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Abstract

Klebsiella aerogenes is a multidrug-resistant Gram-negative bacterium that causes nosocomial infections. The organism
showed resistance to most of the conventional antibiotics available. Because of the high resistance of the species, the treatment
of K. aerogenes is difficult. These species are resistant to third-generation cephalosporins due to the production of chromo-
somal beta-lactams with cephalosporin activity. The lack of better treatment and the development of therapeutic resistance
in hospitals hinders better/new broad-spectrum-based treatment against this pathogen. This study identifies potential drug
targets/vaccine candidates through a computational subtractive proteome-driven approach. This method is used to predict
proteins that are not homologous to humans and human symbiotic intestinal flora. The resultant proteome of K. aerogenes was
further searched for proteins, which are essential, virulent, and determinants of antibiotic/drug resistance. Subsequently, their
druggability properties were also studied. The data set was reduced based on its presence in the pathogen-specific metabolic
pathways. The subtractive proteome analysis predicted 13 proteins as potential drug targets for K. aerogenes. Furthermore,
these target proteins were annotated based on their spectrum of activity, cellular localization, and antigenicity properties,
which ensured that they are potent candidates for broad-spectrum antibiotic and vaccine design. The results open up new
opportunities for designing and manufacturing powerful antigenic vaccines against K. aerogenes and the detection and release
of new and active drugs against K. aerogenes without altering the gut microbiome.
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Introduction

Klebsiella aerogenes from the Enterobacteriaceae family is
a multi-resistant, Gram-negative bacterial pathogen that is
commonly found and is part of the normal human intestinal
tract flora. It is the most common cause of hospital ward
infection and has also been identified as a significant and
versatile opportunistic pathogen for humans (Fok et al. 1998;
Davin-Regli 2015). In the recent past, it has been reported
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that this species is the primary cause of high mortality and
morbidity (Jacoby 2009). It mainly originates in intensive
care patients, especially those with mechanical ventilation.
It is known for its role in hospital infections, such as bacte-
remia, pneumonia, surgical infections, meningitis, skin and
soft tissue infections, infections of the lower respiratory
tract, endocarditis, intra-abdominal infections, urinary tract
infections, infections of the central nervous system, infec-
tions of the eye, osteomyelitis, and septic arthritis. Entero-
bacter infection management options are relatively limited
(Mezzatesta et al.2012; Langley et al. 2001; Sanders and
Sanders 1997).

The overuse of antibiotics has increased K. aerogenes infec-
tions in hospital wards (Arpin et al.1996; Anastay et al. 2013).
It is mainly known for its resistance to many drugs against
a wide variety of antimicrobials. K. aerogenes has progres-
sively been reported, leading to MDR isolates (Chang et al.
1990). According to previous studies, K. aerogenes is resistant
to beta-lactam antibiotics and extended-spectrum antibiotics
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(Arpin et al. 2003; Cantén et al. 2002; Charrel et al. 1996).
Membrane permeability, efflux mechanisms, and enzyme deg-
radation are the primary reasons for increased resistance to
antibiotics (Nikaido 2003; Pages et al. 2008). With the emer-
gence of multidrug resistance and the lack of optimal treat-
ment, there is a constant need to discover new drugs to pre-
vent these infections. Identifying new drug targets is one of
the key steps in the drug discovery process. The current study
identifies promising drug/vaccine targets using a systematic
"in silico" approach that can be extended to other life-threat-
ening pathogens. Recently, species-specific targets of drugs
and vaccines for many pathogenic bacteria have been identi-
fied using subtractive proteomics approaches (Uddin and Jamil
2018; Sarangi et al. 2009; Mondal et al. 2015).

Traditional drug detection methods are time-consuming
and yield just a few drug targets. In recent times, computa-
tional methods and omics data have been an exciting way
to find new drug targets and reduce drug failure rates in the
last stages of clinical trials (Reker et al. 2018). Access to the
entire genome sequence of specific pathogens and humans
dramatically simplifies the search for new target candi-
dates. Subtractive and comparative proteomics has become
the method of choice for identifying potential drug targets
against various life-threatening pathogenic bacteria (Botta-
cini et al. 2014; Cava et al. 2017; Perumal et al. 2007). These
goal-setting methods consider essential characteristics as the
major criteria for selecting medical candidates. To prevent
disruptive interactions, passive therapeutic targets are unique
to the bacterial pathogen. Targeting pathogen-specific pro-
teins will aid in the prevention of bacterial infection.

This manuscript presents a new "in silico” approach
that incorporates various computer technologies to identify
and characterize therapeutic candidates for K. aerogenes.
The first list of proteins for K. aerogenes was determined by
scanning their entire proteome against the human gut micro-
biome. This was then filtered to find a potential drug target.
Various "in silico" tools have been used to identify proteins
important for pathogen survival. Non homologous and met-
abolic pathway analysis was performed to prevent both
pathogenic proteins and pathogens from being involved in
the host’s metabolism. The characteristics of the candidate
targets predict their location within the bacterial cell, their
ability to function as a broad-spectrum target, their cellular
function, and their antigenic properties. Current approaches
allow the identification of vaccine and drug candidates based
on essential and favorable properties.
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Materials and methods

The entire K. aerogenes KCTC 2190 proteome was investi-
gated using subtractive proteomics techniques to understand
novel drug targets and vaccine applicants. The overall work-
flow is outlined in Fig. 1.

Data collection of proteome

The complete protein sequence or proteome of K. aerogenes
strain KCTC 2190, containing 4795 protein sequences, was
downloaded from the database of the National Center for
Biotechnology Information (NCBI) (Pruitt et al. 2007).

Non-homology sequence analysis against gut
microflora

The proteome of K. aerogenes was subjected to BLASTP
(Altschul et al. 1990) against the proteome of 83 gut micro-
flora reported in the literature (Shanmugham and Pan 2013).
K. aerogenes proteins with a similarity of less than 50% and
a cutoff E value of 0.001 were regarded as non-homolo-
gous with the proteome of the intestinal microflora (Shende
et al. 2017) and were subjected to further analysis to find
essential, virulent, and resistant proteins.

Essentiality analysis

The Essential Genes Database (Luo et al. 2014) (DEG)
(http://www.essentialgene.org/) contained more than 22,343
experimentally identified essential/necessary genes and
was used to extract proteins of K. aerogenes. The default
BLASTP against DEG was done by placing non-homolo-
gous proteins obtained in the previous step using an E value
cutoff value of 0.0001 (Sharma and Pan 2012), based on the
fact that similar proteins in different organisms are probably
equally required.

Virulence factor analysis

The Virulence Factor Database (Liu et al. 2019) (http://
www.mgc.ac.cn/VFs/search_VFs.htm) comprises four
classes of Virulence Factors (VFs), specifically offensive,
defensive, non-specific, and pathogenic. Bacterial virulence-
related genes were used to retrieve the virulence factors of K.
aerogenes. For screening virulent factors, the non-homolo-
gous gut microflora protein subset was subjected to a prede-
termined BLASTP against virulence factors in VFDB with
an E value cutoff of 0.0001.
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Resistance factor analysis

The BacMet2.0 database (Pal et al. 2014) (http://bacmet.
biomedicine.gu.se/) is a manually organized bacterial gene/
protein database, and contains experimentally confirmed
resistance genes/proteins and was used to extract resist-
ant proteins of K. aerogenes. Non-homologous gut micro-
flora proteins were subjected to default BLASTP screening
against antibiotic-resistant sequences in the BacMet data-
base with an E value cutoff of 0.0001 to classify resistant
proteins.

Non-homology analysis against the human host

To prevent drug binding to human hosts and highly unde-
sirable cross-reactivity, the generated output contains non-
redundant proteins subjected to a sequence similarity search
against human proteins using BLASTP. BLAST screening is
set by default to an E value range of 0.001 (Anishetty et al.
2005; Sarkar et al. 2012).

Druggability analysis

DrugBank 5.1.6 (Wishart et al. 2018) (https://www.drugb
ank.ca/releases/5-1-6) includes 13,577 drugs, including
2634 approved low molecular weight drugs, 131 nutraceu-
ticals, 1377 and about 6375 investigational drugs (discov-
ery phase). The druggability of the resulting data set of K.
aerogenes was analyzed using BLASTP search against the
DrugBank 5.1.6, with a cutoff E value of 0.0001.

Analyzing the metabolic pathway of K. aerogenes

KEGG (Kanehisa et al. 2017) (https://www.genome.jp/
kegg/) is a pathway database that contains curated metabolic
pathways of proteins of all organisms. KEGG was used to
retrieve all specific pathways of K. aerogenes and H. sapi-
ens with their corresponding organism codes; ‘eae’ and ‘hsa’
for K. aerogenes and H. sapiens. Then, by manually compar-
ing pathogen and host metabolic pathways, unique and com-
mon pathways were listed separately. The identified K. aero-
genes drug targets were then submitted to BLASTP via the
KAAS server to obtain information on the various bio-
logical processes and metabolic pathways involving puta-
tive drug targets (Moriya et al. 2007). Proteins present
only in unique metabolic pathways of pathogens were
detected, and proteins involved in both or only the host’s
pathways were not included.

Broad-spectrum analysis

A list of 240 disease-causing microorganisms from distinct
classes that are detailed in the literature (Raman et al. 2008)
was utilized for the broad-spectrum analysis. A subset of
proteins acquired from the pathway analysis was analyzed
using BLASTP search against these pathogenic micro-
organisms with an E value of 0.0001, which can be used in
broad-spectrum drug/vaccine design.

Proteins subcellular localization prediction

Since K. aerogenes is a Gram-negative bacterium, the pro-
tein of this bacterium can be distinguished in five cell loca-
tions: extracellular space, cytoplasmic, periplasmic, outer
membrane, and inner membrane. To predict the intracel-
lular localization of pre-selected proteins, PSORTbv3.0.2
(Yu et al. 2010) and CELLOV.2.5 (Yu et al. 2006), servers
were used. The highest score generated by these two serv-
ers was used to recognize the subcellular localization of
the proteins.

Antigenicity prediction

To predict possible antigens and subunit vaccines, the
identified target proteins were analyzed by the VaxiJenv2.0
server. We chose VaxiJen as it is a reliable and consist-
ent tool for the prediction of protective antigens with a
reported accuracy of 82% (Doytchinova and Flower 2007).
This server was developed to classify antigens based on
physicochemical properties. Protein sequences with anti-
genicity greater than 0.5 were considered antigens.

Results and discussion

In this study, we adopted subtractive proteome-based
analysis to categorize novel drug targets as well as vac-
cine candidates against K. aerogenes KCTC 2190 using
various databases and computational tools. The phases of
the sequential analysis are listed below (Table 1).

Non-homology analysis against gut microflora

The NCBI was used to download the full proteome of K.
aerogenes, which included 4795 protein sequences, and
compare it to the proteome of the human gut microbiota.
Gut microflora plays an essential part in metabolism by
fermenting particles of food and protecting the intestine
from colonization by pathogenic bacteria (Rabizadeh and

@ Springer


http://bacmet.biomedicine.gu.se/
http://bacmet.biomedicine.gu.se/
https://www.drugbank.ca/releases/5-1-6
https://www.drugbank.ca/releases/5-1-6
https://www.genome.jp/kegg/
https://www.genome.jp/kegg/

204 Journal of Proteins and Proteomics (2021) 12:201-211
Table 1 Subtrac.tive proteome S. no Steps K. aerogenes
analysis for finding drug targets ACTC 2190

1 Total number of proteins 4795

2 Number of non-homologous proteins to gut microflora using BLASTP 1142

3 Essential proteins 478

4 Virulent proteins 332

5 Resistance causing proteins 131

6 Non-homologous gut flora essential proteins 347

7 Non-homologous gut flora virulent proteins 256

8 Non-homologous gut flora resistance proteins 97

9 A total non-redundant set of proteins non-homologous to H. sapiens 445

10 Druggable proteins 144

11 Proteins involved in pathogen metabolic pathways (KAAS) 13

12 Broad-spectrum analysis 13

13 Localization using PSORTb, CELLO 13

14 Proteins show antigenicity using VaxiJen v2.0/vaccine candidates 5

Sears 2008). Intestinal obstruction of the gut microflora
proteins has an unfavorable impact on the host. To main-
tain a strategic distance from such conditions, the pro-
teome was subjected to a homology-based search against
83 intestine gut-flora proteomes utilizing BLASTP with
an E value edge of 0.0001. Within the data set of 4795
proteins, we found 1142 non-homologous proteins for the
gut microflora proteome, based on an E value estimation
of 0.0001 and an identity of <50 percent. The proteins
following the above models were selected for further
examination and the remaining were excluded from the
investigation.

Essentiality analysis

Antibacterial drugs are typically intended to dock with
essential bacterial proteins, which have proven to be the most
effective therapeutic targets. 1142 non-homologous proteins
were screened with an E value cutoff of 0.0001 using a DEG
database for BLASTP searches. Out of 1142 proteins, only
478 were found to be essential for K. aerogenes. The rest
of the proteins without any hits against the DEG database
were then considered non-essential and were excluded from
further analysis.

Virulence factor analysis

Virulence factors produced by pathogenic microorgan-
isms are essential proteins that cause undesired harm to the
host. This protein serves as a "guard unit" for assaulting the
immune system of the host (Segovia et al. 2018). Hence,
these proteins should be prioritized as they serve as possi-
ble drug and immunogenic-based vaccine candidates (Mora
et al. 2006). Here, we tried predicting VFs by searching the
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database for virulence factors. 332 proteins were found to
be virulence factors with a bit score of 100 out of 1142
non-homologous proteins and were considered for further
analysis.

Resistance factor analysis

Pathogenic bacteria are developing resistance to antibiot-
ics due to the indiscriminate use of traditional antibiotics.
Proteins that enhance resistance can serve as good thera-
peutic drug targets (Padiadpu et al. 2010). Here, we got 131
antibiotics-resistant proteins in K. aerogenes with a cutoff
value of 0.0001.

Non-homology analysis against humans

For human hosts to avoid side effects of the drug complex, it
is critical to elucidate remedial targets specific to the patho-
gen. For the identification of such proteins, listed data sets of
essential, virulent, and antimicrobial-resistant proteins were
exposed to homology-based search over the entire protein
set of H. sapiens utilizing BLASTP with an E value cutoff
of 0.001. Therefore, proteins that tend to be identical to host
human proteins were omitted from the list. There were 347
non-homologous proteins out of 478 essential proteins, 256
non-homologous proteins out of 332 virulence factors, and
97 non-homologous antibiotic-resistant proteins out of 131
antibiotic-resistant proteins. A total of 445 non-redundant
non-homologous proteins were found.
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Table 2 Drug targets predicted from the unique pathway of K. aerogenes

Protein accession ID Pathway Name

Protein Name

KO assignment

WP_015706103.1 Benzoate degradation, microbial metabolism in 3-Hydroxybenzoate 6-monooxygenase K22270
diverse environments
WP_015705999.1 Biosynthesis of secondary metabolites, biosynthe- ~ 4’-Phosphopantetheinyl transferase superfamily K02362
sis of siderophore group nonribosomal peptides protein
WP_015705506.1 Quorum sensing TIGR04028 family ABC transporter substrate- K02035
binding protein
WP_015705462.1 Bacterial secretion system DotU family type VI secretion system protein K11892
WP_015705202.1 Quorum sensing ABC transporter substrate-binding protein K02035
WP_015705001.1 Beta-lactam resistance, two-component system Porin K09476
WP_015704800.1 Cationic antimicrobial peptide (CAMP) resistance, Two-component system sensor histidine kinase K07643
two-component system PmrB
WP_015704359.1 Two-component system Sensor histidine kinase K07700
WP_015704248.1 Two-component system Cu (+)/Ag (+) sensor histidine kinase K07644
WP_015704019.1 Two-component system Two-component system sensor histidine kinase K07709
ZraS
WP_015703856.1 Beta-Lactam resistance, quorum sensing Multidrug efflux RND transporter outer membrane K18139
subunit EefC
WP_015370099.1 Quorum sensing ABC transporter substrate-binding protein K02035
WP_015368314.1 Two-component system Response regulator KO07702
Fig. 1 Schematic representation
of the workflow. The flow- Whole Proteome of Klebsiella aerogenes
chart summarizes the various ACTC 2190 (4795 Proteins)
steps that were used to identify
and characterize potential
drug targets in the study
Gut Flora Non-Homology Analysis
Essential Protein Virulent Factor Resistance
Analysis Analysis Factor Analysis
/ Non homologous \\ & Non homologous // Non homologous\
Essential Protein Virulent Factor < Resistance Factor >
N Analysis / Analysis Analysis
Druggability Analyss
Pathway Analysis
P (Potential Targets) .o
\\‘» 4(4»
Broad Spectrum o Antigenicity
Analysis Cell_ula{ Analysis
Localization
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Druggability analysis

The current study was further expanded by listing the poten-
tial efficacy of non-homologous proteins on the candidate
list. 445 non-redundant proteins from the shortlisted ones
were screened against the DrugBank database to identify
druggable proteins. Only those proteins that tend to bind
to a small molecule that ultimately inhibits or modulates
its function are considered druggable proteins (Uddin and
Saeed 2014). In total, 144 proteins were similar to the drug
targets already available in the database. All these 144 pro-
teins were considered potential drug targets, because they all
share the same homolog with at least 30% sequence similar-
ity at Drugbank. The remaining proteins that were not found
in the database were excluded from further analysis.

Pathway analysis

There are 117 metabolic pathways for K. aerogenes and 337
pathways in humans on the KEGG server. Pathways that
are displayed in K. aerogenes but are missing in humans
are identified as unique pathways, while those displayed
in both the pathogen and the host are common pathways.
Among the 117 pathways, 39 were found to be unique K.
aerogenes pathways and 78 pathways were common to both
humans and K. aerogenes. These 39 unique pathogen-spe-
cific pathways are listed in (Supplementary Data). In addi-
tion, 144 druggable proteins were subjected to BLASTP on
the KAAS server in KEGG. KAAS reported the pathway

annotation for 86 proteins, out of 144. The remaining 58
proteins had no information available on their signaling
pathway. To avoid unwanted cross-reaction with the human
pathway, out of the 86 proteins, only 13 were selected and
proposed as new targets that were associated with pathogen-
specific or unique pathways (Table 2). The distribution of
these 13 proteins in the unique metabolic pathway of K.
aerogenes is illustrated in (Fig. 2).

Analysis of broad-spectrum targets

Comparison of test target sequences with therapeutically
necessary pathogenic bacteria facilitates the assessment
of proteins that serve as perfect broad-spectrum targets.
BLASTP related homology searches against 240 pathogenic
bacteria identified broad-spectrum targets. The homology
search found that all predicted targets have close homologs
to more than 40 pathogens and are shown in Table 3. The
analysis also showed that the list of proteins included
clinically critical bacterial pathogens, such as Klebsiella
pneumoniae, Shigella dysenteriae serotype 1, Salmonella
typhi, Shigella flexneri, Yersinia enterocolitica, Helicobac-
ter pylori, and Bacillus cereus. The drug particles designed
to prevent such broad-spectrum targets are easy to use to
eradicate pathogens.

m Two-component system
m Quorum sensing
® beta-Lactam resistance,

Cationic antimicrobial peptide (CAMP)
resistance

m Bacterial secretion system

® Biosynthesis of siderophore group
nonribosomal peptides

M Biosynthesis of secondary metabolites

® Microbial metabolism in diverse
environments

m Benzoate degradation

Fig. 2 Pie-chart depicts the distribution of the 13 drug targets in unique metabolic pathways of K. aerogenes
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Table 3 Broad-spectrum analysis results
Protein ID Protein name Broad-spectrum No of homologs

targets

WP_015706103.1
WP_015705999.1
WP_015705506.1
WP_015705462.1
WP_015705202.1
WP_015705001.1
WP_015704800.1
WP_015704359.1
WP_015704248.1
WP_015704019.1
WP_015703856.1
WP_015370099.1
WP_015368314.1

3-Hydroxybenzoate 6-monooxygenase
4'-Phosphopantetheinyl transferase superfamily protein
TIGR04028 family ABC transporter substrate-binding protein
DotU family type VI secretion system protein

ABC transporter substrate-binding protein

Porin

Two-component system sensor histidine kinase PmrB

Sensor histidine kinase

Cu (+)/Ag (+) sensor histidine kinase

Two-component system sensor histidine kinase ZraS
Multidrug efflux RND transporter outer membrane subunit EefC
ABC transporter substrate-binding protein

Response regulator

Yes 178
Yes 41
Yes 487
Yes 380
Yes 757
Yes 103
Yes 1000
Yes 476
Yes 1005
Yes 1014
Yes 493
Yes 752
Yes 664

Table 4 Subcellular localization of shortlisted proteins

Protein accession ID

Protein name

Subcellular localization

WP_015706103.1
WP_015705999.1
WP_015705506.1
WP_015705462.1
WP_015705202.1
WP_015705001.1
WP_015704800.1
WP_015704359.1
WP_015704248.1
WP_015704019.1
WP_015703856.1
WP_015370099.1
WP_015368314.1

3-Hydroxybenzoate 6-monooxygenase
4'-Phosphopantetheinyl transferase superfamily protein
TIGR04028 family ABC transporter substrate-binding protein
DotU family type VI secretion system protein

ABC transporter substrate-binding protein

Porin

Two-component system sensor histidine kinase PmrB

Sensor histidine kinase

Cu (+)/Ag (+) sensor histidine kinase

Two-component system sensor histidine kinase ZraS
Multidrug efflux RND transporter outer membrane subunit EefC
ABC transporter substrate-binding protein

Response regulator

Cytoplasmic

Periplasmic

Periplasmic

Cytoplasmic membrane

Periplasmic

Outer membrane

Cytoplasmic membrane

Cytoplasmic membrane

Cytoplasmic membrane

Cytoplasmic membrane

Outer membrane

Periplasmic

Cytoplasmic

Cellular location prediction

Protein sub-cellular analysis helps to understand the details
of the location as well as to determine its function. The loca-
tion of the proteins within the cell is a significant factor in
the characterization of suitable and effective drug/vaccine
targets. Based on localization scores, 13 targets were divided
into two cytoplasmic proteins, 7 membrane proteins, and 4
periplasmic proteins (Table 4). Intracellular localization of
recognized targets was predicted using PSORTb and double-
checked using CELLO.

Antigenicity prediction

Although still in the development stage, safe recombinant vac-
cine-based antigenic protein formulations are proving to be the
most attractive and effective way to fight infectious diseases.
The development of vaccines in contradiction to membrane
proteins will help to control and eradicate infectious diseases
in humans. The VaxiJen server was used to predict anti-
genicity with a cutoff value of 0.5 (Solanki and Tiwari 2018;
Satyam et al. 2020; Vakili et al. 2018). Of the seven mem-
brane proteins, five (WP_015705001.1, WP_015704800.1,
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Table 5 Antigenicity of the
predicted membrane proteins

Protein accession ID Protein name Antigenic-
ity property
WP_015705462.1 DotU family type VI secretion system protein 0.4598
WP_015705001.1 Porin 0.6709
WP_015704800.1 Two-component system sensor histidine kinase PmrB 0.5062
WP_015704359.1 Sensor histidine kinase 0.4131
WP_015704248.1 Cu (+)/Ag (+) sensor histidine kinase 0.5321
WP_015704019.1 Two-component system sensor histidine kinase ZraS 0.5989
WP_015703856.1 Multidrug efflux RND transporter outer membrane subunit EefC 0.5809

WP_015704248.1, WP_015704019.1 and WP_015703856.1)
have a vaccine score greater than 0.5 and can be considered as
vaccine candidates. The resulting antigen proteins are shown
in Table 5.

Discussion

The increasing frequency of adverse reactions accompa-
nying different antibiotic therapy measures makes it nec-
essary to develop significant drug targets and candidate
vaccines for many pathogens. Recently, "in silico" subtrac-
tive and comparative proteomics has been used extensively
to predict and identify potential novel therapeutic targets
and antigenic vaccine candidates in several infective bac-
teria (Amineni et al. 2010; Chong et al. 2006; Doyle et al.
2010). In this study, the computer analyses, combined with
the accessibility of total-genome sequence, suggest the
possibility of performing the first "in silico" comparative
and subtractive proteome analysis to identify putative ther-
apeutic targets and vaccine candidates for K. aerogenes.
Investigation and identification of therapeutic targets are
conducted using several target priority parameters.

The first challenge in drug development against patho-
genic related bacteria is that humans have a wide diversity
of bacteria in their gut or intestinal microbiome, including
commensal or symbiotic bacteria. The suppression of the
intestinal flora can adversely affect the host by promoting
pathogenic colonization of the intestine (Levy 2000). Ide-
ally, these beneficial flora proteins should not be targeted. To
evade this problem, BLASTP was performed on these pro-
teins to detect those proteins that were non-homologous to
the intestinal flora. We identified 1142 non-homologous pro-
teins out of 4795 for the gut microflora proteome. Since
essential proteins are involved in the basic cellular processes
of pathogenic bacteria, they are suitable antibiotic targets
when developing new antibacterial drugs. Among these, 478
proteins were identified as essential proteins. Furthermore,
131 resistant and 332 virulent proteins were considered
parallel in terms of potential drug and antigenic vaccine
targets. To avoid severe cross-reactions and adverse effects
on humans, the identification of proteins non-homologous
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to humans is another critical step that is being considered
in this study. Therefore, proteins that tend to be identical to
host human proteins have been omitted from the list. There
were 347 non-homologous proteins out of 478 essential pro-
teins, 256 non-homologous proteins out of 332 virulence
factors, and 97 non-homologous antibiotic-resistant proteins
out of 131 antibiotic-resistant proteins. There are a total of
445 proteins that are non-redundant and non-homologous
to human proteins.

Furthermore, the druggability analysis by the DrugBank
database allows the detection of target proteins correspond-
ing to the active compounds of the drug. 144 druggable
target proteins were discovered among the 445 non-redun-
dant non-homologous proteins. Pathway annotation of 144
proteins was carried out using the KAAS server. To avoid
unwanted cross-reaction with the human pathway, only 13
proteins associated with pathogen-specific or unique path-
ways were selected and proposed as new targets. These 13
targets are associated with 11 unique pathways, namely,
a two-component system, cationic antimicrobial peptide
(CAMP) resistance, beta-lactam resistance, bacterial secre-
tion system, biosynthesis of siderophore group non-ribo-
somal peptides, quorum sensing, biosynthesis of second-
ary metabolites, biosynthesis of benzoate degradation and
microbial metabolism in diverse environments (Supplemen-
tary Data: S1, S2, S3, S4, S5, S6).

By analyzing the results of metabolic pathway
analysis of K. aerogenes, scientists get a glimpse of a
list of unique proteins in different pathways. Proteins shared
in several pathways are thought to be highly effective targ-
etable candidates, as blocking the action of particular tar-
gets can have the toxic effect of inhibiting the role of vari-
ous pathogens. Of the 13 listed candidates, 5 candidates,
namely, 3-hydroxybenzoate 6-monooxygenase, 4'-phos-
phopantetheinyl transferase superfamily protein, porin,
two-component system sensor histidine kinase PmrB and
multidrug efflux RND transporter outer membrane subunit
EefC were involved in multiple pathways. The present drug
identification method focuses on the lipopolysaccharide and
peptidoglycan biosynthetic pathways (Zoeiby et al. 2003).
This limited approach to targeting specific pathways is a
necessary factor in the advancement of multidrug resistance
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among pathogenic bacteria (Stephenson and Hoch 2002).
The current process takes all the various metabolic path-
ways, including a two-component system, quorum sens-
ing, benzoate degradation, cationic antimicrobial peptide
(CAMP) resistance, beta-lactam resistance, biosynthesis
of siderophore group non-ribosomal peptides, microbial
metabolism of diverse environments, and biosynthesis of
secondary metabolites. New pathways can facilitate the dis-
covery of antimicrobial agents (Brown and Wright 2005).

13 proteins were chosen and proposed as new targets
based on the subtractive analysis described above, which
included non-homology analysis against gut microflora,
essentiality analysis, virulent factor analysis, resistance
factor analysis, non-homology analysis against humans,
druggability analysis, and pathway analysis. Then the
short-listed 13 new target proteins were characterised using
broad-spectrum analysis, cellular localization analysis, and
antigenicity prediction. Broad-spectrum drug target analy-
sis revealed many proteins whose domains are found in at
least ten species, including K. pneumoniae, S. dysenteriae
serotype 1, S. typhi, S. flexneri, Y. enterocolitica, H. pylori,
B. cereus, Streptococcus pyogenes STAB902, etc. Thus, 13
predicted drug targets were identified as broad-spectrum
drug targets. A wide variety of pathogens can be destroyed
by drug particles assumed to obstruct these broad-spectrum
targets. Due to the growing occurrence of coinfection, the
use of drugs effective against a wide variety of pathogens
has been strongly suggested.

Further localization was analyzed to identify proteins
that are either the membrane, cytoplasm, or periplasm.
As a result, the seven membrane proteins found can be
exploited as vaccine targets. Effective vaccine candidates
have high antigenicity, which is critical for inducing an
immune response in the host and protecting against infec-
tions (Monterrubio-Lopez et al. 2015). Therefore, determin-
ing the highest antigenicity value for selecting the suitable
vaccine candidates is a significant phase used for vaccine
design. Using the VaxiJen server, we selected five antigenic
proteins with an antigenicity level (0.5) above the thresh-
old. Thus, these five proteins, namely, porin, sensor histidine
kinase PmrB, two-component system, Cu (+)/Ag (+) sensor
histidine kinase, sensor histidine kinase ZraS, and multid-
rug efflux RND transporter outer membrane subunit EefC,
were considered as vaccine candidates. To the best of our
knowledge, this work is the first computational investigation
of the K. aerogenes proteome to identify new drug and vac-
cine candidates.

Conclusion

The comparative and subtractive proteomic analysis of K.
aerogenes was performed, and several proteins of the K.
aerogenes proteome were prioritized as potential drug/vac-
cine candidates. The identified therapeutic candidates were
discovered to be involved in important metabolic processes
that control nutrient absorption and bacterial pathogenic-
ity. Further characterization of the final list of proteins will
lead to the identification of drug and vaccine candidates.
The identified candidates are widely represented in various
clinically significant bacterial pathogens and are potential
candidates for broad-spectrum drug development. Therefore,
our current study will help develop an appropriate treatment.
Future advancements in vaccine development against K.
aerogenes will necessitate fewer trials and fewer errors, sav-
ing time and money in "in vitro" research. The current study
opens up new opportunities in the design and manufacture of
potential drugs/powerful antigenic vaccines that target only
the pathogenic system without affecting the physiology or
biology of the hosts.
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