the common proteins with
respect to three species (E. coli, Salmonella typhimurium
and Shigella spp.). Since the alignment regarding V.
cholera and Y. enterocolitis generated no significant
results, the list therefore does not satisfy the required
criteria for these two organisms. This list was also
generated manually by observing separate lists of
common proteins along with their respective gene
names.

PSORT and SBASE prediction of common proteins

Sub-cellular localization is important due to the fact that
the function of a particular protein can be identified by it.
The prediction programs PSORTB and SBASE can be
used to predict protein localization in Gram-negative
organisms. PSORTB and SBASE were used to predict all



Table 2. Identification of proteins causing diarrheal diseases using SBASE tool.
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Gene name Protein PSORT prediction Description

OompA Outer membrane protein 3a Outer Membrane Protein Outer membrane protein
IspA Prolipoprotein signal peptidase Cytoplasmic Membrane Protein  Lipopolysaccharide
yaeC putative lipoprotein Unknown Lipopolysaccharide

Pal Peptidoglycan-associated lipoprotein

Lpp Murein lipoprotein
vacJ Lipoprotein precursor
feoB Ferrous iron transport protein B

Outer Membrane Protein
Unknown

Unknown

Cytoplasmic Membrane Protein

Lipopolysaccharide
Lipopolysaccharide
Lipopolysaccharide
Siderophores

Table 3. SBASE prediction of common proteins causing
diarrheal diseases.

Gene name SBASE domain SBASE function
ompA

IspA

yaeC NLPA lipoprotein Surface Antigen
pal

Lpp No domain predicted Murein lipoprotein
vacJ VaclJ like lipoprotein  Surface lipoprotein
feoB

outer membrane, secreted, and lipoproteins. PSORTB
and SBASE use different methods for prediction of
localizations. PSORTB uses primary sequence analysis
algorithms and gives a high precision, but low sensitivity
prediction, while SBASE on the other hand utilizes
analysis of text annotations for the closest homologue of
any given query sequence and has medium-high
precision and sensitivity; it thus makes a higher number
of predictions. SBASE tool was therefore used in this
project in order to obtain knowledge about domains and
functions of common proteins. PSORTB predicted some
of the common proteins to be unknown. SBASE tool was
applied (regarding their domains and function) and the
results are shown in Table 2. In the case of SBASE, the
results obtained are shown in Table 3.

Prediction of membrane proteins

Membrane proteins play key roles in biological systems
as pores, ion channels and receptors. Hidden Markov
Model was used to simulate topological states of regions
of a protein. These states include transmembrane
helices, cytoplasmic | and non-cytoplasmic loops. The
predicted transmembrane domains are shown in Table 4.

Number of motifs of common proteins

Motif is a highly conserved region in a protein and is
responsible for determining the role and function of that
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Table 4. TM beta segments and number of transmembrane
helices of diarrheal agents by Hidden Markov Model (HMM).

Gene name Predicted tm-beta segment TMHHMM
ompA 14 0
IspA 8 0
yaeC 10 4
pal 7 0
Lpp 2 0
vacJ 10 0
feoB 30 10

Table 5. Motif prediction for proteins causing diarrheal
diseases.

Protein Gene Num bgr of
name motif

Prolipoprotein signal peptidase Isp A 11
Putative lipoprotein yae C 16
IPepndog_lycan-assouated pal 11
ipoprotein

Murein lipoprotein Ipp 5
Lipoprotein precursor vacJ 15
Ferrous iron transport protein B feoB 41
Outer membrane protein 3a ompA 21

protein. In this case, motifs were retrieved from MEME
database and are shown in Table 5.

Antigenicity profile of common genes

Antigenicity profile was taken in order to determine the
antigenic determinants, that recognizes the antibodies or
epitopes that show affinity for antibodies. The common
proteins were analyzed for antigenic determinants by
using CLC combine workbench. Different antigenic plots
were obtained against all the common proteins. The
proteins which are more hydrophilic are more antigenic
because they are localized inside the cell; towards the
cytoplasm and away from the membrane (phospholipid
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Table 6. Antigenic propensity and determinants for proteins causing

diarrheal diseases.

Average antigenic Antigenic
Gene name propensity determinant
ompA 1.0199 12
IspA 1.058 7
yaeC 1.0456 13
Pal 1.0085 5
Lpp 1.0215 2
vacJ 1.0182 8

Table 7. T Cell epitope prediction for proteins causing diarrheal diseases (http://www.imtech.res.in/raghava/mhcbn/map.html).

Gene name Sequence Position Score T cell epitope Host organism MHC
ompA YRFGQGEAAPVVAPAPAPAP 189 1 No matching peptide Human
GAGAFGGYQVNPYVGFEMGY 57 0.986
GWSQYHDTGFINNNGPTHEN 35 0.975
ARGMGESNPVTGNTCDNVKQ 297 0.965
IspA QSDEVYEAANKVFNGGAVKG 251 0.972 No matching peptide Human
pal GAGTGMDANGGNGNMSSEEQ 38 1 No matching peptide Human
DERGTPEYNISLGERRANAV 110 0.973
yaeC QSDEVYEAANKVFNGGAVKG 251 0.972 No matching peptide Human
Lpp NWSKRDRNTAIGAGAGALGG 26 0.983 No matching peptide Human
vacJ ANGGELKPQENPNAQAIQDD 225 0.993 No matching peptide Human
AWRDYVPQPARNGLSNFTGN 58 0.99
VMVNYFLQGDPYQGMVHFTR 83 0.973
LVGCASSGTDQQGRSDPLEG 15 0.969
feoB PIEASKGDGEMGTGAMGVMD 636 0.996 No matching peptide Human

bilayer). In contrast, proteins which are hydrophobic in
nature are away from the cytoplasm; towards the
membrane (phospholipid bilayer), and are less or not
antigenic. Moreover, B and T cell epitopes of common
candidates were also studied and results are shown in
Tables 6 and 7. Antigenic plot of each common protein
are also shown in Figure 1a to g. The X plot indicates that
the amino acids below the X-axis are hydrophobic, while
that above the X-axis are hydrophilic.

Multiple sequence alignment of common proteins

Multiple sequence alignment was performed in different
species to identify conservation among the common
surface associated proteins (CLC protein workbench) and
are shown in Figure 2. Common proteins are the ones
that appeared in one species and were also common in
other species for example, in the case of E. coli, list of
proteins similar in E. coli and other four species was
stated. Secondly, in the case of Salmonella, list was
made regarding other three species excluding E. coli
from the list because E. coli's alignment with Salmonella
was previously done in making the E. coli common

proteins file. Same method was repeated with other
species as well, but no significant results were obtained
in the case of V. cholerae and Y. enterocolitis in all the
alignment files. In general, the overall degree in
conservation between the protein sequences of close
homologs was about 93.56% for the sequenced
representatives of Escherichia and Shigella species,
69.21% for Shigella and Salmonella and 53.31% for
Salmonella and Yersinia. This shows the close
relationship between the Salmonella, E. coli and Shigella
species.

Furthermore, common proteins were then analyzed for
their subcellular localization and their domains and
functions. ASE was considered to be more accurate than
PSORTB because PSORTB confirmed certain common
proteins as unknown, while SBASE showed the domains
and function of those proteins. In addition, using
bioinformatics tools motifs of common proteins were
identified. Motifs are sequence patterns that show the
conservation among different protein sequences.
Conserved regions are important in proteins that show
the properties of protein folding. Antigenic profiling of
common proteins was done by using CLC combine
workbench. The antigenicity plots were generated to
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identify those regions that are more antigenic as
compared to others. Average antigenic propensity and
antigenic determinants were also identified which
indicates probable epitopes of common proteins. The
common proteins among the species, E. coli, Salmonella,
and Shigella sp., were antigenic. The antigenicity report
therefore shows that they contain antigenic determinants
(epitopes). Among these common proteins, only seven
proteins were selected for the study depending upon their
antigenic propensity and antigenic determinants. Table 6
shows the list of proteins with their antigenic propensity
and determinants. Among them, FeoB, YaeC and OmpA

(d)

were found to be more antigenic as compared to other
eight proteins because they had 25, 13 and 12 antigenic
determinants, respectively.

This study was an in silico approach to predict possible
genes that can be used as vaccines. Docking procedures
can be used for further verification of these targets, as it
will reveal the active sites of target genes. Further work
can be done on antigenic profiling to investigate antigenic
determinants (epitopes) with greater accuracy. Moreover,
in vivo experiments should be carried out in various
animal models in order to confirm that the genes under
consideration are possible vaccine targets or not.
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Figure 2. Multiple sequence alignment of common proteins causing diarrheal diseases.
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We demonstrated that our in silico approach predicted
vaccine candidates for diarrheal pathogens. Although
false positives will still be present among these predicted

E.cali

Salmanella
Shigella_boydii
shigella dysenlesy
Consensus

Consarvation

Sequance Logo

E.coli

Salmaonella
Shigella_boydii
Shigella_dysenlery
Cronsensus

Conservation

Sequance Logao

E coli

Salmonella
Ehigella boydii
Shigella_dysentary
Consansus

Congervation

Sequance Logo

E.coli

Salmonclla
Smigella_boydil
Shigella_dysenlery
Consensus

Conservation

Sequanca Logo

Khan et al.

TT
TT

120

G
G 120
G

5
5
5
5
5

TT 120
G TTERPT 120
| YGYVGEVGEY GHFQTTEYPT
3| 1GVVGUGY GRFQTTEYPT
1d|l2
HETSDRGE SEGAG NP 140
HETSDHGE SHGAG HP 140
HETSDHGE SHGAG NP 140
HETSDHGCE SMGAG HP 140
YEHDTEDYGF 3YGAGLQFNP

01301

L=y ]

STl

&0
E5 L]

160
160
160
160

EQSR|RSVDV

VALDFSY

ENVALDFST QK|

171
171
11
174

TWI AGVGYR F

GIWAGYGIR f

—

S10l

G
G
G
G
G

2065

targets, the method offers an interesting approach for
further elucidation of genetic networks involved in the
expression of all five species virulent genes. We believe
that the identified genes retained in the respective
genomes through selective advantage may play a key
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role in pathogenesis. We have shown that following the
simple strategy applied to bacterial enteric pathogens in
this study may be helpful for the development of new
vaccines, by exploiting surface proteins as putative
vaccine candidates. The selected seven common
proteins were also investigated for their potential as
biological markers for identification of closely related
common diarrhea-causing bacteria species. We therefore
hope that future vaccines will be multivalent and will
induce specific immunity against the protective antigens.
It will also protect against both disease and possibly
infection of newborns regardless of passively acquired
antibodies, and will have a long duration of immunity, not
requiring booster doses and will also be free of adverse
reactions.
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