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ABSTRACT  

Edwardsiella tarda is one of the most widespread pathogens in aquatic species. A wide variety 

of diseases can be caused by this microbe, including Edwardsiella septicaemia but clinical signs 

of infection differ between species of fish. The fact that the bacteria is resistant to a wide range 

of antimicrobials is extremely important. Furthermore, several proteins in its genome are 

classified as hypothetical proteins (HPs). As a result, the current work sought to elucidate the 

roles of an HP found in the genome of E.tarda. To determine the structure and function of this 

protein, many bioinformatics methods were used. To locate the homologous protein, the 

sequence similarity was searched across the available bioinformatics databases. Quality 

evaluation methods were used to predict and confirm the secondary and tertiary structure. 

Additionally, the active site and interacting proteins were examined using CASTp and the 

STRING server. An important biological activity of the HP is that it contains single functional 

domains that may be responsible for host-cell invasion and autolysis. Further, protein-protein 

interactions within selected HP revealed several functional partners that are essential for 

bacterial survival. One such partner is the proline dehydrogenase/delta-1-pyrroline-5-

carboxylate dehydrogenase (putA) of E. tarda. In addition, molecular docking and simulation 

results showed stable bonding between HP and Proline metabolism protein. Finally, the current 

work shows that the annotated HP is associated with possible mitochondrial metabolism and 

autolysis formation activities, as well as having a stable binding with the putA protein, which 

might be of significant relevance to future bacterial genetics research. 

Introduction 

Edwardsiella tarda (E. tarda) is found in a wide range of hosts, including humans, other 

animals, and fish. This is worth noting that E. tarda-related fish infections cause the most 
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common bacterial illness in fish and can result in massive infection and mortality in both 

saline and fresh water. It may be found in a variety of aquatic ecosystems all around the world 

[1]. Edwardsiellosis and systemic hemorrhagic septicemia, both caused by E. tarda, were 

characterized by internal abscesses and extensive skin inflammation with coloration on fishes 

[2]. The catastrophic fatalities of farmed fish caused by E. tarda infection have resulted in 

significant financial damage in the United States of America, notably in Japan and India [3]. 

It seems to be worth noting that the infection in people usually results in dysentery, 

gastroenteritis, meningitis, delayed wound healing, and sometimes even mortality [4]. In 

addition to invasion capability, E. tarda can release siderophores implicated in induced 

inflammation and abnormal host cell function, to infect epithelial cells and form biofilms [5-

8]. To minimize pathogenic bacterial burdens, tons of antibiotics have been thrown into 

pathogen-prone areas in recent years. Rather, this approach has worsened the threat posed to 

the aquaculture industry and public health by drug-resistant strains, such as E. tarda [9, 10]. 

Virulent E. tarda, identified from edwardsiellosis-infected Japanese flounder, has shown 

great resistance to kanamycin, tetracycline, ampicillin, and streptomycin. It also appeared to 

be resistant to a variety of other antibiotics often used in farmed fish [11]. To a large extent, 

tetracycline resistance is mediated mainly by proton-dependent efflux pumps, which are 

found in gram-negative bacteria, particularly E.tarda, as well as ribosomal proteins found in 

gram-positive bacteria [12]. Antibiotic resistance, on the other hand, is a complex 

phenomenon, with resistance mechanisms presumably involving complex networks of genes, 

proteins, and biological processes. 

Because of the unique fimbriae it creates, E. tarda has a strong attraction for red blood cells. 

E. tarda exhibits hemagglutination characteristics as a result of this. The fimbriae are 

encoded in the genome as a 534-base-pair region [13]. Nevertheless, many of this bacterium's 

proteins are classified as HPs since their structures and biological activities are unknown. 

Such proteins can be extremely useful, and their annotation can lead to new insights into their 

structures, routes, and activities. Consequently, bioinformatics approaches can be utilized to 

predict and analyze various forms of the structure of those HPs, their biological functions, 

and their interactions with other proteins. 
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It got simpler to attribute function to an HP utilizing numerous bioinformatics methods as 

the in-silico study progressed. We aimed to develop a better understanding of the protein and 

further drug targets through the assignment of structural and biological functions to 

hypothetical protein AAW15_09260 (AKH89314.2) of E.tarda. Protein-protein interaction 

was investigated and subcellular distribution, secondary structure, and active site were 

predicted. In addition, homology modeling techniques were used to attempt to produce a 

good quality model of the AKH89314.2. 

Methods  

Identification of similarity and retrieval of sequences  

The NCBI database was used to obtain the sequence information for the hypothetical protein 

(HP) (AKH89314.2). After that, the sequence was saved as a FASTA format and submitted 

to multiple prediction servers for in-silico analysis. Previously, scientists describe the 

possible role and effect of this selected HP in channel catfish (Ictalurus punctatus), however, 

they did not functionalize and characterize the HP [14]. Therefore, this HP of Edwardsiella 

tarda needs to be characterized to reveal its role in channel catfish. A similarity search was 

conducted with the NCBI protein database to provide a first prediction regarding the function 

of the targeted HP (https://www.ncbi.nlm.nih.gov/) against non-redundant [15] database to 

use the BLASTp tool to search proteins that may have similar characteristics to the HP [16]. 

Phylogeny analysis and multiple sequence alignment  

Multiple sequence alignments were performed using the BioEdit biological sequence 

alignment editor between the HP and proteins with similar structural characteristics to the 

HP [17]. The phylogenetic analysis was performed using an older version of the Molecular 

Evolutionary Genetic Study (MEGA) (https://megasoftware.net/). 

Physiochemical properties analysis  

ExPASy's ProtParam (http://web.expasy.org/protparam/) tool was used to determine physical 

and chemical parameters such as molecular weight, amino acid composition, theoretical pI, 

instability index, extinction coefficient, atomic composition, estimated half-life, the total 

number of positively charged residues (Arg + Lys), the total number of negatively charged 

residues (Asp + Glu), aliphatic index, and grand average of hydropathicity (GRAVY) [18].  

https://megasoftware.net/
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Subcellular localization analysis 

CELLO anticipated subcellular localization [19]. The results were also compared to PSORTb 

subcellular localization predictions [20], PSLpred [21], and SOSUIGramN. TMHMM [22], 

HMMTOP [23], and CCTOP [24] were used for the topology prediction. 

Identification of conserved domains, motifs, folds, families, and superfamilies 

A search was conducted on the database of conserved domains (CDD, available at NCBI) 

[25], for the conserved domain. The Motif (Genome Net) server was used to find protein 

motifs [26]. The evolutionary connections of the protein were assigned using Pfam [27] and 

SuperFamily [28] database. For the functional analysis of the protein, the protein sequence 

analysis and classification software InterProScan [29] was used. The PFP-FunD SeqE server 

[30] was used to recognize protein folding patterns. 

Prediction of secondary structure  

The secondary structure of proteins was predicted using PSI-blast-based secondary structure 

prediction (PSIPRED) [31]. Its algorithm employs artificial neural networks and machine 

learning techniques. It is indeed a server-side application with a front-end website that can 

predict a protein's secondary structure (beta sheets, alpha helixes, and coils) based on its 

primary sequence. 

3D structure prediction, Refinement, and Validation 

The three-dimensional structure of the target protein was predicted using the Raptorx server 

(http://raptorx.uchicago.edu/) [32]. The protein's 3D structure was refined using GalaxyWeb. 

In homology modeling, which is based on empirically proven 3D protein structures, the 

structure's validity is a vital step. The suggested protein model was submitted to ProSA-web 

for basic confirmation. The z-score, which represents the overall character of the model, was 

predicted by the server. If the z-scores of the predicted model are outside the scale of the 

property for local proteins, the structure is incorrect. A Ramachandran plot analysis was 

performed utilizing the Ramachandran Plot Server to establish the overall quality of the 

protein (https://zlab.umassmed.edu/bu/rama/). 

Assessment of model quality 

https://zlab.umassmed.edu/bu/rama/
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Subsequently, the predicted three-dimensional structure was evaluated using PROCHECK, 

Verify3D, and ERRAT Structure Evaluation server. 

Protein-Protein Interaction Analysis 

Protein functions are determined by interactions between their residues. The STRING 

database (http://string-db.org/) was employed in this investigation, which analyzes physical 

and functional correlations to discover known and expected protein interactions. Genomic 

context, high-throughput investigations, (Conserved) Co-expression and prior knowledge 

were used to make this decision. This database quantitatively incorporates interaction data 

from the following sources [33]. 

Protein disulfide bonds 

The formation of disulfide bonds between cysteine residues in a protein is critical for its 

folding into a functional and stable shape. CYSPRED and DIANNA were used to predict 

disulfide bonds within a hypothetical protein in order to get insight into the experimental 

structure determination and stability of the protein. CYSPRED evaluates whether your query 

protein's cysteine residues form disulfide bridges/bonds. CYSPRED is a neural network-

based predictor that has been taught to accurately discriminate the bonding states of cysteine 

in proteins, beginning with the non-binding state of the residue chain [34]. DIANNA was 

also employed since it aids in the prediction of disulfide connections in a protein sequence 

input. Understanding the function of a hypothetical protein and tertiary prediction techniques 

rely heavily on the ability to accurately estimate disulfide bridges [35]. We will be able to 

identify docking sites for hypothetical proteins based on their tertiary structure, moving one 

step closer to creating drugs that target diseases caused by mutations in the hypothetical gene. 

Ligand binding site prediction 

To anticipate protein-ligand binding sites in hypothetical proteins, the Galaxy server was 

employed. GalaxySite predicts the ligand-binding site of a query protein based on its tertiary 

structure by protein-ligand docking. The structure may be either an experimental structure 

(with or without ligand) or a model structure. If a protein sequence is provided, GalaxySite 

predicts the structure by using the GalaxyTBM method without refinement step. The binding 

ligands are predicted from the complex structures of similar proteins detected by HHsearch. 
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The protein-ligand complex structures are then predicted by a ligand docking method called 

LigDockCSA [36]. 

 

Detecting active sites 

This protein's active site was determined by using the Computed Atlas of Surface 

Topography of Proteins (CASTp), located at http://sts.bioengr.uic.edu/castp/ [37]. It is a web-

based tool for identifying, defining, and quantifying concave surface areas on 3D protein 

structures. 

Studies on molecular docking and simulation 

The molecular docking and simulation studies were carried out using the ClusPro v2.0 server. 

The algorithm running behind the ClusPro v2.0 server is very robust and does not require 

any prior information regarding either template or binding site between the protein-protein. 

The online server can be accessed at (https://cluspro.bu.edu/). ClusPro provides a user-

friendly interface for understanding flexible docking between protein-protein interactions 

[38]. A detailed insight into the docking procedure is provided by the server whilst providing 

complete flexibility to the peptide sequence as well as providing permissible flexibility to the 

protein receptor sequence. Finally, the docking prediction result, clustering details, and 

interaction models generated by ClusPro were analyzed. The final docked protein-protein 

complex was visualized in Discovery studio. Further, the amino acid interactions occurring 

between protein-protein complexes were tabulated using PDBsum [39]. HawkDock was used 

to calculate the binding energy of a protein-protein complex [40]. To estimate interaction 

free energies between diverse protein-protein complexes, the service uses molecular 

mechanics Poisson–Boltzmann surface area (MM-PBSA) [40]. 

Result and Discussions 

Similarity identification, Multiple sequence alignment, and phylogeny analysis 

The results of BLASTp against a non-redundant database revealed similarities with other 

flagellum proteins (Tables 1). The FASTA sequences of the hypothetical protein (HP) 

(AKH89314.2) and homologous identified proteins were aligned using multiple sequence 

alignment (Supplementary Fig. 1). To corroborate homology assessments of proteins at the 
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complex and subunit levels, phylogenetic analysis was used. The alignment and BLAST 

results were used to create a phylogenetic tree, which offers a comparable idea about the 

protein (Fig. 1). The distances between branches are also taken into consideration. 

Table 1. Non-redundant sequencing yielded a protein with similar properties 

 
Protein ID                                                        Accession No. AKH89314.2 

Organism Protein Name Identity (%) e value 

WP_200900965.1 Edwardsiella tarda hypothetical protein 100 0.00 

WP_207769806.1 Edwardsiella tarda hypothetical protein 99.78 0.00 

WP_109579113.1 Edwardsiella tarda sodium:solute symporter 98.90 0.00 

WP_217700654.1 Edwardsiella tarda hypothetical protein 98.46 0.00 

WP_024524640.1 Edwardsiella hoshinae sodium:solute symporter 95.18 0.00 

 

 

Fig 1 Multiple sequence phylogenetic tree 

 

Physicochemical features 

The protein consists of 384 amino acids, among the most abundant was Ala (A) 65 followed 

by, Leu (L) 58, Gly (G) 44, Ile (I) 40, Val (V) 38, Ser (S) 33, Phe (F) 26, Thr (T) 26, Arg (R) 

19, Tyr (Y) 17, Pro (P) 15, Met (M) 13, Gln (Q) 13, Glu (E) 12, Trp (W) 11, Asn (N) 6, Asp 

(D) 6, His (H) 6, Lys (K) 5, and Lys (K) 5. The computed molecular weight was 48649.51 

Da, with a theoretical pI of 9.22, indicating a positively charged protein. The total number of 
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positively charged (Arg + Lys) and negatively charged (Asp + Glu) residues were discovered 

to be 18 and 24, respectively. The protein was classified as unstable by the computed 

instability index of 35.49. The aliphatic index was 122.24, indicating that proteins are not 

stable across a wide temperature range. The GRAVY value was 0.899. GRAVY with a 

positive value implies that the protein is polar. Mammalian reticulocytes (in vitro) were found 

to have a half-life of 30 hours, yeast, > 20 hours, and Escherichia coli, > 10 hours. And the 

molecular formula of protein was identified as C2274H3544N560O588S16. 

Table 2. Physiochemical features of hypothetical protein from different tools and server 

ProtParam tool  EMBOSS Pepstats  

Sequence ID AKH89314.2 Charge 9.0 

Family (Pfam) Sodium:solute symporter family Improbability of expression in inclusion 

bodies 

0.751 

Domain (ScanProsite) Sodium:solute symporter family Average residue weight 106.688 

Alignment 21–403 A280 extinction coefficients 1 mg ml-1 1.764 

HMM length 383 A280 molar extinction coefficients 85830 

Bit score 10.446 Tiny (A + C + G + S + T) 171 

E value 3.3× 10-112 Small (A + B + C + D + G + N + P + S + 

T + V) 

236  

Number of AA 456 Aliphatic (A + I + L + V) 201 

MW 48649.51 Da Aromatic (F + H + W + Y) 60 

pI 9.22 Non-polar (A + C + F + G + I + L + M + 

P + V + W + Y) 

330 

Extinction 

coefficients 

42985 Polar (D + E + H + K + N + Q + R + S + 

T + Z) 

126 

Instability index 35.49 Charged (B + D + E + H + K + R + Z) 48 

Aliphatic index 122.24 Basic (H + K + R) 30 

GRAVY 0.899 Acidic (B + D + E + Z) 18 

 

Hypothetical protein functional annotation  

This potential protein sequence was discovered to have only a domain using the conserved 

domain search tool which is the SLC5-6-like_sbd superfamily (accession No. cl00456). Two 

further domain search tools, InterProScan and Pfam, were used to verify the result. Pfam 
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server predicted the Sodium: solute symporter family domain at 21–403 amino acid residues 

with an e-value of 3.3e-37. InterproScan server predicted Sodium/solute symporter domain 

(accession No. IPR032386) at 2–442 amino acid residues and Na/Glc_symporter_sf domain 

(accession No. IPR038377), at 2-448 amino acid residues. The solute is transported across 

the cytoplasmic membrane of prokaryotic and eukaryotic cells by sodium/substrate symport 

(or co-transport). Utilizing the energy stored in an electrochemical sodium gradient to drive 

the accumulation of solutes against a concentration gradient (sodium motive force, SMF). 

Nature of subcellular localization 

It is very important for predicting the subcellular localization of a hypothetical protein to 

further design a vaccine or drug target. It is also important to elucidate protein function. 

CELLO predicted subcellular localization analysis, which was confirmed by PSORTb, 

SOSUIGramN, and PSLpred. The HP’s subcellular location was anticipated to be the inner 

membrane (Table 3). In contrast to THMM and HMMTOP, the inner membrane protein is 

highly predicted to contain transmembrane helices. The query protein was also predicted to 

be a transmembrane protein by the CCTOP server. All of these findings point to the protein 

being an inner membrane. 

Table 3. Sub-cellular localization of hypothetical protein predicting from different servers 

No. Analysis Result 

1. CELLO 2.5 InnerMembrane 

2. PSORTb CytoplasmicMembrane 

3. SOSUIGramN InnerMembrane 

4. PSLpred InnerMembrane 

5. TMHMM 2.0 12 transmembrane helices present 

6. HMMTOP 25 transmembrane helices present 

7. CCTOP Transmembrane protein 

 

Secondary structure analysis 

The secondary structures play important roles in protein structure and protein folding. All 

proteins functions are dependent on their structure, which, in turn, depends on physical and 

chemical parameters. In our study, the proportions of alpha-helix, beta-sheet content, coil 
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content, and overall confidence value were 79 %, 1 %, 32 percent, 20 %, and 85.2%, 

respectively, according to the PROTEUS Structure Prediction Server 2.0. 

 

3D structure prediction, model quality refinement, and assessment 

The three-dimensional structure of the target protein was predicted using the Raptorx server 

(http://raptorx.uchicago.edu/) and protein model 1 was chosen. The RaptorX program 

predicts 3D structures for protein sequences that have no close homologs in the Protein Data 

Bank (PDB) developed by the Xu group. A sequence input is used to predict secondary and 

tertiary structures, solvent accessibility, disordered regions, and solvent accessibility, 

according to RaptorX [41]. The Galaxy Refine server was used to refine the protein's 

projected tertiary structure, yielding five refined models and increasing the number of amino 

acid residues in the favored location. When compared to the other models, the scores listed 

above indicate the improved model's caliber. Tertiary model and refine model 1 were chosen 

and visualized in Discovery Studio (Figure 2 A and B). Through a Ramachandran plot 

analysis, PROCHECK evaluated the scalability of the galaxy server refined model, where 

the distribution of φ and ψ angles according to the model limits are depicted in Fig. 2C. A 

valid model covers 93.4% of the residues in the most preferred regions. A 3D structure model 

of the target sequence was validated by Verify3D and ERRAT and then compared against 

the established model. On the Verify3D graph, 91.77% of residues have an average 3D-1D 

score of ≥ 0.2, showing that the model has an excellent environmental profile, and the overall 

quality factor of 93.0804 in ERRAT indicates that the model is good. The YASARA energy 

minimization server later modified the 3D structure. Before energy minimization, the 

computed energy was –70,730.4 kJ/mol, but after energy minimization (by three rounds of 

steepest descent approach), it was reduced to –234,736.5 kJ/mol, making the modeled 

structure more stable. In addition, ProSA web server analysis resulted in a Z score of -7.01 

which indicates the model validation (Figure 2D). 
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Fig 2 (A) Predicted tertiary structure of the hypothetical protein, (B) Refine model of the hypothetical 

protein from Galaxy refine server, (C) Ramachandran plot analysis of the refined model, and (D) Z-

score results of the refined model from ProSA server. 

 

Analysis of protein-protein interactions 

We used the STRING 10.0 algorithm to make a prediction regarding the protein's possible 

functional interactions [31]. The identified functional partners with scores were; putA 

(0.905), GAC65625.1  (0.871), GAC65628.1(0.706), nanM (0.678), nanE (0.589), 

GAC63966.1 (0.554), nanA (0.524), GAC65383.1 (0.510) and acs (0.461). Of them, putA is 

a possible Proline dehydrogenase/delta-1-pyrroline-5-carboxylate dehydrogenase protein. 
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nanE and nanA is a Putative n-acetylmannosamine-6-phosphate 2-epimerase and N-

acetylneuraminate lyase enzyme respectively (Fig 3). 

                                 

Fig 3. String (Protein-protein interactions) analysis of hypothetical protein 

Table 4. CYSPRED and DIANA predict cysteine residues important in disulfide bonding 

                                   CYSPRED                       DIANA 

      Cysteine Prediction Reliability Distance Bonded cysteine 

CYS 250  NON-Bonding State 9   

CYS 404   NON-Bonding State 9          184 AERQICQTQHY-

VAQLSCAPVTA 

CYS 435   NON-Bonding State 9   

 

Ligand binding interactions 

Galaxy server ligand binding site predictions were done by matching target models with the 

PDB file of the best-predicted domain-A model. Three models were predicted by a galaxy 

server with different ligands. Galaxy server also combines the results into three parts 

Predicted ligand-binding residues, Predicted binding poses of the model, and Templates for 

protein-ligand complex (Table 5; Fig. 4 (A, B)). The details of the protein-ligand interaction 
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analysis were given in Table 5. The most probable protein-ligand binding poses and 

templates model for another protein-ligand complex was given in Fig 4. 

 

Fig. 4 (A) Predicted binding poses 
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Table 5. Predicted ligand-binding residues 

No Ligand 

Name 

Ligand Structure Binding 

residues 

Interaction analysis 

1 GAL 

 

53K 65Y 

210W 

219M 

364I 

368M 

 

2 ARG 

 

40T 42I 

43G 44G 

45G 

122Q 

168Q 

169F 172I 

304A 

308S 

 

 

Active Site Detection 

As predicted by the CASTp v.3.0 algorithm, the protein modeled contains 28 unique active 

sites (Fig 6). CASTp is a database server that can recognize regions on proteins, determine 

their boundaries, compute the area of the areas, and calculate the dimensions of the areas. 

Vacuums concealed within proteins and pockets on protein surfaces are also involved. To 
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define a pocket and volume spectrum or vacuum, surfaces of solvent-accessible molecules 

(Richard surface) and molecular surfaces (Connolly surface) are employed. CASTp might be 

utilized to look at the operational zones and surface properties of proteins. CASTp provides 

a dynamic, graphical user interface as well as on-the-fly measuring of user-submitted 

constructs [42]. Based on the area of 582.986 and the volume of 315.671, the top active sites 

of the model protein were identified (Fig 5). Fig 5 shows the protein's anticipated active site 

together with its amino acid residues. 

             

Fig 5. The hypothetical protein's active location. The red sphere represents the protein's active site 

 

 

 

Fig 6. Active location of the hypothetical protein. The active site of amino acid residues (Blue color) 
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Molecular docking and simulation studies between hypothetical protein and chemotaxis 

protein 

The docking prediction performed by the Cluspro server result showed 10 models for the 

docked complex. Model 1 (Figure 7 A) is considered to be the most probable model. After 

the selection of an appropriate model, a detailed investigation was done into the amino acid 

sequences that interact between the protein Chemotaxis and amino acid sequence of the 

hypothetical protein. The amino acid interactions revealed that the complex is stabilized by 

2 hydrogen bonds (Fig 7B). Within the putA-hypothetical protein complex, Val1 and Thr91 

of putA protein respectively interact with Gln192 and Leu292 of chemotaxis protein through 

H-bonds (Fig 7B). These H-bonds contribute towards the stability of the complex. The 

binding free energy of the protein complex was evaluated by the HawkDock server and found 

to be – 51.92 (kcal/mol) proving that the complex is stable. Additionally, three different 

binding sites of the protein complex was shown in Fig 7 (C, D, E). 

 

Fig. 7 (A) Chemotaxis-hypothetical protein complex, (B) Interactions between the protein-protein 

complex and (C, D, E) Three different binding sites of the selected protein-protein complex 
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Fig 8 Bar graph of top 30 bindings free energy from HawkDock server 

Conclusion  

The hypothetical protein domain has a crucial role as a host cell invasion and apoptosis, 

according to the research. It was also discovered to be a soluble protein with a single exposed 

domain. The existence and distribution of this hypothetical protein domain across a wide 

range of bacterial strains and interactions with putA protein suggest that new antibacterial 

drugs could be developed. More research is being done, such as protein-ligand docking 

studies, to identify the representative amino acids involved in ligand binding. The molecular 

docking and simulation studies between hypothetical protein and putA protein are found in 

a stable interaction therefore it may be of interest to researchers looking to produce new drugs 

against multidrug resistance of Edwardsiella tarda. 
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