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A B S T R A C T   

Humans benefit from a vast community of microorganisms in their gastrointestinal tract, known 
as the gut microbiota, numbering in the tens of trillions. An imbalance in the gut microbiota 
known as dysbiosis, can lead to changes in the metabolite profile, elevating the levels of toxins 
like Bacteroides fragilis toxin (BFT), colibactin, and cytolethal distending toxin. These toxins are 
implicated in the process of oncogenesis. However, a significant portion of the Bacteroides fragilis 
genome consists of functionally uncharacterized and hypothetical proteins. This study delves into 
the functional characterization of hypothetical proteins (HPs) encoded by the Bacteroides fragilis 
genome, employing a systematic in silico approach. A total of 379 HPs were subjected to a BlastP 
homology search against the NCBI non-redundant protein sequence database, resulting in 162 
HPs devoid of identity to known proteins. CDD-Blast identified 106 HPs with functional domains, 
which were then annotated using Pfam, InterPro, SUPERFAMILY, SCANPROSITE, SMART, and 
CATH. Physicochemical properties, such as molecular weight, isoelectric point, and stability 
indices, were assessed for 60 HPs whose functional domains were identified by at least three of 
the aforementioned bioinformatic tools. Subsequently, subcellular localization analysis was 
examined and the gene ontology analysis revealed diverse biological processes, cellular compo-
nents, and molecular functions. Remarkably, E1WPR3 was identified as a virulent and essential 
gene among the HPs. This study presents a comprehensive exploration of B. fragilis HPs, shedding 
light on their potential roles and contributing to a deeper understanding of this organism’s 
functional landscape.   
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1. Introduction 

The gut microbiome represents a vast population of generally symbiotic bacteria, numbering between 10 and 100 trillion [1]. 
However, if certain species escape their natural habitats, they can become highly pathogenic, causing severe infections. This escape 
often occurs in instances of compromised gut health, such as in cases of ulcers, cancer, trauma, surgery, or other factors. Bacteroides 
fragilis (B. fragilis) is a beneficial commensal that provides benefits such as the digestion of complex polysaccharides and the devel-
opment of immunity [2–6]. Among the species that can transition into an opportunistic pathogen, B. fragilis stands out. Gram-negative 
anaerobe B. fragilis normally occurs in the human gut as a commensal, constituting a small portion of gut bacteria. The Bacteroides 
stand out as the most frequent Bacteroides isolated from human infections despite its relatively low abundance [6]. The presence of a 
metalloprotease toxin, known as B. fragilis toxin (BFT), emphasizes the pathogenic potential of B. fragilis. This toxin can induce in-
testinal inflammation, thereby playing a role in the development of colorectal cancer [7,8]. 

Deciphering the key genes essential for B. fragilis survival provides novel insights that can be utilized in developing innovative 
treatments for bacterial infections and enhances understanding of the organism’s resistance. The identification of these crucial genes 
opens avenues for targeted treatment approaches, advancing the management of B. fragilis infections [6]. However, a comprehensive 
understanding of the factors influencing B. fragilis’s unique pathogenicity is still lacking [9]. 

Hypothetical proteins (HPs) are proteins whose functions are not yet known. These proteins are often identified through genomic 
sequencing, but their roles in biological processes, virulence, and pathogenesis remains unclear [9]. Computational tools and tech-
niques are used to analyze the physicochemical characteristics, protein-protein interactions, sub-cellular localization, functional 
classification, and antigenicity of these proteins, with a focus on their potential as drug targets [10,11]. Structural analysis of hy-
pothetical proteins can provide insights into their functions and interactions with other molecules [12]. The identification and 
characterization of hypothetical proteins are important for understanding the complexity of the organism and its potential implications 
in normal and pathological conditions [13]. Therefore, in this investigation, we elucidated the molecular function of HPs derived from 
the B. fragilis strain 638R. Our approach involved employing an annotation-based workflow incorporating multiple in silico databases, 
tools and software. This methodology aimed to uncover the functions of HPs, potentially unveiling novel pharmacological targets for 
screening, drug development, and the design of treatments for B. fragilis infections. 

2. Materials and methods 

2.1. Sequence retrieval and similarity identification 

The proteome of B. fragilis strain 638R (UP000008560) sourced from the Universal Protein Resource (UniProt) and consisting of 
4284 protein sequences were employed in this study (The UniProt Consortium, 2023). A total of 379 HPs sequences were obtained in 
FASTA format. Subsequently, a homology search was conducted for the FASTA sequences of the 379 HPs using Blastp [14]. The search 
utilized the NCBI protein non-redundant (nr) database, considering hits with an identity range of 30–100 %, query coverage between 
70 and 100 %, and an expected threshold value of 0.001. Sequences lacking identity with hypothetical proteins were selected for 
further analysis. 

2.2. Assessment of operational biological characteristics 

Protein domains are distinct molecular evolutionary units and are commonly associated with specific aspects of the molecular and 
cellular functions of a given protein sequence. The Conserved Domain Database (CDD-Blast) was utilized to search for conserved 
domains in cytoplasmic and periplasmic HPs using default parameters [15,16]. 

2.3. Functional annotation of HPs 

The functional roles of HPs based on their similarity are elucidated with Pfam [17], InterPro [18], SUPERFAMILY [19], and 
SCANPROSITE [20]. Furthermore, SMART (Simple Modular Architecture Research Tool) [21] and CATH [22] were employed to 
investigate the functions of HPs, focusing on domain architecture and categorizing domains within the structural hierarchy, respec-
tively. All these analyses were conducted using default parameters. HPs were selectively chosen for further analysis based on the 
presence of functional domains or motifs identified by at least three bioinformatic tools. 

2.4. Exploring subcellular localization 

Subcellular localization of the selected proteins was identified using CELLO [23], BUSCA [24], and PSORTb [25]. BUSCA and 
PSORTb integrate both experimental and computational datasets, while CELLO utilizes a two-level support vector machine 
(SVM)-based system. 

2.5. Prediction of physiochemical parameters 

Consequently, the physiochemical features of the selected HPs were estimated using the Protparam (Protein Parameters) interface 
on the ExPASy (Expert Protein Analysis System) server. Physical and chemical properties, including molecular weight (Mw), 
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theoretical isoelectric point (pI), number of negatively charged residues (Asp + Glu), number of positively charged residues (Arg +
Lys), instability index, aliphatic index, and grand average of hydropathicity (GRAVY), were determined [26]. 

2.6. Prediction of gene ontology 

The gene ontology of selected HPs was predicted based on the confidence scores using Argot2.5 (Annotation Retrieval of Genel 
Ontology Terms) [27]. 

2.7. Virulent and essential genes prediction 

The virulent proteins are identified based on a bi-layer cascade Support Vector Machine (SVM) using VirulentPred 2.0 [28]. 
Subsequently, the Database of Essential Genes (DEG) was employed to identify essential genes within the screened HPs [29]. The 
search was conducted against the genomes of Bacteroides using default parameters. 

Fig. 1. Methodology that illustrates the overarching concept of the investigation.  
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3. Results 

In this study, the HPs encoded by the B. fragilis genome underwent analysis through an in silico approach to identify proteins for 
categorization as either enterotoxins or non-enterotoxins. The workflow employed in this study is depicted in Fig. 1. 

3.1. Sequence retrieval and similarity identification 

A total of 379 Hypothetical Proteins (HPs) from the proteome of B. fragilis strain 638R were retrieved (Table S1). The NCBI protein 
non-redundant database was accessed using BLASTp to find homologous matches between the retrieved hypothetical proteins and 
known proteins. We excluded sequences that were similar to other hypothetical proteins due to the unknown functional roles of 
hypothetical proteins, it is critical to concentrate on HPs that are comparable to known proteins for future research. The remaining 162 
HPs that show identity with known proteins were selected for biological characteristics assessment. (Table S2). 

Fig. 2. Graph of molecular functions (In this graph, the distribution of GO terms is depicted on the Y-axis, and the size of the bubbles corresponds to 
the relative number of proteins found in each category). 
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3.2. Prediction of operational biological characteristics 

CDD-Blast was used to search for conserved domains in cytoplasmic and periplasmic HPs. 106 HPs with identified functional 
domains were selected for functional annotation (Table S3). 

3.3. Functional analysis of HPs 

Pfam, InterPro, SUPERFAMILY, SCANPROSITE, SMART, and CATH were utilized to identify the functional roles of HPs (Table S4). 
Based on the presence of functional domains identified by at least three of the aforementioned bioinformatic tools, only 60 HPs were 
selected for examining physiological properties. 

3.4. Subcellular localization 

Predicting protein functions relies on a clear understanding of the subcellular localization of proteins. The effective transport of a 
protein to its designated location is crucial for its function, as proteins have evolved to operate optimally in specific subcellular lo-
calizations [30]. Subcellular localization of the retrieved proteins was predicted using CELLO, BUSCA, and PSORTb, categorizing HPs 
into membrane proteins, cytoplasmic proteins, and periplasmic proteins. Detailed results of subcellular localization are listed in 
Table S5. 

3.5. Physiochemical properties 

The physiochemical properties of proteins reflect their structural and functional characteristics. Physicochemical properties, 
including molecular weight, theoretical isoelectric point, charged residues, instability index, aliphatic index, and GRAVY, were pre-
dicted using Protparam. In the group of HPs, E1WSB3 (969AA) exhibits an extended protein length, while E1WTW5 (91AA) has the 

Fig. 3. Graph of biological processes (In this graph, the distribution of GO terms is depicted on the Y-axis, and the size of the bubbles corresponds to 
the relative number of proteins found in each category). 
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shortest length. The theoretical pI of HPs ranges from 4.52 to 9.54, and their determined molecular weight varies between 10.6 KDa 
and 108.4 KDa. The pH value at which a protein carries no net electrical charge is termed the isoelectric point (pI). Among 60 HPs 26 
proteins exhibited an acidic nature (pI < 7), while others were found to be basic. The aliphatic index (AI), used to assess protein 
thermostability, ranged from 66 to 115.9. The instability index (II) provided insights into in vitro protein stability, revealing that 
eighteen HPs were considered stable, while 42 were unstable. A cut-off value of >40 and < 40 was employed to categorize proteins as 
stable and unstable, respectively. The GRAVY index, indicating a protein’s interaction with water, showed negative values for 55 HPs, 
signifying their hydrophilic nature while the other 5 HPs are hydrophobic nature. Further detailed physiochemical data is presented in 
Table S6. 

3.6. Prediction of gene ontology 

Further, the gene ontology of HPs was analyzed in Argot2.5 which provides results based on the confidence scores. Table S7 il-
lustrates the distribution of hypothetical proteins (HPs) across three distinct Gene Ontology (GO) categories, encompassing the 
fundamental aspects of biological systems: cellular component, biological process, and molecular function. Specifically, there are 6 
hypothetical proteins in the cellular component category, 25 in the biological process category, and 32 in the molecular function 
category. This result provides insight into diverse roles and locations in the cellular systems of these hypothetical proteins, shedding 
light on their potential functional significance. Among the three categories, molecular functions were observed to have the most 
extensive cluster, followed by Cellular components and biological processes. Thirty-two GO terminologies were identified in the 
molecular function category, primarily indicating hydrolase activity, with other terms related to DNA binding, metal ion binding and 
peptidase activity (Fig. 2). There were 25 different GO terminologies identified for biological processes, most of which (11 HPs) were 
associated with proteolysis whereas five HPs are involved in the carbohydrate metabolic process (Fig. 3). A total of six distinct GO 
terminologies were found in the cellular component category, of which 27 were specifically associated to the integral component of 
membrane (Fig. 4). 

3.7. Detection of virulent essential genes 

Among the HPs, 18 HPs are identified as virulent in VirulentPred 2.0 (Table 1). Then HPs were examined to identify essential genes 
in the DEG database against the genomes of Bacteroides. From the result, we find one essential protein (E1WPR3) among the targeted 
60 HPs. 

4. Discussion 

In the present study, we utilized various effective computational tools and databases for annotating HPs. Initially, FASTA sequences 
of 379 HPs were retrieved from Uniprot. The UniProt proteome database is significant because it provides a comprehensive and freely 
accessible collection of protein sequences annotated with functional information [31,32]. A homology search using BLASTp was 
conducted for the FASTA sequences of the HPs to identify similarities and potential relationships with known proteins in the 
non-redundant protein databases. This approach allows for the inference of protein structure, function, and evolution [33]. The goal of 
the homology search was to analyze the protein sequences and detect similarities that may not be evident from sequence alone, but can 
be inferred from protein spatial structures [34]. Sequences lacking identity with hypothetical proteins were selected for further 
analysis. The purpose of selecting sequences lacking identity with only hypothetical proteins for further analysis was to validate the 
existence of predicted or hypothetical proteins at the protein level. 

CDD-Blast was used in this study to search for conserved domains in cytoplasmic and periplasmic HPs. CDD offers live search 
capabilities and an archive of pre-computed domain annotations for sequences tracked by the NCBI’s Entrez protein database [35]. 60 
HPs with identified functional domains were selected for functional annotation. We aimed to annotate the locations of these identified 
functional domains, along with the inferred functional sites and motifs. This allows for a more comprehensive understanding of the 
functional characteristics of the sequences being analyzed [36]. We conducted a thorough analysis of the 60 HPs utilizing Pfam, 
InterPro, SUPERFAMILY, SCANPROSITE, SMART, and CATH. The analysis aimed to assign functions to HPs and determine if they 

Fig. 4. Graph of cellular components (In this graph, the distribution of GO terms is depicted on the Y-axis, and the size of the bubbles corresponds to 
the relative number of proteins found in each category). 
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exhibited similar functions according to three or more of the aforementioned programs [37,38]. The results showed that 19 HPs had 
similar functions based on the analysis of multiple programs. Computational approaches to identify the structural and functional 
qualities of a protein rely heavily on physiochemical properties, such as molecular weight, theoretical isoelectric point, charged 
residues, instability index, aliphatic index, and GRAVY, partition coefficient, aqueous solubility, pKa, melting point, etc. [39,40]. 
Physicochemical properties of proteins play a crucial role in their stability and activity of proteins [41]. The co-receptor binding 
affinities crucial for viral or bacterial tropism are governed by both the physicochemical and structural traits of proteins, particularly in 

Table 1 
Virulent gene prediction using VirulentPred 2.0  

S.No. Protein Name Prediction results Predicted Scores 

1 E1WJS8 Virulent 0.2570 
2 E1WJT5 Virulent 1.0074 
3 E1WKT7 Virulent 0.8974 
4 E1WLC6 Non-Virulent − 1.037 
5 E1WMP7 Non-Virulent − 0.091 
6 E1WNA1 Virulent 0.9642 
7 E1WNL2 Non-Virulent − 0.983 
8 E1WS18 Non-Virulent − 1.057 
9 E1WS20 Non-Virulent − 1.024 
10 E1WU44 Non-Virulent − 0.239 
11 E1WU50 Non-Virulent − 1.016 
12 E1WW97 Non-Virulent − 1.068 
13 E1WWA1 Non-Virulent − 1.01 
14 E1WQN4 Non-Virulent − 1.028 
15 E1WJQ1 Virulent 0.9859 
16 E1WK44 Virulent 0.9478 
17 E1WKF5 Virulent 0.6376 
18 E1WKH1 Non-Virulent − 0.865 
19 E1WKH8 Virulent 0.9914 
20 E1WKN0 Virulent 1.0163 
21 E1WKT4 Non-Virulent − 0.864 
22 E1WKZ5 Non-Virulent − 0.507 
23 E1WLC7 Non-Virulent − 1.094 
24 E1WLE3 Non-Virulent − 0.905 
25 E1WLT5 Non-Virulent − 0.861 
26 E1WLV2 Non-Virulent − 0.993 
27 E1WN93 Virulent 1.0092 
28 E1WNB4 Non-Virulent − 1.039 
29 E1WNC6 Non-Virulent − 1.031 
30 E1WNH4 Virulent 0.1975 
31 E1WNN9 Virulent 0.0415 
32 E1WPR3 Virulent 0.9633 
33 E1WPR8 Virulent 0.9583 
34 E1WQD7 Non-Virulent − 0.838 
35 E1WRH7 Virulent 0.1103 
36 E1WRQ8 Non-Virulent − 0.831 
37 E1WTI3 Non-Virulent − 0.974 
38 E1WTV0 Virulent 0.9814 
39 E1WU07 Non-Virulent − 1.073 
40 E1WUZ3 Virulent 0.1787 
41 E1WVC0 Virulent 1.0455 
42 E1WVD8 Virulent 1.0771 
43 E1WVI3 Non-Virulent − 0.915 
44 E1WWC4 Virulent 1.0163 
45 E1WWP2 Non-Virulent − 0.67 
46 E1WL48 Virulent 1.0926 
47 E1WQN3 Non-Virulent − 1.01 
48 E1WRI1 Non-Virulent − 1.019 
49 E1WSB3 Virulent 1.1372 
50 E1WTS9 Virulent 0.9848 
51 E1WRA3 Virulent 0.6762 
52 E1WN82 Non-Virulent − 0.918 
53 E1WNR9 Non-Virulent − 0.069 
54 E1WT37 Virulent 1.0425 
55 E1WVP3 Non-Virulent − 0.954 
56 E1WWX5 Non-Virulent − 1.089 
57 E1WLZ0 Virulent 0.854 
58 E1WS21 Non-Virulent − 0.903 
59 E1WTB4 Non-Virulent − 0.913 
60 E1WTW5 Virulent 0.95  
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specific regions [42]. 
The subcellular localization of proteins is vital for their biological functions. Proteins perform their roles only when they arrive at 

their target location in the cell [43]. protein subcellular localization is important for determining protein function, revealing molecular 
interaction mechanisms, and developing drug targets [44]. 

Additionally, the gene ontology of selected HP was examined using Argot2.5, yielding results based on the confidence scores. The 
identified functions were then classified into three GO categories: Cellular components, molecular functions, and biological processes. 
Numerous biological processes involving transcriptional regulation, DNA repair, and DNA modification depend on interactions be-
tween DNA and proteins, both sequence-specific and sequence-nonspecific. Aside from their few enzymatic and essential functions, 
some proteins could be involved in maintaining the gut microbiome [45]. 

There is still uncertainty regarding Bacteroides spp’s ecological distribution, composition, and impact on health, despite the 
prevalence of Bacteroides spp in gut microbiota [46]. Gut microbiota includes B. fragilis 638R, which is commonly found in human 
guts. B. fragilis usually coexist harmlessly, but certain strains may pose infection risks, especially to those with weakened immune 
systems. The influence of it on health or disease depends on a variety of factors [47]. According to experimental animal models, 
bacteria like B. fragilis and Bacteroides vulgatus disrupt the intestinal epithelial barrier, which could lead to inflammation, as well as in 
patients with inflammatory bowel disease (IBD) [48–51]. In B. fragilis, specific proteins serve distinct functions. 

The identification of potential drug targets is a crucial step in the development of novel therapeutic interventions, particularly in 
combating virulent bacterial strains. Identifying essential genes in the DEG database is crucial as it provides essential information 
about genes necessary for the survival of organisms [29]. This knowledge aids in understanding fundamental cellular processes that 
sustain life and can have implications for various research fields, including biology, genomics, and drug discovery [52]. Hence, in this 
study, we ultimately identified a candidate protein, E1WPR3, with implications in virulence as well as essential gene. 

Since the Bam complex is known to play a crucial role in the biogenesis of proteins found on the surface of bacteria’s outer 
membranes, our findings that E1WPR3 is a member of the BamD protein family are noteworthy. To ensure the appropriate folding and 
insertion of outer membrane proteins (OMPs), the Bam complex, which includes BamD and BamA are crucial [53,54]. This complex 
affects the functioning and integrity of the bacterial outer membrane. It has been shown that breaking down the Bam complex in-
creases bacterial sensitivity to drugs and reduces their pathogenicity in several different species. 

The possibility of E1WPR3’s involvement in B. fragilis virulence pathways is indicated by its relationship with the BamD protein 
family. Bacterial pathogenicity-inducing mechanisms may be amenable to disruption by targeting proteins like BamD, which are 
involved in outer membrane protein synthesis [53,54]. Because of this, E1WPR3 could be a promising novel target to create new 
treatments to fight B. fragilis infections. 

The use of other bioinformatics tools, such as SUPERFAMILY, SCOP, CDD-Blast, CATH, and InterPro, further supports our results by 
confirming that E1WPR3 is a member of the BamD protein family. The importance of E1WPR3 as a possible therapeutic target is 
highlighted by this agreement across many bioinformatics platforms, which increases the certainty of our findings. 

5. Conclusion 

In conclusion, our study presents ample proof indicating E1WPR3, identified as a member of the BamD protein family, as a possible 
therapeutic target for treating aggressive strains of B. fragilis. The development of BamD-targeting inhibitors and further investigation 
into the specific function of E1WPR3 in bacterial pathogenicity offers significant potential for the progress of antimicrobial treatment 
against illnesses caused by B. fragilis. 
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