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Abstract In many gram-negative bacteria, the type III

secretion system (T3SS), as a virulence factor, is an

attractive target for developing novel antibacterial.

Regarding this, in our study, we aimed to identify the

putative drug target for Pseudomonas aeruginosa, consid-

ering ATPase enzyme involved in the type III secretion

system. Selective protein sequence of P. aeruginosa

involved in the T3SS was retrieved from NCBI databases,

and its homologues were subjected to phylogenetic analy-

sis. Its association in T3SS was analyzed via STRING, and

the 3D structure was determined by means of homology

modeling followed by intensive optimization and valida-

tion. The binding site was predicted by 3DLigandSite and

examined through molecular docking simulation by Auto-

dock Vina with salicylidene acylhydrazide class of viru-

lence-blocking compounds. PROCHECK analysis showed

that 96.7 % of the residues were in the most favored

regions, 1.9 % were in the additional allowed region, and

1.4 % were in the generously allowed region of the

Ramachandran plot. The refined model yielded ERRAT

scores of 88.124 and Verify3D value of 0.2, which indi-

cates that the environmental profile of the model is good.

The best binding affinity was observed by ME0055 com-

pound, and ALA160, ALA161, GlY162, GLY163,

GLY164, GLY165, SER166, THR167, TYR338, and

PRO339 residues were found to be having complementary

in the ligand-binding site. However, these findings should

be further confirmed by wet lab studies for design a tar-

geted therapeutic agent.

Keywords ATPase � Pseudomonas aeruginosa � Type III
secretion system � Phylogenetic analysis � Salicylidene
acylhydrazide

1 Introduction

Over the past several decades, occurrences of antimicro-

bial-resistant infections have dramatically increased and

associated with adverse patient outcomes [1]. Substitute

approach to combat infection is critical and has resulted the

introduction of more specific drugs targeted at particular

bacterial virulence systems or essential regulatory path-

ways [2]. In gram-negative pathogen, one of the most

common protein delivery machines is the type III secretion
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system (T3SS), a fascinating system that comprised a

needle-like injection system which simplifies the secretion

of effector molecules directly into the mammalian host

epithelium [3]. In Pseudomonas aeruginosa, the T3SS was

discovered in 1996 [4] and since 36 genes have been found

to be associated with T3SS function [5]. The active type III

cytotoxin secretion of P. aeruginosa targets host immune

cells, e.g., macrophage and neutrophils, allowing the

organisms to evade the immunologic response and some-

times lowering the variety of viable host defense cells [6].

Only four effectors, named ExoS, ExoT, ExoU, and ExoY,

have been identified in P. aeruginosa, where ExoU is the

most potent cytotoxin [7]. The entire secretion machine is

made of over 20 different proteins called the Psc, Pop, or

Pcr components, where the needle-like structure is central

to the injection process [8], and a set of three proteins

mamed PopB, PopD, and PcrV in P. aeruginosa is also

crucial to establish a pore into the membrane of eukaryotic

cells [9, 10]. However, these machines require a compo-

nent, typically an ATPase, which provides energy to the

process [11]. Due to concern of any future therapeutic

cross-reaction with human enzymes, current approaches for

T3SS inhibition strategies do not explicitly target the T3SS

ATPases. On the other hand, the bacterial enzymes have

\25 % identity to human ATPases, and also the active

sites showed the significant differences between bacterial

and human enzymes [12]. Since a number of recent studies

have been focused on bacterial ATPases [12–14], that is

why, in our present study, we aimed to identify the

favorable binding sites and the key residues responsible for

substrate specificity of T3SS ATPase enzyme from P.

aeruginosa using various bioinformatics models and

docking studies [15].

2 Result

2.1 Sequence Retrieval and Sequence Analysis

Protein sequences were retrieved from the GenBank

through BlastP [16] algorithm with E value\0.01, at the

National Centre for Biotechnology Information (NCBI)

using the BAP51534.1 sequence as query, and several

T3SS ATPase orthologs from different families of bacteria

were selected for further analysis. Sequences were aligned

using the ClustalW program (http://www.ebi.ac.uk) using

default parameters. Neighbor-joining tree was constructed

with MEGA6.0 software, using the UPGMA method with

the following parameters: Dayhoff amino acid replacement

model; uniform rates of site-specific mutation; and com-

plete deletion of gaps and missing data (Fig. 1). The phy-

logeny was evaluated using the bootstrap method with

1000 replications.

2.2 Analysis of Physicochemical Properties

and Interacting Networks

Analysis of physicochemical properties using ProtParam

revealed that the protein had 30,160 extinction coefficient,

48.12 instability index, 96.43 aliphatic index, -0.172

grand average of hydrophobicity, and also had more posi-

tively charged residues than negative-charged amino acids.

The interacting partners of protein that are under investi-

gation were determined by using STRING (Fig. 2). The

results were predicted with the highest confidence score

0.900.

2.3 Analysis of Secondary Structure and Model

Building

The secondary structure of the current protein was pre-

dicted by SOPMA, which correctly predicts the amino

acids for a three-state description of the secondary structure

in alpha helix, beta sheet, and random coil, shown in

Table 1. The three-dimensional structure of pscN ATPase

protein was predicted by using the PHYRE2. In intensive

mood, 420 residues (98 %) of pscN ATPase were modeled

at[90.0 % confidence by the single highest scoring tem-

plate. First the pscN ATPase was searched against the

Protein Data Bank (PDB). The best template structure was

selected based on the sequence homology. Here, 2DPY_-

Chain A, crystal structure of the flagellar type III ATPase

flii domain showed the highest similarity to the pscN

ATPase protein of P. aeruginosa. The template similarity

was 45 %, and remaining protein sequence was structured

by the principle of domain analysis. For further refinement

to determine the high-resolution structure of the protein,

ModRefiner was used.

2.4 Model Validation

For rationalization of the predicted structure, Ramachan-

dran plot analysis was done by PROCHECK [17] server.

The results of this analysis are depicted in Fig. 3a. The

selected model was then verified by using ERRAT, Verify

3D [18]. This model was also verified by QMEAN and

PROSA II and is shown in Fig. 3b, c.

2.5 Molecular Docking Studies

The predicted binding site from 3DLigandSite is shown in

Fig. 4a. Docking study of the compounds with pscN

ATPase revealed that ME0055 (Fig. 4b) had the binding

affinity -7.4 kcal/mol and ME0052 (Fig. 4c) -7.0 kcal/-

mol, having the root-mean-square deviation (RMSD) value

0.00, respectively. The post-docking analysis of ME0055

and ME0052 is shown in Fig. 4d, e.
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3 Discussion

In recent years, the investigation for non-antibiotic treat-

ments of infectious diseases has gained more consideration

[19]. Therefore, the rational antivirulence drug design and

inhibiting the transport facility of the virulence system is a

new strategy of current antimicrobial drug development [20,

21]. The strategy of our studywas to target pscNATPase as a

type III secretion system blocker. Regarding this, protein

sequences were retrieved from NCBI databases through

BlastP-based homologous searching, and phylogenetic

analysis of identified T3SS ATPase orthologs from different

bacterial strains was performed to establish their evolu-

tionary profile. As shown in neighbor-joining phylogenetic

tree (Fig. 1), pscN ATPase of Pseudomonas arugenosa

showed the highest amino acid sequence identity to other

T3SS ATPases including Aeromonas diversa

WP_005347922.1 (83.92 %), Yersinia enterocolitica

ADZ44455.1 (83.66 %), Yersinia pestis WP_016597357.1

(83.29 %), Photorhabdus temperata WP_021323777.1

(83.22 %), Vibrio harveyi WP_005450237.1 (79.25 %),

Vibrio campbellii WP_005528939.1 (79.02 %), Vibrio

azureus WP_021711596.1 (79.49 %), Vibrio alginolyticus

WP_005395117.1 (79.49 %), Photobacterium damselae

AAU11472.1 (79.02 %), Vibrio caribbeanicus EFP95875.1

(78.79 %), Vibrio parahaemolyticus WP_015296797.1

(78.55 %), Vibrio tubiashii EGU53832.1 (79.32 %), Vibrio

alginolyticus EEZ81818.1 (78.55 %), Pseudomonas

plecoglossicida WP_016394485.1 (74.83 %), Arsenopho-

nus nasoniae CBA72162.1 (71.56 %), Ralstonia sp., PBA

EIZ05353.1 (64.34 %), and Bradyrhizobium diazoefficiens

BAR63297.1 (60.09 %). Proteins having similar profiles

will often be inferred to be functionally related within the

postulation that proteins mixed up in same metabolic path-

way or cellular system will likely are co-inherited during

evolution [22]. Phylogenetic analysis of the T3SS ATPase

enzymes among 17 taxa of different bacterial genus indi-

cated that most variation in enzyme is due to evolutionary

distance and may be non-adaptive, and also it had been

appreciably observed that diverse of T3SS ATPases often

share the same substrates. As sequence homology is cer-

tainly not a definitive argument to describe the precise

enzymatic activity of T3SSATPase, the functional depiction

of these enzymes remains compulsory. In order to gain a

better understanding of the molecular profile, analysis

through ProtParam was conducted in respect of different

parameters to obtain the physicochemical properties of

protein. According to the result, this protein has a high

extinction coefficient and low instability index. The protein

also exhibits thermostability, since it has high aliphatic

index. Again, it also reveals the negative GRAVY with

molecular weight of 46,759.4 and pI 6.35. As we conceived

Fig. 1 Phylogeny of T3SS ATPases was inferred by using neighbor-

joining method of the MEGA6.0 software. A total of 17 protein

sequences were used for analysis from the following bacterial species:

Pseudomonas aeruginosa (BAP51534.1), Aeromonas diversa

(WP_005347922.1), Yersinia enterocolitica (ADZ44455.1), Yersinia

pestis (WP_016597357.1), Photorhabdus temperata (WP_021323

777.1), Vibrio harveyi (WP_005450237.1), Vibrio campbellii

(WP_005528939.1), Vibrio azureus (WP_021711596.1), Vibrio algi-

nolyticus (WP_005395117.1), Photobacterium damselae (AAU11

472.1), Vibrio caribbeanicus (EFP95875.1), Vibrio parahaemolyticus

(WP_015296797.1), Vibrio tubiashii (EGU53832.1), Vibrio algi-

nolyticus (EEZ81818.1), Pseudomonas plecoglossicida (WP_01639

4485.1), Arsenophonus nasoniae (CBA72162.1), Ralstonia sp., PBA

(EIZ05353.1), and Bradyrhizobium diazoefficiens (BAR63297.1)
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that inhibitor should target bacterial ATPases concerned in

the transport process of T3SS, we used a systems biology

approach to validate the study protein. Generally, appro-

priate execution of a protein requires interaction with other

proteins, where protein–protein interactions encompass a

critical role in functions and the structural organization of a

cell [23]. Interaction of pscN ATPase with its partner pro-

teins was determined through STRING, shown in Fig. 2.

With highest confidence score, STRING predicted that pscN

ATPase is associated with some translocation proteins in

type III secretion such as pscL, pscR, pscQ, pscP, pscT,

pscO, and pscU. Network analysis also showed that it

interacts with secretory apparatus protein, type III export

protein, regulatory protein and also flagellar biosynthesis

Fig. 2 Protein–protein

interaction network of pscN

ATPase. Network was

generated from STRING

database, and edges represented

in colored lines between the

proteins indicate various types

of interaction evidence. Protein

nodes, which are enlarged,

indicate the availability of 3D

protein structure information

Table 1 Computed secondary structure elements of pscN ATPase

protein by SOMPA

Structure Number of residues Percentage (%)

Alpha helix [Hh] 225 52.45

310 helix [Gg] 0 0.00

Pi helix [Ii] 0 0.00

Beta bridge [Bb] 0 0.00

Extended strand [Ee] 51 11.89

Beta turn [Tt] 39 9.09

Bend region [Ss] 0 0.00

Random coil [Cc] 114 26.57

Ambiguous states [?] 0 0.00

Other states 0 0.00
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protein, which confirmed that targeting this enzyme will

disrupt the mechanism of type III secretion system. It is

commonly believed that the functionalities of a protein can

be determined by their unique three-dimensional structures,

which are determined by the exact spatial position of each

atom [24]. Therefore, we subjected secondary structure

analysis of our current protein by the self-optimized

prediction method with alignment (SOPMA) and revealed

that it contains 52.45 % alpha helix, 11.89 % extended

strand, and 26.57 % random coil (Table 1). In proteomics,

the most important part is to determine the 3D structure of a

protein [25]. In our study, PHYRE2 was used to generate

theoretical structure of pscN ATPase with[90.0 % confi-

dencematchwhich implies that overall fold of themodelwas

Fig. 3 Structural quality assessment pscN ATPase protein. a Ra-

machandran plot. b QMEAN scores and comparison plot with non-

reductant set of PDB structures, and good models are generally

located in the dark zone. c ProSA-web z-scores of all protein chains in

PDB determined by X-ray crystallography (light blue) or NMR

spectroscopy (dark blue) with respect to their length. d Local model

quality obtained from PROSAII with respect to sequence position
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almost certainly correct and the central core of the model

tends to be accurate [26]. According to results from

PHYRE2, the protein contains 15 % disorder, 37 % alpha

helix, and 21 % beta strand. The conserved domain database

(CDD) [27] predicted that ALA160, ALA161, GLY162,

GLY163, GLY164, LYS165, and SER166 of motif A resi-

dues are involved in ATP-binding site. To get a more

accurate structure, we used ModRefiner to refine our current

study protein. After derivation by the ModRefiner, the pro-

tein was subjected to verify through PROCHECK,

WHATCHECK, ERRAT, PROVE, Verify3D, QMEAN,

and PROSA II analysis. PROCHECK created Ramachan-

dran plot which showed the distribution of u and w angle in

the model, shown in Fig. 3a. According to the plot statistics,

96.7 % of residues were located in the most favored region,

1.4 % in outlier region, and 1.9 % generously allowed

region. As for a good-quality model, the residues located in

the core and allowed regions should be over 90 %, which is

the case for the model presented here (since

96.7 % ? 1.4 % = 98.1 %) [28]. Verification was also

done with Verify3Dmodel, ERRAT, where ERRAT showed

that overall quality factor 88.124 and can be considered as a

good model. Verify3D graph indicated that the environment

profile of the model 90.21 % of the residues had an averaged

3D-1D good score of 0.2. The PROSA II and QMEAN

analysis showed the z-score of -8.33 (Fig. 3c) and -2.22

(Fig. 3b), respectively. QMEAN [29] score ranging between

0 and 1 and higher value reflects the better quality of input

model, where the score of the presentmodel was 0.580. From

the results of the entire structural validation programs, it was

inferred that the homology modeled protein is reliable for

further study. For understanding enzyme–substrate interac-

tion, we had docked the model of pscN ATPases with

selected substrates using Auto Dock Vina. The salicylidene

acylhydrazides have been widely reported to block the

function of the type three secretion system of several gram-

negative pathogens and are also known as a class of anti-

virulence compounds [30, 31]. Though the virulence-

blocking activity of this class of compounds had been pub-

lished in various literatures [32, 33], their activity onATPase

has not been yet reported. So, for our growing interest, we

had selected two salicylidene acylhydrazide class

Fig. 4 Active site

determination and docking

analysis of pscN ATPase

protein. a The blue colors

indicate the most potent active

site’s residues, generated from

3DLigandSite. 2D structure of

b ME0055 and c ME0052 and

analysis of d ME0055- and

e ME0052-docked complex

obtained from Autodock Vina.

The ligand molecules is shown

as stick, protein as cartoon, and

H-bonds as pink lines
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compounds reported in Wang et al. [34] and considered for

further study. Since ME0055 had the higher negative and

low value of free energy of binding, it indicated a strong

favorable bond between pscN ATPase and in most favorable

conformations. The active site identification by 3DLi-

gandSite [35] predicted that ALA160, ALA161, GlY162,

GLY163, GLY164, GLY165, SER166, THR167, TYR338,

and PRO339 are involved in ligand-binding site (shown in

Fig. 4a), and these residues were found to have similar in

bothME0052- andME0055-binding sites (shown in Fig. 4e,

d). In addition, GLU192 was also involved in catalytic

action, as it formed hydrogen bonds with both ME0052 and

ME0055 compounds. Post-docking analysis is also sug-

gested thatME0055 compound formed a salt bridge with one

of the active binding site’s residue SER166 with bonding

distance 3.237 Å, which further confirmed that it has rele-

vant activity on pscN ATPase.

In a summary, in order to ensure the correct order of export,

a substantial number of checkpoints are involved in type III

secretion system, where the respectiveATPase plays a critical

role. Nevertheless, the lack of the structural information about

this enzyme hinders the detailed characterization of its bio-

logical functions and applications in structure-based drug

designing of virulence-blocking agents. This study is useful to

extend novel therapeutics for many other T3SS-encoding

pathogens, though further in vivovalidation and conformation

of the present finding is required.

4 Experimental Section

4.1 Sequence Retrieval, Multiple Sequence

Alignment and Phylogenetic Analysis

A sequence of ATPase enzyme involved in type III secretion

system from P. aeruginosa (pscN ATPase) was retrieved

from the NCBI databases, the accession ID of ATPase is

BAP51534, and it contains 429 amino acids. BlastP [16]

(www.ncbi.nlm.nih.gov/BLAST/) was used to search for its

homologous, selected T3SS ATPase sequences from other

genus were multiply aligned using ClustalW, and a phylo-

genetic tree was generated from the structural alignment

with MEGA6.0 [36] using the UPGMA method.

4.2 Analysis of Physiochemical Properties

and Interacting Networks

ExPasy’s ProtParam [37] tool was utilized to calculate the

physicochemical characteristics of the protein, and

STRING [38] was used to identify the networking partners

of pscN ATPase. The STRING is a biological database

which is used to build network of protein–protein interac-

tion for different known and predicted protein interactions.

4.3 Analysis of Secondary Structure and 3D Model

Building

Secondary structural properties of the protein were calcu-

lated by using self-optimized prediction method with

alignment (SOPMA) [39], and its 3D homology model was

built by the most popular online protein fold recognition

server PHYRE2 [26], and ModRefiner [40] was used to

refine the predicted model.

4.4 Evaluation and Validation of Model

The accuracy and the stereo chemical quality of the pre-

dicted model was evaluated with PROCHECK [17] by

Ramachandran plot analysis [41], Verify3D [42], ERRAT

[43], PROVE [44], QMEAN [29], and PROSA II [45].

4.5 Docking Simulation Study

ME0052 and ME0055 compounds were selected for this

study, shown in Fig. 4b, c. Compounds were drawn in

Symyx Draw 4.0 and then prepared for docking using the

Sybyl 7.3 Molecular Modeling Suite of Tripos, Inc. 3D

conformations were generated using Concord 4.0 [46].

Hydrogen atoms were added, and charges were loaded

using the Gasteiger and Marsili charge calculation method

[47]. The ligands were minimized with the Tripos force

field prior to dock, using the Powell method with an initial

Simplex [48] optimization and 1000 iterations or gradient

termination at 0.01 kcal/(mol*A). The hypothetical protein

was prepared by using dock preparation wizard integrated

in UCSF Chimera [49], by adding hydrogen and charges

[50], and also 3DLigandSite [35] was used to predict the

binding site. Input ligand file format was mol2, so these

were further converted into pdbqt format by Python

Molecular Viewer with AutoDock tools, required by

AutoDockVina [51]. The size of grid box in AutoDock

Vina was kept at 63.6088, 77.5960, and 50.5972, respec-

tively, for X, Y, and Z. The energy range was kept at 4

which was default setting. Autodock Vina was imple-

mented through shell script provided by AutoDock Vina

developers. The binding affinity of ligand was observed by

Kcal/Mol as a unit for a negative score [52].
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