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ABSTRACT 6 

A significant number of proteins in the genome of the Bacillus paralicheniformis strain Bac84 are 7 
annotated as functionally uncharacterized hypothetical proteins. Investigating these proteins' 8 
functions may help us to find novel targets for biotechnological applications. Therefore, the 9 
purpose of our research was to functionally annotate the hypothetical proteins from its genome. 10 
We employed a structured in-silico approach incorporating numerous bioinformatics tools and 11 
databases for functional annotation and characterization. Sequences of 414 hypothetical proteins 12 
were evaluated and we were able to successfully attribute a function to 37 hypothetical proteins. 13 
Moreover, we performed receiver operating characteristic analysis to assess the performance of 14 
various tools. Eight proteins were predicted with biotechnological potentials such as coenzyme A 15 
biosynthesis, phenylalanine biosynthesis, antibiotic biosynthesis, and others. Evaluation of the 16 
performance of the tools showed an accuracy of 98% which represented the rationality of the tools 17 
used. This work shows that this annotation strategy will make the functional characterization of 18 
unknown proteins easier and can find the target for further investigation. 19 

INTRODUCTION 20 

Bacillus paralicheniformis is a newly discovered species in the Bacillus genus (Dunlap et al., 21 
2015). It is phylogenetically closely related to B. licheniformis (Dunlap et al., 2015; Du et al., 22 
2019). In the biotechnology sector, B. licheniformis has already been employed to produce 23 
biochemicals, enzymes, antibiotics, and other things (Rey et al., 2004; Dunlap et al., 2015). Several 24 
current investigations have indicated that B. paralicheniformis species have a strong potential for 25 
the biosynthesis of antimicrobial compounds (Dhakal et al., 2013; Othoum et al., 2018). One of 26 
the strains can also inhibit plant pathogenic microbes (Wang et al., 2017). In this way, B. 27 
paralicheniformis may be of biotechnological relevance but still, it has remained largely 28 
unexplored. 29 

B. paralicheniformis is a gram-positive, facultatively anaerobic, rod-shaped, motile, and 30 
endospore-forming Bacillus species (Dunlap et al., 2015). The B. paralicheniformis strains are 31 
found in a variety of habitats, including soil, freshwater, marine, and niches associated with food 32 
(Dunlap et al., 2015; Wang et al., 2017; Othoum et al., 2018). This strain is adapted to survive in 33 
extreme conditions such as high osmolarity which provides it with metabolic capabilities similar 34 
to industrial strains (Othoum et al., 2018). The B. paralicheniformis strain Bac84 was isolated 35 
from the Red Sea which is an ecosystem of harsh, extremely saline, and high temperature (Othoum 36 
et al., 2018). Hence, this strain may be a potential microbial cell factory to produce both thermo-37 
tolerant and osmotolerant enzymes that may be more suitable for use in industry as well as able to 38 
survive frequent exposure to these extreme conditions (Nielsen et al., 2017). 39 
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The genome of B. paralicheniformis strain Bac84 has been fully sequenced and published 40 
(Othoum et al., 2018). According to the National Center for Biotechnology Information database 41 
- NCBI repository, it encodes 4,237 proteins (CP023665.1). However, 414 coding sequences have 42 
been anticipated to encode for proteins without any expressional and functional data. These 43 
sequences have been assigned as “hypothetical”. These hypothetical proteins (HPs) have 44 
constituted a considerable portion of the genome. Functional annotation is necessary for these HPs 45 
to find the possible roles in the cell which can lead to an understanding of new structures, and 46 
functions in this bacterium. Several studies have revealed the expression of HPs (Jagannadham et 47 
al., 2011; Jagannadham and Chowdhury, 2012; Ijaq et al., 2020). Homology-based gene annotation 48 
has been assigned previously to predict the unknown functions of numerous HPs in several 49 
organisms (Doerks et al., 2004; Hawkins and Kihara, 2007; Shahbaaz et al., 2013; Vickers, 2017).  50 
Additionally, numerous bioinformatics tools are available to determine the functions of the HPs 51 
such as Pfam, InterPro, CATH, SUPERFAMILY, SMART, CDD-BLAST SCANPROSITE, and 52 
many more (Gough et al., 2001; Geer et al., 2002; Liu and Karmarkar, 2008; Punta et al., 2012; 53 
Shahbaaz et al., 2013; Ijaq et al., 2015). Moreover, the STRING database is also an essential way 54 
of protein-protein interaction (PPI) determination to understand the protein functions in a 55 
biological network (Jeong et al., 2016; Szklarczyk et al., 2021). Hence, the PPI study of these HPs 56 
can lead to inferences about their biological functions (Snider et al., 2015). Furthermore, the 57 
tertiary structure modeling through homology searches utilizing the SWISS-MODEL server is 58 
important to find the function of unknown proteins (Waterhouse et al., 2018). 59 

In this study, we aimed to determine the functional roles of the HPs from the B. paralicheniformis 60 
strain Bac84. We utilized an annotation-based workflow to determine the functions of the HPs for 61 
the identification of new biotechnologically important proteins as well as novel proteins 62 
contributing to the survival of this bacterium in extreme environments. We successfully identified 63 
potential target proteins in the B. paralicheniformis strain Bac84. It may eventually be possible to 64 
develop new biotechnological applications based on further experimental validation of these 65 
identified proteins. 66 

RESULTS AND DISCUSSION 67 

Analysis of The Hypothetical Proteins from the B. Paralicheniformis Strain Bac84 Genome 68 
DNA sequencing technologies are advancing, and high throughput sequencing technologies have 69 
allowed a significant number of bacterial genome sequencing. Sequence homology techniques are 70 
commonly used for the annotation of genes (Stormo, 2009). Nevertheless, these homology 71 
techniques alone are not always able to predict functions accurately and lead to false annotations 72 
(Schnoes et al., 2009). Hence, multiple bioinformatic tools must be employed to assign functional 73 
annotations of HPs. In this study, we applied a number of effective tools and databases to do the 74 
annotation of HPs from the B. paralicheniformis strain Bac84. 75 
We first identified the domains of the HPs which are structural, functional, and evolutionary parts 76 
of a protein, therefore providing the functional role of a protein (Rao et al., 2014). We extensively 77 
analyzed all the 414 HPs sequences using Pfam, InterPro, CATH, SUPERFAMILY, SMART, 78 
SCANPROSITE, and CDD-BLAST (Supplementary Table S3). The results were evaluated aiming 79 
to assign functions to HPs and it revealed 37 HPs which demonstrated similar functions from three 80 
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or more programs listed in Table 1. In this way, functional annotations were assigned with strong 81 
confidence. 82 

Table 1: Hypothetical proteins functionally annotated from the B. paralicheniformis strain Bac84. 83 
No. HP ID Inferred function 

1 WP_158700706.1 Metal-dependent hydrolase 
2 WP_230368348.1 Catalytic core DNA breaking-rejoining enzymes 
3 WP_095290960.1 RNA polymerase sporulation sigma factor SigK 
4 WP_026579962.1 YhzD-like protein 
5 WP_224146215.1 Response regulator aspartate phosphatase 
6 WP_095291534.1 The YqzH-like protein family 
7 WP_003179940.1 The YgaB-like protein family 
8 WP_020449960.1 Inner membrane protein YiaA-like 
9 WP_105981192.1 YqaH-like protein 
10 WP_020453622.1 Bacteriophage A118-like, holin 
11 WP_006638778.1 Metal-responsive transcriptional regulator 
12 WP_003180123.1 Sigma-M inhibitor protein YhdK 
13 WP_025810847.1 Streptogramin lyase 
14 WP_020450411.1 RlpA-like domain superfamily 
15 WP_105980832.1 Phenylalanyl-tRNA synthetase 
16 WP_009328837.1 

Flavin-phosphopantothenoylcysteine decarboxylase/Flavin prenyltransferase 
17 WP_003180732.1 Pathogenicity locus - Putative mitomycin resistance proteins 
18 WP_199792123.1 YetA-like protein 
19 WP_020451108.1 ESAT-6-like superfamily 
20 WP_020451191.1 YkyB-like protein 
21 WP_026579751.1 Transcription regulator DksA-related 
22 WP_105980957.1 Nudix_Hydrolase super family 
23 WP_023857538.1 YhzD-like protein 
24 WP_020451915.1 Heat Shock protein (Hsp20 proteins) 
25 WP_020452052.1 HesB-like domain superfamily 
26 WP_026579290.1 YqfQ-like protein 
27 WP_020452371.1 RmlC-like cupin superfamily 
28 WP_234026546.1 Chromosome segregation protein SMC 
29 WP_023855527.1 Response regulator aspartate phosphatase 
30 WP_105981186.1 Putative phage metallopeptidase 
31 WP_105981199.1 Alpha/Beta hydrolase fold 
32 WP_003185659.1 Swarming motility protein SwrA 
33 WP_023857076.1 Acyl-CoA N-acyltransferase 
34 WP_023856950.1 BslA (Biofilm surface layer A) 
35 WP_026580354.1 Immunity protein WapI-like / YxiJ super family 
36 WP_023856884.1 Six-hairpin glycosidase superfamily 
37 WP_020453535.1 Prephenate dehydratase 

https://www.ncbi.nlm.nih.gov/protein/WP_230368348.1
https://www.ncbi.nlm.nih.gov/protein/WP_095290960.1
https://www.ncbi.nlm.nih.gov/protein/WP_026579962.1
https://www.ncbi.nlm.nih.gov/protein/WP_224146215.1
https://www.ncbi.nlm.nih.gov/protein/WP_095291534.1
https://www.ncbi.nlm.nih.gov/protein/WP_003179940.1
https://www.ncbi.nlm.nih.gov/protein/WP_020449960.1
https://www.ncbi.nlm.nih.gov/protein/WP_105981192.1
https://www.ncbi.nlm.nih.gov/protein/WP_020453622.1
https://www.ncbi.nlm.nih.gov/protein/WP_006638778.1
https://www.ncbi.nlm.nih.gov/protein/WP_003180123.1
https://www.ncbi.nlm.nih.gov/protein/WP_025810847.1
https://www.ncbi.nlm.nih.gov/protein/WP_020450411.1
https://www.ncbi.nlm.nih.gov/protein/WP_105980832.1
https://www.ncbi.nlm.nih.gov/protein/WP_009328837.1
https://www.ncbi.nlm.nih.gov/protein/WP_003180732.1
https://www.ncbi.nlm.nih.gov/protein/WP_199792123.1
https://www.ncbi.nlm.nih.gov/protein/WP_020451108.1
https://www.ncbi.nlm.nih.gov/protein/WP_020451191.1
https://www.ncbi.nlm.nih.gov/protein/WP_026579751.1
https://www.ncbi.nlm.nih.gov/protein/WP_105980957.1
https://www.ncbi.nlm.nih.gov/protein/WP_023857538.1
https://www.ncbi.nlm.nih.gov/protein/WP_020451915.1
https://www.ncbi.nlm.nih.gov/protein/WP_020452052.1
https://www.ncbi.nlm.nih.gov/protein/WP_026579290.1
https://www.ncbi.nlm.nih.gov/protein/WP_020452371.1
https://www.ncbi.nlm.nih.gov/protein/WP_234026546.1
https://www.ncbi.nlm.nih.gov/protein/WP_023855527.1
https://www.ncbi.nlm.nih.gov/protein/WP_105981186.1
https://www.ncbi.nlm.nih.gov/protein/WP_105981199.1
https://www.ncbi.nlm.nih.gov/protein/WP_003185659.1
https://www.ncbi.nlm.nih.gov/protein/WP_023857076.1
https://www.ncbi.nlm.nih.gov/protein/WP_023856950.1
https://www.ncbi.nlm.nih.gov/protein/WP_026580354.1
https://www.ncbi.nlm.nih.gov/protein/WP_023856884.1
https://www.ncbi.nlm.nih.gov/protein/WP_020453535.1
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to the HPs. For the rest HPs (n = 377), domains were recognized from less than three mentioned 84 
bioinformatic tools which are needed further assessments. 85 
Further, the GO terms were determined using the ARGOT2.5 server (Lavezzo et al., 2016) that 86 
provides results based on the confidence scores. 133 HPs have GO term predictions among the 87 
414 targets and the distribution among the GO categories was depicted in Figure 1. The rest of the 88 
HPs with no GO terms can be found in Supplementary Table S5. Among the three categories, the 89 
largest cluster was cellular components followed by molecular functions and biological processes. 90 
We found seven different GO terminologies in the cellular component category including 45 91 
having membrane function (Figure 1B). Although studying membrane proteins is difficult, it is 92 
well known that many membrane proteins play important roles in gram-positive bacteria's 93 
physiology (Lee et al., 1992; Desvaux et al., 2006). The membrane proteins come first in the 94 
interaction among cells and the environmental stresses (Walian et al., 2012). These membrane HPs 95 
need to be analyzed as these may have considerable roles in the survival mechanism of the B. 96 
paralicheniformis strain Bac84 in extreme environments. For biological processes, twenty-five 97 
different GO terminologies were identified, mostly associated with transcription and DNA-related 98 
processes (Figure 1C). Transcriptional regulation is a crucial process for a living organism. The 99 
cell can respond to intracellular and external signals such as environmental cues or nutritional 100 
insufficiency through this transcription-controlling process. According to the GO annotation, the 101 
molecular function category showed twenty-one GO terminologies; mostly indicated to several 102 
enzymatic functions, and the others related to protein binding (Figure 1D). Here, the DNA and 103 
protein interactions are involved in many biological processes (Karthik et al., 2014). Additionally, 104 
the proteins with enzymatic functions have potential biotechnological applications (Gurung et al., 105 
2013; Cabrera and Blamey, 2018). 106 
Additionally, 15 HPs carried homologous sequences with described functions were found in BlastP 107 
analysis whereas the remaining HPs were matched to uncharacterized family proteins and/or 108 
hypothetical proteins (Supplementary Table S6). All the 15 HPs that matched with functional 109 
proteins in the BlastP analysis were functionally similar to the anticipated functions. 110 
Furthermore, the DEG database was utilized to predict fundamental genes (Supplementary Table 111 
S7). This database adapts both the in vitro and in vivo experiments to detect fundamental genes 112 
which are essential for cellular machinery (Luo et al., 2021). Though different challenging lab 113 
experiments were used to detect the essential genes such as RNA interference, gene knockouts, 114 
and transposon mutagenesis (Wei et al., 2013), this DEG database offers an alternative for 115 
predicting essential genes. In our analysis, we did not find any essential genes among the targeted 116 
37 HPs. 117 
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 118 

Figure 1: The gene ontology of all the 414 HPs. (A) The distribution of the HPs among the three gene 119 
ontology categories. (B) Graph of the cellular components. (C) Graph of the biological processes. (D) Graph 120 
of the molecular functions. 121 
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Physicochemical Characterization and Subcellular Localization 122 
To evaluate the physicochemical characteristics and their cellular distribution the sequences of the 123 
screened 37 HPs were used (Supplementary Table S8). Most of the studied proteins had molecular 124 
weight (MW) values over 10000 Da. Proteins with a lower MW (< 10000 Da) need special 125 
modifications for analysis in the SDS-PAGE system (Hashimoto et al., 1983). Hence, the first few 126 
HPs with lower MW require special attention to perform further lab experiments. The pH value of 127 
a protein at which it carries no net electrical charge is known as isoelectric point pI. For our selected 128 
HPs, it ranged from 4.4 to 10.48 and 11 proteins have acidic nature (pI < 7), whereas others were 129 
found to be basic. Along with the MW, the pI also helps in the laboratory analysis of proteins (da 130 
Costa et al., 2018). 131 
The aliphatic index (AI) is used to evaluate the protein thermostability and our HPs were in the 132 
range of 55.19-145.1. The range of temperatures at which a protein will be stable increases with 133 
increasing AI values (Ikai, 1980). Protein WP_003180123.1, associated with growth and survival 134 
after salt stress showed the highest value of 145.1. The instability index (II) was applied to get the 135 
idea regarding in vitro protein stability. 15 HPs were considered to be unstable, and 22 HPs were 136 
stable. The cut-off values >40 and <40 were used to categorize stable and unstable proteins, 137 
respectively (Guruprasad et al., 1990). The GRAVY indicates the interactive nature of a protein 138 
with water (Jaspard et al., 2012). Among these 37 HPs, only four (WP_158700706.1; 139 
WP_003180123.1; WP_023857538.1 and WP_020453535.1) showed positive values which 140 
indicates that these might be hydrophobic. 141 
Moreover, the cellular localization of proteins is vital for their biological functions in a specific 142 
environment (Yu et al., 2006; Naqvi et al., 2015). Among the 37 HPs, most of the proteins were 143 
determined as cytoplasmic. The cytoplasmic proteins are in the regulation of several functional 144 
processes including biosynthesis, regulatory activities, and transport which may help 145 
environmental bacteria to compete with the neighboring organisms in the same ecological niche 146 
(Nakashima and Nishikawa, 1994). Additionally, we only found 4 proteins to have signal peptides 147 
that are critically related to protein secretion (Owji et al., 2018). 148 

Protein-Protein Interactions 149 
To determine the interaction partners of the HPs, we performed a protein-protein interaction 150 
analysis (Gazi et al., 2020). In this study, protein WP_095290960.1, RNA polymerase sporulation 151 
sigma factor SigK showed a very strong interaction (score 0.930) with the sporulation stage IV 152 
protein A (spoIVA) which is involved in sporulation (Roels et al., 1992).  WP_006638778.1 153 
interacted with EndoA – a putative RNase (score 0.988 ) functional as endoribonuclease (Pellegrini 154 
et al., 2005). WP_009328837.1 was found to interact with the yacB (score 0.987) which catalyzes 155 
the phosphorylation of pantothenate (Brand and Strauss, 2005). The protein WP_023855527.1 156 
showed interaction with the Raca protein which is required for the formation of axial filaments 157 
(Schumacher et al., 2016). All these findings along with the other predictions (S9 table and S2 158 
figure) strengthened our functional predictions. 159 

Tertiary Structure Predictions 160 
X-ray crystallography has become a robust approach to determining novel protein structures 161 
(Chance et al., 2002). The functional annotation methods in combination with the protein structure 162 
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analysis are evident to lead to the interpretation of uncharacterized proteins (Ngounou Wetie et al., 163 
2014; Jez, 2017). In this study, we employed the 164 

 165 

Figure 2: Tertiary structures of eleven proteins. 166 
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protein structure homology-modeling server SWISS-MODEL to have the tertiary structures and 167 
used the UCSF Chimera software to visualize and present them (Figure 2). We successfully build 168 
the three-dimensional models for 11 HPs with identity above 30% and the details were listed in 169 
the Supplementary Table S10. The structural data collected for several HPs has validated the 170 
precise functional annotation. For instance, WP_105981199.1 and WP_023856950.1 showed high 171 
identities and resolutions which were functionally annotated as Alpha/Beta hydrolase and BslA 172 
(Biofilm surface layer A) respectively. The structures built for these two proteins were determined 173 
by X-ray crystallography from two Bacillus sp. and those two template proteins have similar 174 
functions as we predicted in this study. In this way, proteins with similar sequences usually exhibit 175 
similar functions. Proteins dissimilar to current PDB entries may correspond to novel functions. 176 
We also checked the quality of the models with the Ramachandran values (Supplementary Table 177 
S10) and all the models have an excellent degree of reliability. 178 

ROC Performance Measurement 179 

The availability of genome sequences is increasing which is also allowing more scope to do the 180 
computational protein analysis. As these analysis methods are solely dependent on autonomic 181 
computing, the accuracy of these methods should be high. The ROC analysis is a broadly applied 182 
technique for evaluating the tool's accuracy. The employed pipeline had an average accuracy of 183 
98 percent (Table 2), and the ROC analysis's findings supported the strong dependability of the 184 
tools used. 185 

Table 2: ROC results of the tools used in this study. 186 

Software Accuracy (%) Sensitivity (%) Specificity (%) ROC area 

Pfam 99.0 98.0 100 0.99 

InterPro 100.0 100.0 100.0 1 

CATH 100.0 100.0 100.0 1 

SUPERFAMILY 96.0 94.7 100.0 0.99 

SCANPROSITE 97.0 93.8 100.0 0.99 

SMART 98.0 97.0 100.0 1 

CDD-BLAST 96.0 65.9 100.0 0.985 

Average  98.00 92.77 100 0.994 

Proteins with Biotechnological Potentials 187 
We found several proteins that can be interesting targets for biotechnological applications. 188 
WP_158700706.1 was predicted as a Metallo-dependent hydrolase (the amidohydrolase 189 
superfamily). This group includes numerous hydrolytic enzymes with a varied spectrum of 190 
substrates and reactions. The microbial obtained amidohydrolase possesses extensive 191 
biotechnological applications that include cosmetics, food, and therapeutics, especially as an 192 
anticancer/anti-proliferative agent (Durthi et al., 2020; Patel et al., 2021). This hydrolase group 193 
also contains amylases and 𝛼-amylase derived from B. licheniformis, B. amyloliquefaciens and B. 194 
stearothermophilus has been commercially used in fermentation, paper, and textiles industries 195 
(Pandey et al., 2000; Konsoula and Liakopoulou-Kyriakides, 2007). 196 
Protein WP_020453622.1 is a Bacteriophage A118-like, holin that involves the lysis of bacterial 197 
membrane (Gründling et al., 2001). These holins can be utilized for controlled pore formation and 198 

https://www.ncbi.nlm.nih.gov/protein/WP_020453622.1
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can promote the release of the desired products. Microorganisms are used and improved for the 199 
industrial manufacture of a wide range of substances, including pharmaceuticals and biofuels. 200 
These target compounds can be sequestered inside the cell causing toxic effects to the chassis 201 
without an efficient active efflux system. In this case, Holin-mediated cell lysis offers an efficient 202 
releasing mechanism (Saier Jr and Reddy, 2015). One of the rate-limiting steps is releasing 203 
products from the microbial host for biotechnology-based chemical production on an industrial 204 
scale. Holins can provide an affordable and effective method of product release in many instances 205 
where the use of mechanical disruption or solvent extraction increases the cost of production (Gao 206 
et al., 2013). Liu and Curtiss applied phage holin/endolysin cassettes containing a nickel-inducible 207 
signal transduction system into the chromosome of Synechocystis sp. strain PCC6803 which is 208 
being developed for biofuel production (Liu and Curtiss III, 2009). They successfully eliminated 209 
the chemical or mechanical removal step by just adding nickel to the culture medium resulting in 210 
cell lysis. Another group utilized a light-inducible lytic mechanism in the same cyanobacterium 211 
for similar purposes (Miyake et al., 2014). Holins are currently being researched in this manner 212 
for numerous biotechnological uses. 213 
The protein WP_009328837.1 was anticipated as Flavin-containing phosphopantothenoylcysteine 214 
decarboxylase which is involved in coenzyme A (CoA) biosynthesis (Strauss et al., 2001). CoA is 215 
a crucial cofactor involved in many metabolic processes including secondary metabolites 216 
production. These distinctive features make CoA an economically significant chemical compound 217 
in the cosmetic, and therapeutic industries (Suryatin Alim et al., 2021). Hence, the catalytic 218 
abilities of this enzyme make it of immense biotechnological significance. 219 
The protein WP_020452371.1 is in the RmlC-like cupin superfamily and RmlC is a dTDP-sugar 220 
isomerase enzyme (dTDP - deoxythymidine diphosphates). This enzyme is involved in the L-221 
rhamnose synthesis, commonly found in bacteria and plants (Kahraman, 1780; Giraud et al., 2000). 222 
This sugar getting more interest due to its wide range of substrate specificity and its excellent 223 
potential for various unique sugars syntheses such as D-allose, D-cellulose, L-mannose, L 224 
rhamnulose, L-spotose, and L-talose (Xu et al., 2016). Besides, rhamnose is combined with lipids 225 
to form rhamnolipids that can be used as potential biosurfactants (Kahraman, 1780). 226 
The protein WP_105981199.1 contains an α/β-hydrolase fold that includes proteases, lipases, 227 
peroxidases, esterase, epoxide hydrolases, dehalogenases, and many others (Nardini and Dijkstra, 228 
1999). Therefore, this protein can be studied further to uncover its actual functionality as several 229 
hydrolases are being used in industrial processes (Gurung et al., 2013). Additionally, an α/β-230 
hydrolase fold protein was also studied which is involved in the cyclic oligopeptide antibiotic 231 
‘thiostrepton’ biosynthesis (Zheng et al., 2016). 232 
The protein WP_023857076.1 carries a structural domain found in numerous acyl-CoA 233 
acyltransferases including the N-acetyl transferase (NAT) (Burk, 2003). Several NATs from 234 
Bacillus sp. Have shown the capability to metabolize xenobiotic compounds that are highly toxic 235 
contaminants of groundwater and soils (Garefalaki et al., 2021). This study showed that a class of 236 
industrial contaminants or by-products of agrochemicals named “Arylamines” can be converted 237 
into less toxic states by Bacillus NATs. Hence, our WP_023857076.1 protein should be studied 238 
further to find out its bioremediation potential. Additionally, a synthetic N-acetyltransferase (MAT 239 
- methionine sulfone N-acetyltransferase) from a bacterial source was utilized to successfully 240 
design herbicide “Phosphinothricin” -resistant rice and Arabidopsis (Yun et al., 2009). 241 
Different glycosyltransferases transfer sugar parts from donor molecules to acceptors to form 242 
glycosidic bonds and involve in disaccharides, oligosaccharides, and polysaccharides biosynthesis. 243 

https://www.ncbi.nlm.nih.gov/protein/WP_009328837.1
https://www.ncbi.nlm.nih.gov/protein/WP_020452371.1
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Several microbial glycosyltransferases are frequently applied in food processes such as in the 244 
shelf-life improvement of bakeries, production of glucose, fructose, or dextrins, lactose hydrolysis, 245 
food pectins modification, and many others (Bhatia et al., 2002; Viikari et al., 2007). In our study, 246 
protein WP_023856884.1 has the catalytic domain of the Six-hairpin glycosidase superfamily. To 247 
use this class of enzymes in different industrial conditions several enzymes functional in 248 
alkaline/acidic pH and/or at high temperatures have been discovered from various microorganisms 249 
(Thuan and Sohng, 2013; Schröder et al., 2015; Amin et al., 2021). In several studies, bacterial 250 
glycosidases were characterized to improve human health and the treatment of different diseases 251 
(Liu et al., 2007; Tiels et al., 2012). 252 
The WP_020453535.1 was anticipated to be a prephenate dehydratase that is involved in the 253 
biosynthesis of phenylalanine and phenylalanine is an essential amino acid for animals. Recently, 254 
the interest in microbial production of L- phenylalanine has increased (Gerigk et al., 2002). It has 255 
been widely used in food and feeds as a taste and aroma enhancer, in pharmaceuticals as the drug's 256 
building block, as well as used in cosmetics as an ingredient (Sprenger, 2007; Zhou et al., 2010). 257 

Proteins with Adaptational Functions to Extreme Environments 258 
In this study, we identified 12 HPs that may have a significant role for B. paralicheniformis in the 259 
adaptation to extreme environments. 260 
Sporulation aids bacterial survival in extreme environments by limiting active growth (Huang and 261 
Hull, 2017). We found protein WP_095290960.1 as RNA polymerase sporulation sigma factor 262 
SigK which is involved in the gene expression controlling during sporulation (Zheng et al., 1992). 263 
Similarly, two HPs (WP_224146215.1 and WP_023855527.1) were identified as the response 264 
regulator aspartate phosphatase which controls the phosphorelay for sporulation initiation by 265 
dephosphorylating Spo0F-P (Parashar et al., 2011). In this way, these HPs can be predicted to play 266 
crucial roles in adaption, and survival in extreme environments. 267 
The protein WP_006638778.1 is a metal-responsive transcriptional regulator which can be 268 
engaged in the homeostasis and metabolism of any specific metal. These metal-responsive 269 
transcriptional regulators allow mechanisms for selective metal ion accumulation and utilization 270 
as well as tightly regulate intracellular metal trafficking mechanisms (Finney and O'Halloran, 271 
2003). Metals can be limited in the environment or can be in high amounts that cause toxicity in 272 
extreme environments. Hence, a metal-responsive transcriptional regulator protein might be 273 
essential to the microorganism for the evolution and adaptation in that specific extreme 274 
environment (Musiani et al., 2015). Likewise, WP_026579751.1 is related to the transcription 275 
regulator DksA. It is an RNA polymerase-binding transcription factor and is involved in different 276 
stress conditions, including nitrosative stress, nutritional shortage, and other environmental 277 
stresses (Crawford et al., 2016; Łyżeń et al., 2016). So, this HP can be taken part in extreme 278 
environmental adaptations. 279 
We detected a sigma-M inhibitor protein (WP_003180123.1). The sigma-M (yhdM) gene is 280 
essential for growth and survival in salt stress conditions (Horsburgh and Moir, 1999). Our 281 
predicted  Sigma-M inhibitor WP_003180123.1 might play role in salt stress adaptation similarly 282 
to a previous study (Yoshimura et al., 2004). 283 
Protein WP_105980957.1 contains a Nudix hydrolase domain that hydrolyzes intracellular 284 
nucleotides, regulates their levels, and removes potentially toxic derivatives (Bessman et al., 285 
1996). Some superfamily members can degrade mutagenic, oxidized, and damaged nucleotides 286 
that may occur due to exposure to extreme environments (Fisher et al., 2004). 287 
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As mentioned earlier, WP_023857076.1 carries a structural domain found in numerous acyl-CoA 288 
acyltransferases including- GCN5-related N-acetyltransferases (GNAT) and Glycine N-289 
acyltransferase (Trievel et al., 1999). The proteins from these classes were studied and found to be 290 
involved in the adaptation to diverse environmental stress conditions including high salinity, pH 291 
tolerance, nutrient stress, etc (Favrot et al., 2016; Dash and Modak, 2021). 292 
Small Heat shock proteins are abundant molecular chaperones that counteract the aggregation of 293 
protein upon stress-induced unfolding (Bepperling et al., 2012). We identified protein 294 
WP_020451915.1 as a heat shock protein (Hsp20). Several studies showed that Hsp20 responds 295 
to different environmental stresses including severe heat, hydrogen peroxide, desiccation, and 296 
osmotic shocks (Ventura et al., 2007; Cocotl-Yanez et al., 2014; Singh et al., 2014; Khaskheli et 297 
al., 2015). Therefore, WP_020451915.1 might have adaptational functions to extreme 298 
environments. 299 
The HesB-like domain is observed in several microbial nitrogen fixation proteins that are 300 
associated with FeS-cluster assembly (Zheng et al., 1998). Previous studies found that proteins 301 
having a HesB-like domain are involved in different metal resistance and thermal stress conditions 302 
(Braz and Marques, 2005; Crapoulet et al., 2006). HesB-like domain-containing protein 303 
WP_020452052.1 might also play role in survival in the extreme environment specifically in 304 
metal-rich or metal deficient conditions. 305 
The WP_003185659.1 protein was identified as a swarming motility protein SwrA which is a 306 
transcription factor. It drives the fla/che operon, which encodes the components of the flagella, 307 
and causes swarming motility (Ogura and Tsukahara, 2012). Another study showed that SwrA is 308 
involved in bacterial motility (Ghelardi et al., 2012) and bacterial motility might be significant in 309 
extreme temperatures (Dall’Agnol et al., 2014). 310 
The WP_023856950.1 protein was predicted as a biofilm surface layer A (BslA) protein which 311 
acts as a hydrophobin and participates in biofilm assembly (Kobayashi and Iwano, 2012). Certain 312 
microorganisms have great resistance to environmental challenges because of biofilm 313 
development (De Carvalho, 2018; Yin et al., 2019; Souza-Egipsy et al., 2021). Therefore, this 314 
protein might be crucial for adaptation to harsh environments. 315 

MATERIALS AND METHODS 316 

Sequence Retrieval 317 
The genome of Bacillus paralicheniformis strain Bac84 was used (CP023665.1). It has 4,376,831 318 
bp in length containing 4413 genes. It encodes 4,237 proteins and 414 are HPs among those 319 
(https://www.ncbi.nlm.nih.gov/genome/). The HPs’ sequences were obtained in FASTA format 320 
for the analyses (Supplementary Table S1). 321 

Functional Annotation of Hypothetical Proteins 322 
Functional annotation was applied to the HPs to reveal their functions (Figure 3). Firstly, several 323 
publicly available tools and databases (Pfam, InterPro, CATH, SUPERFAMILY, SMART, 324 
SCANPROSITE, and CDD-BLAST) are depicted in the Supplementary Table S2 were used. 325 
These bioinformatics tools and databases assist to find the conserved domains and afterward 326 
categorize the proteins. Pfam (Mistry et al., 2021), InterPro (Blum et al., 2021), SUPERFAMILY 327 
(Gough et al., 2001), and SCANPROSITE (De Castro et al., 2006) were employed to interpret the 328 
functional roles of the HPs based on similarity. Additionally, SMART and CATH were used to 329 

https://www.ncbi.nlm.nih.gov/genome/
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search for functions of our HPs based on the domain architecture and to categorize the domains 330 
within the structural hierarchy respectively (Sillitoe et al., 2015; Letunic et al., 2021). Conserved 331 
Domain Database (CDD) was utilized to search conserved domains (Lu et al., 2020). All these 332 
analyses were performed in the default parameters and the results are given in detail in 333 
Supplementary Table S3. These web tools showed distinctive results and to perform downstream 334 
analyses, 37 HPs were filtered as these HPs exhibited functional domains or motifs in at least three 335 
of the bioinformatic tools (Supplementary Table S4). 336 
We also have predicted the gene ontology of all the HPs using Argot2.5 (Annotation Retrieval of 337 
Genel Ontology Terms) (Lavezzo et al., 2016) (Supplementary Table S5) and the findings are 338 
illustrated in Figure 1. 339 
We further used the fasta sequences of the selected 37 HPs for manual annotation utilizing the 340 
Basic Local Alignment Search Tool (BLAST) (Johnson et al., 2008). Here, the NCBI 341 
nonredundant database and hits with an identity ≥ 90% were employed (Supplementary Table S6).  342 
The DEG database was utilized to detect the essential genes with the screened 37 HPs (Luo et al., 343 
2021). The search was performed against the available genomes of Bacillus subtilis 168, and 344 
Bacillus thuringiensis BMB171 in the default parameters (Supplementary Table S7). 345 

Prediction of Physicochemical Parameters and the Sub-Cellular Localization 346 
The physicochemical parameters of the selected 37 HPs were theoretically measured using 347 
Expasy’s Protparam server (Gasteiger et al., 2005). The predicted properties such as molecular 348 
mass, isoelectric point (pI), extinction coefficient, the total number of +/- residues, extinction 349 
coefficient, instability index, aliphatic index, and grand average of hydropathicity (GRAVY) were 350 
determined. 351 
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 352 

Figure 3: Workflow representing the overall design of the study. 353 

Determination of the protein cellular localization of a helps to estimate its function. In this study, 354 
PSORTb (Yu et al., 2010) and CELLO (Yu et al., 2004) were used to identify the proteins’ location 355 
in the cell. PSORTb includes both lab experimental data sets as well as in silico predictions. In 356 
contrast, CELLO employs a two-level support vector machine (SVM) based system. 357 
Furthermore, SOSUI (Hirokawa et al., 1998),  HMMTOP (Tusnady and Simon, 2001), TMHMM 358 
(Krogh et al., 2001), and SignalP (Nielsen et al., 2019) were utilized to predict the transmembrane 359 
helices as well as determine the presence of signal peptide cleavage sites. All the results of these 360 
characterization analyses were listed in the Supplementary Table S8. 361 
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Protein-Protein Interaction Analysis 362 
In this study, STRING software (Szklarczyk et al., 2021) was used to predict interactive partners 363 
using a confidence score above 0.7 for ensuring the dependability of the predictions 364 
(Supplementary Table S9). We had to use the Bacillus licheniformis DSM 13 reference genome to 365 
generate the interaction networks as the dataset for any strain of B. paralicheniformis has not been 366 
available yet. Both the physical and functional associations were applied to compute the networks. 367 
The Cytoscape was used to visualize the interaction networks (Supplementary Figure S1). 368 

Tertiary Structure Prediction 369 
Tertiary protein structures give significant insights into the molecular basis of protein function 370 
(Schwede et al., 2003). We used the SWISS-MODEL server (Waterhouse et al., 2018) for 371 
homology modeling of the target proteins where only templates with an identity ≥ 30% were 372 
considered (Supplementary Table S10). The UCSF Chimera-1.16 was used to visualize the 3D 373 
structures (Figure 2). 374 

Performance Assessment 375 
We performed a ROC- receiver operating characteristic analysis with 100 functionally 376 
characterized proteins (Supplementary Table S11) from the genome of the Bacillus 377 
paralicheniformis strain Bac84 to check the accuracy of the anticipated functions of our studied 378 
HPs (Swets et al., 2000). These proteins were functionally checked using the seven databases used 379 
for our studied HPs. 380 
For the interpretation, the binary numerals “1” and “0” were applied as the true positive and true 381 
negative respectively. The integers ‘2’, ‘3’, ‘4’, and ‘5’ were used to assess the prediction efficacy. 382 
After that, these datasets were submitted to the Web-based Calculator and calculated the 383 
specificity, sensitivity, accuracy, and the ROC area of each tool employed earlier for functional 384 
prediction of the HPs (Table 2). 385 

CONCLUSIONS 386 

Protein macromolecules are involved in numerous biological processes. Hence, functional 387 
annotation of proteins is crucial. An in silico approach was employed in this study to attribute 388 
functional annotation of HPs from the Bacillus paralicheniformis strain Bac84 genome. We 389 
functionally annotated 37 HPs from this bacteria. The determination of physicochemical 390 
parameters and subcellular localization were effective to understand the specific properties of the 391 
annotated proteins. The PPI and tertiary structures of these proteins were also explored which 392 
assisted to obtain more understanding of the annotated proteins. We identified several proteins 393 
with biotechnological potentials as well as proteins having a high possibility to be involved in 394 
extreme environmental adaptation of the Bacillus paralicheniformis strain Bac84. Moreover, this 395 
strategy provided us with excellent results and it can be utilized to perform the functional 396 
annotations of unknown proteins. The combination of such in-silico analysis and lab experiments 397 
was successful to obtain functional annotations of HPs from different organisms (Zhang et al., 398 
2006; Choi et al., 2013; Barta et al., 2014). Furthermore, the results also open prospects for further 399 
research of this bacterium for biotechnological applications. 400 
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