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Abstract: Salmonella typhimurium, a facultative gram-negative intracellular pathogen 

belonging to family Enterobacteriaceae, is the most frequent cause of human gastroenteritis 

worldwide. PgtE gene product,outer membrane protease emerges important in the 

intracellular phases of salmonellosis. The pgtE gene product of S. typhimurium was 

predicted to be capable of proteolyzing T7 RNA polymerase and localize in the outer 

membrane of these gram negative bacteria. PgtE product of S. enterica and OmpT of E. coli, 

having high sequence similarity have been revealed to degrade macrophages, causing 

salmonellosis and other diseases. The three-dimensional structure of the protein was not 

available through Protein Data Bank (PDB) creating lack of structural information about E 

protein. In our study, by performing Comparative model building, the three dimensional 

structure of outer membrane protease protein was generated using the backbone of the 

crystal structure of Pla of Yersinia pestis, retrieved from PDB, with MODELLER (9v8). 

Quality of the model was assessed by validation tool PROCHECK, web servers like ERRAT 

and ProSA are used to certify the reliability of the predicted model. This information might 

offer clues for better understanding of E protein and consequently for developmet of better 

therapeutic treatment against pathogenic role of this protein in salmonellosis and other 

diseases.  

 

Keywords: Outer membrane protease E, Structure prediction, Salmonella typhimurium, 

Homology modeling, MODELLER. 

 

Introduction 
Salmonella typhimurium (Salmonella enteric serovar typhimurium) is a facultative anaerobic 

intracellular pathogen; gram-negative bacterium [5, 24] belongs to genus Salmonella, 

subspecie enterica, member of the Enterobacteriaceae family. This bacterium causes the 

highest incidence of salmonellosis in both human and nonhuman hosts and also one of the 

frequent reasons of food-borne gastroenteritis in humans [15, 27]. S. typhimurium is the most 

common isolated serotype, in total of the 2,400 serotypes in the genus Salmonella of human, 

which transmission mainly occur by ingestion of contaminated food, primarily meats, or by 

the faecal-oral route from an infected individual [3, 11, 16]. The genome of  

S. typhimurium consist of numerous prominent genes that codes for virulence factors which 

are absent from non-pathogen strains. These regions of the genome are recognized as 

pathogenecity islands, the two most important islands are, Salmonella Pathogenecity Island 1 

and Salmonella Pathogenecity Island 2, Proteins secreted by the SPI2 TTSS permit 

Salmonella to grow, thus overcoming a critical element of the innate immune response, 

ultimately kill host macrophage [4, 7]. The S. typhimurium produced outer membrane 
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proteins, intervene the process of adhesion and localize inside the host intestinal epithelium, 

thus manipulating the succession of disease. As the outer membrane proteins are exposed to 

surface, providing effective targets for the development of better vaccines and antimicrobial 

drugs [6]. PgtE gene product, E protein appears significant in the intracellular phases of 

salmonellosis. The pgtE gene product of S. typhimurium and OmpT, E. coli outer membrane 

protease amino acid sequence are extremely homologous, so it was predicted that pgtE codes 

for a protein, is functionally homologous to OmpT and has ability to proteolyze T7 RNA 

polymerase and to localize in the outer membrane of S. typhimurium. PgtE of S. enterica and 

OmpT of E. coli have also been discovered to degrade macrophages,causing gastroenteritis to 

severe enteric fever and several other diseases [13]. S. typhimurium E protein comprises of 

312 amino acids, belongs to a family of highly homologous outer membrane proteases, 

known as omptins includes other members like E. coli outer membrane protease OmpT, 

Yersinia pestis Pla etc. found in several gram negative bacterias [30]. The three-dimensional 

structure of the protein was not accessible through Protein Data Bank (PDB) until now [34], 

creating gap of structural information about E protein, which could be useful for better 

understanding of its role in pathogenecity and drugs development. 

 

The aim of the current study was to predict the 3D model of outer membrane protease E  

of S. typhimurium by comparative or homology modeling. The study was carried out with the 

special reference to the active site and cofactor binding sites. It helps in better understanding 

of various aspects of structural features of the outer membrane protease and in future, it will 

be helpful in development of novel and improved therapeutic agents. 

 

Materials and methods 

Sequences extraction 
Primary sequences of outer membrane protease E, i.e. E protein (SWISS-PROT AC: P06185) 

was retrieved from the SWISS-PROT [10] (http://www.us.expasy.org) and PIR 

(http://www.georgetown.edu) database [32]. 

  

Secondary structure prediction 
In our study the Secondary structure prediction of target sequences was affirmed by 

submitting the sequences to the Consensus Secondary Structure Prediction Sever 

http://pbil.ibcp.fr/NPSA/npsa_npsa [25] and PDB SUM [19]. 

 

Multiple sequence alignment 
Multiple sequence alignment was carried out via the program CLUSTAL X [14] to identify 

the homologous and functionally important regions, the Sequences which are homologous to 

the target Sequences, were retrieved from SWISS-PROT [10].  
 

Phylogenetic analysis 
Phylogenetic analysis is used to establish the evolutionary relationships among organisms, if a 

entire genome cannot obtained ,then gene content can used for taxonomical study by means of 

marker genes. The results of this analysis can be obtained in form of Draw gram and Draw 

tree [1, 14]. 

 

Comparative modeling 
Comparative modeling is the most reliable in silco prediction method, based on principal to 

build a protein structure from the known protein. Homology modeling can be divided into 

http://www.us.expasy.org/
http://pbil.ibcp.fr/NPSA/npsa_npsa
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four steps: template identification, alignment, model construction, enhancement and 

validation, all steps performed through various computational tools [8]. 
 

Searching template 
Template searching was carried out through BLAST (Psi-BLAST) [23] algorithm against 

PDB [2]. The sequence which shows high homology to the target sequence has chosen as 

template. 

 

Model construction and enhancement 
3D comparative model of outer membrane protease E was build using the crystal coordinates 

of template on the basis of alignment between target and template sequences. All steps of 

homology modeling and refinement were done by the program MODELLER (Version 9 

(9v8)) [8]. 

 

Graphics screen using three dimensional visualization programs, Ds-Viewer [26] were used in 

order to check out the reliability of the predicted model and modeling of variable surface 

loops, structural investigations. Effectiveness of the predicted model was analyzed by the 

program PROCHECK [18], the Energy Command of the MODELLER [9] is use to 

investigate the geometry, chemistry, and energy distributions of the model. The ProSA 

(Protein Structure Analysis) web server [37] is used to determine the energy graphs structural 

design of protein folds to verify the protein structure quality and ERRAT [28] was used to 

find out the statistics of non-bonded interactions between different atom types. To detect the 

deviation of the modeled target from template protein structure, Root Mean Square Deviation 

(RMSD) [22] values were calculated between the set of targets and template proteins. 

 

Protein-ligand interactions 
Protein-ligand interactions studied using Program Ligand Explorer 

(http://www.kukool.com/ligand) [21] to check the affinity between target protein and ligands. 
 

LigPlot 
The program LigPlot [36] was utilized to automatically generate schematic 2-D 

representations of protein-ligand complexes stand utilizing and PDB file input. The output is a 

color, or black-and-white Post script file, which provides hydrogen bond and hydrophobic 

interactions among molecules and their distances in easy and informative representation. 
 

ERRAT 
ERRAT [28] is a protein structure verification algorithm that is particularly used to evaluate 

the progress of crystallographic model structure and refinement. It can be carried out through 

online web server http://nihserver.mbi.ucla.edu/ERRATv2/. 

 

Results and discussion 

Sequence analysis 
After the extraction of query sequence from Swissprot under accession number (SWISS-

PROT AC: P06185) [10], the template search for outer membrane protease (E) was carried 

out by using BLAST algorithm against PDB [2]. Outer membrane protease of S. typhimurium 

contains 312 residues and Pla of Yersinia pestis comprise of 291 residues. The blast Sequence 

similarity searches of E protein (1XPO) (SWISS-PROT AC: P06185) showed best 75% 

identity and 85% positives with Yersinia plasminogen activator, Pla of Yersinia pestis 

(SWISS-PROT AC: P17811). So the crystal structure of Yersinia plasminogen activator Pla 

http://www.kukool.com/ligand
http://nihserver.mbi.ucla.edu/ERRATv2/
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of Yersinia pestis (PDB ID: 2X4M) was chosen as a template on the basis of highest sequence 

similarity score and lowest E-value, for constructing the prediction of 3D structure of  

E protein. The BLAST result and the align 2D command of MODELLER [8], which 

realigned the target and template sequences, shifting the gaps at the end of the target 

sequence, as a result reduced the gaps in outer membrane protease sequence, are presented in 

Figs. 1 and 2, respectively. 

 

 

Fig. 1 Blast result of the selected template (2X4M) with target (1XPO) 

 

 

Fig. 2 Target (outer membrane protease)-template (2X4M) alignment by using ALIGN2D 

command of MODELLER (9v8): conserved active site – red; conserved residues – blue. 

 

Secondary structure prediction 
Protein secondary structure is playing a key role in the study of protein folds, side chain and 

their interactions. There are several statistical methods used for the prediction of protein 

secondary structure [38]. The secondary structure of outer membrane protease E (Fig. 3) 

contains 292 total residues. The secondary structure results obtained from PDBsum [19] 

shows the strands, which means it is mostly composed of β strands 75%, there is 0% α helix 

in the total amino acids sequence and about 24% constitutes coils and loops as shown in  
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Fig. 3 and Table 1. Secondary structure of E protein consist of 1 β sheet which is anti parallel 

type and barrel, 9 β hairpins 15 β strands. 

 

 

Sec. struc: ; Helices labeled H1, H2, ... and strands by their sheets A, B, ...;  

Motifs:  beta turn  beta hairpin; Residue contacts:  to ligand 
 

Fig. 3 The overall secondary structure information of E protein  

which is almost consists of β sheets 

 

Table 1. Secondary structure summary 

Strand α helix 3-10 helix Other Total residues  

221 (75.7%) 0 (0.0%) 0 (0.0%) 71 (24.3%) 292 

 

Multiple sequence alignment and phylogenetic analysis 
Examination of these several sequences (9 sequences) shows outstanding sequence 

resemblance among primary structures of all identified natural proteases of gram negative 

Enterobacteriaceae family. The conservation rate of active site and the metal binding residues 

are high among all the family members. A Phylogenetic tree and gram results show that both 

target outer membrane protease protein (1XPO) (pgtE SALTY) from S. typhimurium and 

template Pla of Yersinia pestis (2X4M) (COLY YERPE) are derived from common ancestors, 

as tree clearly shows the divergence of these OMPTIN family members [17]. The pgtE of  

S. typhimurium, OmpT of E. coli, Pla of Yersinia pestis and sopA of shigilla flexenri etc. from 

a common ancestral gene as indicated by the mid-point root, are highly homologous to one 

another as per evolutionary perspective [12]. It also demonstrates that they have a placed 

within the same OmpT in super family as shown in Fig. 4. 

 

Topology of predicted E protein 
The general structure of outer membrane protease E highly resembles to that of its template 

Pla of Yersinia pestis, OmpT from E. coli, and other members of omptin family as both target 

and template have, β barrel topology. The tertiary structure mainly consists of anti-parallel  

β-sheets that projected distant from the lipid bilayer into the extracellular space [35].  

This can be clearly seen in topology and tertiary structures presented in Figs. 5 and 6.  

About 5 exposed loops (L1-L5) are present on the surface and ten transmembrane β strands 

comprises the two structures, which can be also observed usually within the other members of 

omptins family [17, 35]. 
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Fig. 4 The results of draw gram and draw tree 

 

 

 

Fig. 5 An anti-parallel β topology of secondary structure of outer membrane protease 2.  

The N terminal and C terminal are indicted as N and C, pink arrows are β sheets and  

blue lines shows the coils n turns and there is no single α helices. 
 

 

Fig. 6 The schematic representation of homology model of outer membrane protease 

demonstrating arrangement of tertiary structure of E protein consisting chiefly  

of anti-parallel β-sheets 
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Superposition 
General depiction of similarities and differences between the backbones of target (1XPO) and 

template (2X4M) were found by superposing the two models on each other. The RMSD value 

of superposed model (Fig. 7) was found to be 0.1110 Å, as apparent from the lower RMSD 

value and sequence similarity, the two structures are well superimposed and have alike 

folding topology but have different conformations at certain regions, e.g. in region ser205-

ser207 as shown in Fig. 10. As the structure is well superimposed, the active sites of the two 

proteins are identical with similar geometry as most active site and metal binding residues are 

similar between two models. 

 

 
 

Fig. 7 Structure superposition of atoms of outer membrane protease (blue)  

on the crystal structure of 2X4M (red). The structural difference at the beginning  

of the superposed structure due to missing first residue of template. 

 

Model assessments  
Evaluation of the target model involved analysis of geometry, stereochemistry and energy 

distribution in the models, which is carried out though different validation tools such as 

PROCHEK [18] and online source ProSA [37], which are used for the geometric examination 

of the model. The predicted model of Target E protein (1XPO) (Fig. 8) fulfills all criteria 

executed in PROCHECK as the crystal structure of target refined at 2.5 Å resolution 

equivalent as template (2X4M), provide output in the form of Ramachandran plot which 

demonstrates that the majority 95.6% of the main-chain dihedral angles are found in the most 

favored regions (> 90% for a good model) [29], 4.0% in the additionally allowed, 0.4% in the 

generously allowed while no residue is found in the disallowed regions. In general, the model 

show relatively good protein geometry like the homolog outer membrane protease of E. coli 

[35], as most of the quality parameters are better than or in the range of lenience. Therefore it 

can be considered as structurally practical model. 

 

The energetic structural design of protein folds of newly constructed structure was calculated 

by utilizing the online program ProSA, which gives the general quality score in the form of 

plot. Its value is shown in a plot that holds the Z-scores of all experimentally determined 

protein chains in current PDB. Z-score was used as the measure of this energy, which 

demonstrated the general quality of protein structures. In general, positive values correspond 

to problematic or erroneous parts of the input structure, while zero and negative score is 

indication of stabilized structure [37]. In this plot, groups of structures from diverse sources 
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(X-ray, NMR) are controlled by distinctive colors (light blue, dark blue) [20]. Z-score of the 

template molecule (2X4M) is -3.46, while the Z-score (-2.85) shows general model quality of 

the predicted target (1XPO) (Figs. 9 and 10). From this negative score of target established 

the model is structurally reliable. As is evident from the result, the energy graphs 

corresponded to highly stable structures and the values of energy, for the target molecule, 

mostly well below from Zero point on x-axis, which was in consistence with the values of 

experimentally found Template molecule. That is why, from the energy stabilizations point of 

view, there seemed to be no problems in the modeled structure and on the basis of this graph, 

the modeled 3D structure can be approved. 

 

 
 

 

Fig. 8 Ramachandran plot statistics of the 1XPO models obtained  

by the software PROCHECK 
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Fig. 9 Screenshot of ProSA Z-score plot of E protein showing  

the Z value < 0 negative value -2.85 

 

 

Fig. 10 Screenshot of ProSA plot of E protein showing energy graph  

of residue score of a predicted protein structure 

 

Active site prediction  
The template Pla and the target E protein are outer membrane proteases, two ligands SO4 and 

C8E that is vital for their catalytic activity, which clearly shown by program LigPlot from 

Pdbsum (Figs. 11 and 12). The catalytic site residues conserved in all omptins family 

members. A highly conserved feature between the two classes of a highly conserved feature 

between these two classes of proteases is conservation of sequence surrounding the catalytic 

histidine and serine residues (Thr-Ala-Gly-His-Cys and Gly-Asp-Ser-Gly-Gly) [35]. 

 

The Tyr 289 form bond with SO4 (293) having distance of 2.91. Asn 237 and Thr 235 form 

bond with oxygen atom of SO4 having 2.89 distances showing better interaction. Asn 204 

form bond with oxygen of SO4 294 with distance of 2.79. The LigPlot result of interactions of 

SO4 295 showing that not interact with any amino acid residue or other ligand. 
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Fig. 11 LigPlot result shows the interactions of metal ion (SO4)  

with the amino acid residues of the protein 

 

 
Fig. 12 LigPlot result of interactions of C8E 298 shows that  

not interact with any amino acid residue or other ligand 

 

ERRAT model 
ERRAT is a sensitive and good method for the recognition of incorrect folded regions in 

initial protein models, which evaluate the arrangement of diverse types of atoms with respect 

to one another in the protein model [31]. The predicted ERRAT plot (Fig. 13) shows that the 

overall quality factor of target model is 74.29%, which confirmed the reliability of predicted 

model.  

 

 

Fig. 13 Overall quality of the target model 
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Conclusion 
The three dimensional structure of the query sequence was modeled using MODELLER, and 

validation of this model was carried out through variety of tools. The Ramachandran plot,  

-2.85 Z-score of ProSA, overall quality of the model 74.29 through ERRAT validate the 

reliability of the predicted model. As the primary structure of target E protein and template 

proteins Pla shows best amino acid homology, the predicted 3d structure of outer membrane 

protease also has β barrel topology, showing high resemblance to its template Pla of Yersinia 

pestis and other members of omptin family. A Phylogenetic tree results show that both target 

protein outer membrane protease from S. typhimurium and plasmogen activator Pla from 

Yersinia pestis and other omptin family members are highly homologous to each other as 

these derived from common ancestor. The catalytic site residues conserved in all omptins 

family members. A highly conserved feature between the two classes of proteases is 

conservation of sequence surrounding the catalytic histidine and serine residues (Thr-Ala-

Gly-His-Cys and Gly-Asp- Ser-Gly-Gly), E protein also have same active sites. The predicted 

model of aspartic outer membrane E protein will be useful in the better understanding the 

active site and ligand binding sites in favor of control of diseases caused from this protein for 

improved drug in future with more efficacy and lesser side effects. 
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