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Present treatments for gastroenteritis include the use of antibiotics, probiotics, or spore solutions, which are derived 
mainly from microbial communities. To avoid multidrug resistance, probiotic bacteria like Bacillus clausii can be of 
great importance. In the present study, isolation, purification, and physicochemical characterization and bactericidal 
effect of an extracellularly secreted, novel protease was performed from B. clausii strain UBBC07. In vitro assays, 
including well-diffusion assay and gel-overlay assay, were used to confirm the anti-diarrheal potential of isolated 
protein. Molecular weight and the sequence of purified protease were identified by LC-MS/MS. The purified protein’s 
molecular mass was 23,460 Da. Peptide mass fingerprinting confirmed the novel protein to be a protease with 36% 
homology to the existing Din b family protein, with strong metalloprotease-like properties. Physicochemical analysis 
showed that the protein was stable at a broad range of temperatures and pH and retained up to 50% activity at very 
high temperatures and extreme pH. The efficacy of protein was tested against two major diarrhea-causing pathogens 
(Bacillus cereus and Salmonella enterica), and the minimum inhibitory concentration obtained was 9.78 µM. The 
bactericidal effect of purified protein was assayed using time-kill kinetics, where 105 CFU/ml of B. cereus and S. 
enterica cells were killed in 4 h. Microscopic analysis of Gram-stained bacterial cells also showed debris formation 
after protease treatment. Researchers have described the impact of resistant bacteria on the long-term prevalence of 
diarrhea. This situation inspires researchers to come up with more cost-effective and high-efficacy alternatives like 
proteases to treat this disease.
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 1. INTRODUCTION

Proteases are a group of hydrolytic enzymes that are present in both 
prokaryotes and eukaryotes. The catalytic classification includes 
cysteine, serine, aspartic, glutamic, threonine, and metalloproteases. 
Their classification is based on the presence of unique amino acids 
or metal cofactors in their active sites [1]. In comparison to the 
eukaryotic proteases, bacterial proteases are considered to be more 
diverse [2]. Microbial proteases have been explored for their role in the 
healthcare and pharmaceutical industries. Proteases play a pivotal role 
in various metabolic pathways, immune responses, and pathogenicity 
of prokaryotes [3] as well as eukayotes. Microbial proteases are 
a major part of the normal microflora of humans, which thrive on 
the skin and on the mucosal membranes [4]. The gut microbiota of 
humans is reported to release proteases, as a part of homeostasis [5]. 

These proteases restore the host immune system by counteracting the 
virulence factors released by the pathogens and hydrolyzing them 
[6]. Researchers have reported the influence of a nutritious diet in 
the release of gut proteases. Most of the gut microbiota utilize host 
nutrients and protein to synthesize proteases. A balanced diet can be 
influenced by the consumption of probiotics, which can balance the 
gut microbiota [7]. Probiotic-based microorganisms such as Bacillus 
and Bifidobacterium are reported to release extracellular compounds 
like peptides (clausin, subtilisin, iturin) and proteins, which are 
reported to have antimicrobial properties [8]. One such probiotic 
of the genus Bacillus is Bacillus clausii, which is claimed to have 
immunomodulatory activity against diarrhea pathogens [9], [10].
Proteases reported from B. clausii are shown to have anti-diarrheal 
effects on cell lines as well as on animal models.

Gastroenteritis or diarrhea is a major gut disorder that is caused by 
bacteria, viruses, and protozoa [11]. Among these pathogens, Bacillus 
cereus, a Gram-positive spore-producing bacteria is one of the major 
diarrhea-causing pathogens. The bacteria is considered a main cause of 
food poisoning and acute gastroenteritis [12]. Similarly, a broad range 
of Gram-negative bacteria, like Shigella, Salmonella, Escherichia coli, 
and Enterobacter spp., are also reported to be the causal agents of 
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diarrhea. One such bacteria is Salmonella enterica, a causative agent 
of salmonellosis [13]. Salmonellosis is the onset of fever, abdominal 
pain, and diarrhea. The bacteria prevails in poultry and wild animals, 
which can enter the food chain through meat, eggs, or milk.

Our study aimed to explore the antimicrobial potential of the probiotic 
bacteria B. clausii UBBC07, one of the most common, commercially 
available over-the-counter medicines, which is effectively used to 
treat diarrhea [14]. The strain was first time isolated and reported 
by Unique Biotech Limited, India in 2005. Various in vitro and in 
vivo studies on B. clausii have already confirmed the presence of 
proteins, peptides, and proteases that counteract diarrhea pathogens 
like Clostridium difficile, B. cereus, Enterococcus faecalis, and 
Staphylococcus aureus [15]. In our primary study, the antimicrobial/
bacteriostatic activity of B. clausii UBBC07 was further explored 
from the sporulating culture. The bacteriostatic nature of extracellular 
secretions was confirmed by agar well diffusion assay against a set 
of diarrhea-causing Gram-positive and Gram-negative pathogens (B. 
cereus and S. enterica). Further proteolytic activity in partially purified 
protein precipitates was confirmed with gel overlay assay against a set 
of diarrhea-causing pathogens. The  ̴ 23.4 kDa protein band in tricine 
SDS-PAGE coinciding with the zone of clearance was considered the 
target protein, which was further studied. MS/MS spectroscopy with 
MALDI-TOFF analysis confirmed the molecular weight and protein 
sequence. Our study aimed to explore the antimicrobial properties 
of the extracellularly secreted compound against diarrhea-causing 
pathogens. This was further attained by a set of in-vitro studies 
with the purified compound. The results were also supported by the 
MALDI-TOFF analysis which confirmed the purified protein to be a 
metalloenzyme with very strong protease activity.

2. MATERIALS AND METHODS

2.1. Selection of Bacteria and Antimicrobial Screening
The B. clausii strain UBBC07 an over-the-counter medicine under the 
name Bactolac was procured from a pharmacy in Jalandhar, India. The 
standard strains used in this study were E. faecalis (MTCC 3159), S. 
aureus (MTCC 1430), Escherichia coli (MTCC 293), Pseudomonas 
putida (MTCC 1194), Enterobacter cloacae (MTCC 7724), S. 
enterica (MTCC 1164), and B. cereus (MTCC 6629). All the strains 
were obtained from the CSIR-Institute of Microbial Technology, 
Chandigarh. The presence of antimicrobial compounds was examined 
as described by Maqbool et al. [16]. The standard strain of B. clausii 
UBBC07 was grown in Muller Hinton broth at different temperatures. 
The cell culture was removed at fixed time intervals and centrifuged 
at 10,000 rpm for 20 min and cell-free supernatant was tested for the 
presence of antimicrobial activity. Hundred microliters of centrifuged 
supernatant was added to the 6 mm deep well on overnight grown 
test strain plates. The effectiveness of bacterial supernatant was 
determined by the presence of a clearance zone. For each experiment, 
the guidelines of the Clinical and Laboratory Standards Institute 
(CLSI) were followed.

2.2. Partial Purification of Antimicrobial Compound from B. 
clausii Strain UBBC07 
Protein was partially purified by acidic precipitation method [17]. 
Overnight grown bacterial culture was added to the sterile Muller 
Hinton broth in 1:100 proportion and incubated at 30 °C/180 rpm for 96 
h to induce the synthesis of extracellular compounds. All experiments 
related to target protein extraction and purification were performed at 
4ºC. The sporulated culture was then centrifuged at 10,000 rpm for 20 

min to separate the cells from the clear supernatant. The supernatant 
was treated with 1N HCl in a 1:100 (HCl: supernatant) ratio for 1 h with 
constant stirring. The supernatant was again centrifuged at 10,000 rpm 
for 20 min to separate the protein precipitates from the supernatant. 
The precipitated protein was washed with absolute ethanol (molecular 
grade; Merck), centrifuged at 10,000 rpm, for 10 min, and decanted 
the supernatant. The protein pellet was dried and stored at −80°C till 
further use.

2.3. In-gel Activity Assay for Determination of Peptide 
Activity
The protein with proteolytic potential against diarrhea-causing 
pathogens was identified by zymography [18]. Tricine sodium-
dodecyl-sulfate polyacrylamide gel electrophoresis (Tricine SDS-
PAGE, 15% (w/v) was used in the process. The pellet of partially 
purified protein was dissolved in 1X phosphate buffer saline (pH 
7.2), and the reducing dye was added for 1 h at room temperature. 
The sample was then loaded on 15% Tricine SDS-PAGE along with 
a protein ladder and run at 50 mA at 4°C. The samples were loaded 
in duplicates and after the gel run one of its sections was subjected to 
staining for band visualization and another part of the gel was washed 
with Tris-HCl buffer (pH 7.4) for 3 h and then placed on the plates of 
target pathogens. The plates were incubated at 37°C for up to 48 h to 
visualize the clearance zone.

2.4. Protein Purification
The target protein band was extracted from SDS-PAGE as described 
by Sakuma et al. [19]. The excised gel pieces were treated with the 
destaining solution for 2 h, with periodical vortexing. The protein 
sample was then subjected to centrifugation (4,000 rpm/5 min) and 
removed the supernatant. The sample was mixed with 500 µl of 50:50 
acetonitrile and 20 mM ammonium bicarbonate to submerge the gel 
pieces thoroughly and incubated for 20 min. The sample solution was 
centrifuged and the supernatant was decanted. Elution buffer was added 
to the gel and incubated for 4 to 16 h to elute out the protein. Protein 
concentration was estimated by the Lowry method and Bradford assay.

2.5. Mass Spectrometry and Protein Identification
The protein identification was performed by mass spectroscopy [20]. 
100 mM of dithiothreitol was added to the purified protein, and the 
solution was incubated at 56°C for an hour. After the first incubation 
was completed, 250 mM idoacetamide was added to the same solution, 
and the reaction mixture was kept at room temperature in the dark 
for 45 min. After reduction, chymotrypsin (20 ul) was added to the 
sample, and the mixture was incubated at 37°C, overnight. Digested 
peptides were extracted using 100 ul of 0.1% trifluoroacetic acid in 
water and 100% acetonitrile (1:1 ratio of 0.1% TFA in water and 100% 
ACN) and vacuum dried and dissolved in 5 μl of Tris buffer. External 
calibration of the instrument was done with standard peptide (PEPMIX 
Mixture) supplied by Bruker, with masses ranging from 1046 to 3147 
Da. Further analysis was done with FLEX ANALYSIS SOFTWARE 
(Version 3.3) in reflectron ion mode with an average of 500 laser shots 
at a mass detection range between 500 and 5000 m/z for obtaining 
the MS /MS. The masses obtained in the MS/MS were submitted for 
Mascot search in the “Bacillus” database to identify the protein.
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2.6. Determination of Minimum Inhibitory Concentration 
(MIC)
Micro-dilution broth assay was performed using a 96-well microtiter 
plate [21]. 100 μl of sterile Luria Bertani broth was distributed in 
the first eight wells, and 100 μl of purified protein was added to the 
first well. The content of the first well was mixed well and 100 μl 
of this mixture was added to the second well, making it a two-fold 
dilution. The process was repeated till well 8. To each well 100 μl 
of test pathogen cells (105 CFU/ml) were distributed. The microtiter 
plate was incubated for 16 h at 37°C. The lowest concentration which 
hampered the bacterial growth was concluded to be the minimum 
inhibitory concentration.

2.7. Stability Analysis of Purified Protein
Protein’s sensitivity to various physicochemical factors like 
temperature, pH, reducing agents, and surfactants were analyzed [22]. 
The purified protein was subjected to a range of temperatures, i.e., 
40°C, 50°C, 60°C, 70°C, and 100°C for 30 min and 121°C for 20 min. 
To study the pH sensitivity, the protein sample was added to different 
buffers, i.e., citrate phosphate buffer (pH 3 and 5), and Tris-HCl (pH 
7.2, 7.4, 9, 10, and 11), followed by incubation at 37°C for 2 h. To 
study the effect of different detergents the purified protein was treated 
with 1% of Tween-20, Tween-80, Urea, Triton X-100, and sodium 
dodecyl sulfate for 2 h at 37°C. All incubated samples were later 
subjected to agar well diffusion assay against pathogens B. cereus and 
S. enterica. The untreated protein sample was taken as a control. All 
the experiments were performed in triplicates with two independent 
sets of experiments to obtain conclusive results.

2.8. Time Kill Kinetics
The antibacterial properties of purified protein were assessed by 
counting the colony number of pathogenic bacteria, collected at 
different time intervals [24]. The 96-well microtiter plate was 
inoculated with 100 μl of 105 CFU/ml of B. cereus and S. enterica 
separately with double the MIC concentration of purified protein (2 × 
9.78 μM) in LB broth. The sample fractions from 96 well plates were 
collected at different time intervals, i.e., 0 min, 30 min, 1 h, 2 h, 3 h, 
and 4 h. Collected sample fractions were plated on LB agar plates, 
using the spread plate method. Plates were incubated at 37°C for up to 
24 h and bacterial colonies were calculated. All the experiments were 
performed in triplicates with two independent sets of experiments to 
obtain conclusive results.

2.9. Action Mechanism Study
An action mechanism study was performed as described by Wilson 
et al. [24]. Extracellular and intracellular changes in B. cereus 
and S. enterica were studied using a compound microscope. Cell 
concentrations of 2 × 106 CFU/ml of both test pathogens were added 
to 2×MIC (9.78 μM) of purified protein, and incubated for 4 h at 37°C. 
Cells were twice washed with 0.1 M of 1X phosphate buffer saline (pH 
7.4) and stored in 1X PBS only. Gram-stained samples were observed 
under 40× and 100× magnification of a compound microscope. The 
test was performed in triplicates.

2.10. Statistical Analysis
The statistical analysis of data was done using Sigma Plot 12.0 and 
one-way analysis of variance (ANOVA). Values of probability, i.e.,  
p > 0.05, were considered non-significant, while p < 0.001 was taken 
as significant.

3. RESULTS

3.1 Identification, Purification, and Structural 
Characterization of Antimicrobial Compound
Sporulated bacterial culture collected after 96 h of incubation [Figure 
1A] showed a prominent antimicrobial activity against B. cereus and S. 
enterica. This was followed by the partial purification of extracellular 
proteins using acid precipitation, and a gel overlay assay (15% Tricine 
SDS PAGE) was performed to identify the protein with antimicrobial 
activity [Figure 1B]. After confirming the target protein band, the 
protein was excised out of the SDS PAGE gel, purified and observed 
for its antimicrobial properties [Figures 1C–E]. The antimicrobial 
activity of the purified protein was also tested against a series of 
pathogens using an agar well diffusion assay [Table 1].

Mass spectrometry analysis of the target protein [Figure 2A] showed 
molecular mass coinciding with the protein band from SDS-PAGE 
analysis [Figure 1C]. Peptide mass fingerprinting revealed the mass 
detection range between 500 and 5,000 m/z. The obtained peptide 
sequences were analyzed using FLEX ANALYSIS SOFTWARE 
(Version 3.3) using a Mascot search in the “Bacillus” database to 
identify the protein. The identified peptide fragment sequences of the 
target protein showed 36% sequence similarity to the DinB family 
protein (Accession number AQA268P3I3) of Souchella clausii (KSM-
16) [Figure 2B].

3.2. Determination of Minimum Inhibitory Concentration 
(MIC)
The minimum inhibitory concentration of purified protein against both 
target pathogens remained the same, i.e., 9.78 μM [Table 2].

3.3. Effects of Temperature, pH, and Detergents on Purified 
Protein Activity
Various physicochemical parameters like temperature, pH, and 
detergents were studied on the efficacy of purified protein against 

Figure 1: Protein purification and in-gel activity using zymogram. (A) Agar 
well diffusion assay with 96 h incubated supernatant in Muller Hinton broth, 

a zone of clearance appeared against both pathogens, Bacillus cereus and 
Salmonella enterica. (B) Partially purified extracellular proteins using solvent-

based extraction (L2) along with protein marker (L1). (C) Tricine SDS 
PAGE (15%) run of purified protein, extracted through gel excision method 
(L2) along with protein marker (L1). (D,E) Gel overlay assay on 1% agar 

showing clearance zone against both B. cereus and S. enterica confirming the 
antimicrobial nature of the purified protein.
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pathogens B. cereus and S. enterica. Untreated purified protein was 
taken as a control for all experiments with 100% stability. The average 
mean and standard deviation were used to describe protein stability. 
The protein remained stable at 37ºC showing 100% activity. At 40ºC 
96.8 % activity was retained against B. cereus. At 50 and 60ºC 73% 

activity was retained [Figure 3A]. At 70ºC 50% activity, at 100ºC 28 
% activity was retained. Protein, when subjected to autoclave at 121ºC 
for 20 min, completely lost its activity. Similar results were obtained 
for protein treatment when tested with S. enterica. The protein retained 
100% activity from 37ºC to 50ºC. At 60ºC, 80% activity was retained, 
at 70ºC and 100ºC the activity was reduced to 65% and 50.7%, 
respectively. Also, protein treatment at 121ºC for 20 min retained no 
activity at all. ANOVA analysis showed p < 0.0007 and p < 0.0006 for 
B. cereus and S. enterica, respectively.

Protein had 100% stability at pH 7.2 and 7.4. For pH 3, 5, and 9, 
the protein stability varied between 98% and 86% activity against 
B. cereus and S. enterica [Figure 3B]. At pH 10 and 11, 74 to 76% 
stability was observed against B. cereus. For S. enterica at pH 10 
and 11, activity above 73% was retained. Treatment with different 
detergents and surfactants had a variable effect on the stability of the 

Table 1: Antimicrobial activity of purified protein against diarrhea-causing 
pathogens.

S. no. MTCC number of 
strain

Name of the test 
strain

Zone of 
clearance 

(mm)

1 MTCC 6629 Bacillus cereus 7

2 MTCC 1164 Salmonella enterica 6

3 MTCC 3159 Enterococcus faecalis 7

4 MTCC 1430 Staphylococcus aureus 8

5 MTCC 293 Escherichia coli 8

6 MTCC 1194 Pseudomonas putida 6

7 MTCC 7724 Enterobacter cloacae 5

Figure 2: (A) MALDI-TOF mass spectra of purified protein. (B) The partial 
amino acid sequence of protein obtained from peptide mass fingerprinting 

shows maximum similarity to the sequence of Dinb protein of  
Souchella clausii.

Table 2: MIC values of purified protein against Bacillus cereus and 
Salmonella enterica.

S. no. MTCC number of 
strain

Name of the test 
strain

MIC (μM) of 
protein

1 MTCC 6629 Bacillus cereus 9.78

2 MTCC 1164 Salmonella enterica 9.78

Figure 3: (A) Protein stability comparison after the treatment at a range 
of temperature for 30 min and at 121ºC for 20 min. (B) Protein stability 

at different pH, the purified protein was treated with various buffers for 2 
h at 37ºC, and stability was observed as the zone of clearance against the 
pathogens. (C) Purified protein was treated with different detergents and 

reducing agents for 2 h at 37ºC. An untreated pure protein sample was used  
as a control for all experiments.
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protein [Figure 3C]. The p values for B. cereus and S. enterica were  
p < 0.001 and p < 0.004.

Protein treatment with Tween 20 and Tween 80, retained 98% activity 
against Bacillus cereus, with urea 42% activity retained. With Triton 
X-100 and sodium dodecyl sulfate, 93% activity was recorded. Similarly 
for Salmonella enterica 98% activity was retained with Tween 20 and 
Tween 80.With urea, Triton X-100, and sodium dodecyl sulfate 49%, 

97%, and 94.3% of activities were retained. p values for Bacillus cereus 
and Salmonella enterica were < 0.00009 and < 0.00005.

3.4. Time Kill Kinetics Assay
Time kill kinetics assay was performed to analyze the killing of 
pathogenic strain cells (B. cereus and S. enterica) based on a variable 
time profile. A sharp decline in log10 (CFU/ml) of both bacterial 
strains was obtained within 4 h of treatment [Figure 4] confirming the 
antibacterial potential of purified protein.

3.5. Action Mechanism Studies
Protein-treated bacterial cells were observed using compound 
microscopy. The cell membrane integrity was taken as a major of cell 
viability. Control and treatment cells were washed, Gram-stained, 
and observed for cell surface changes. The set of treatment cells from 
both bacteria appeared damaged and showed debris formation around 
healthy cells when compared to the control set. This confirmed the 
proteolytic property of purified protein [Figure 5].

4. DISCUSSION

Bacillus clausii is a GRAS-classified bacteria, which is utilized as 
a probiotic drink worldwide [17]. Extracellularly secreted proteases 
from B. clausii hold great significance as an alternative medicine, as 
they can reduce the risk of development of antibiotic resistance [12]. A 
study reported by Ripert et al. [12] describes the antimicrobial action of 
purified serine protease from B. clausii O/C strain, which counteracted 
the toxins of C. difficile and B. cereus in cell lines and reduced toxicity 
[12]. Subtilisin is another protease with strong antimicrobial activity, 
isolated from the genus Bacillus, which is explored in many disease 
models like colitis as it can degrade gluten [25]. Studies on viral 
infections have shown proteases targeting the viral glycoproteins and 
restraining their entry into host cells [26]. Researchers have reported 
that B. clausii, not only can tolerate bile salts and a pH 2 environment 
[27], but also successfully germinate in the intestinal environment [26].

In our study, we identified and isolated a protein of the Din b protein 
family that showed inhibitory action against B. cereus and S. enterica. 
The protein’s molecular mass and sequence determination were done 
by MALDI-TOFF spectroscopy. The molecular mass of protein was 
23.4 kDa, which is similar to the weight observed on SDS-PAGE 
during zymography. The results denoted that the sporulation of 
bacteria is efficient in the production of antimicrobial protein. Cell-free 
supernatant from 96-hour incubation, as well as the purified protein, 
hindered the growth of target Gram-positive B. cereus and Gram-
negative S. enterica. Peptide mass fingerprinting has confirmed the 
protein sequence similarity with 36% homology to the Din B protein 
family. The MS spectroscopy analysis has confirmed the protein to 
be a metalloenzyme with strong protease activity, which was further 
supported by the in vitro experiments. Enzymatic degradation was not 
compatible with the remaining protein sequence; hence, only partial 
protein sequence was determined. This outcome also concluded 
that the isolated target protein must have some unique amino acid 
sequence, which did not find any protein similarity in the Bacillus 
database using MASCOT software. Physicochemical analysis of the 
protein concluded its stability at a variable range of temperature (up to 
70°C), pH (3 to 11), and detergents.

Gram-positive B. cereus is a known cause of food poisoning and a 
causative agent of diarrhea [28]. Likewise, all serotypes of S. enterica 
cause diarrhea, which may appear fetal in many cases [29]. In this 
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group cells of Bacillus cereus and Salmonella enterica, respectively (C,D) 
2 × 106 CFU/ml B. cereus and S. enterica cells treated with purified protein, 
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study, both target pathogens’ growth was constrained with a minimum 
inhibitory concentration of 9.78 μM of purified protein. The protein’s 
ability to inhibit a broad range of bacteria and resistance to variable 
temperature, pH, and detergent treatment makes it suitable for drug 
design. The proteolytic action of protease was observed after time-kill 
kinetics against pathogenic bacteria. Under 100× magnification of a 
compound microscope treated cells showed debris formation, while 
the control bacterial cells remained intact [12] have also mentioned 
the proteolytic activity of purified serine protease against C. difficile 
and B. cereus. A similar observation was reported by Aquaro et al [30], 
where protease-based drugs were interacting with the cell membranes 
of viruses and disrupting them to cause cell lysis [31].

5. CONCLUSION

The extracellularly released protein from B. clausii UBBC07 inhibited 
the growth of B. cereus and S. enterica. Such secreted proteins/ 
proteases of B. clausii can be a strong tool in the treatment of diarrhea 
infection. The use of protein engineering can result in providing 
better alternatives to antibiotics and probiotics, reducing the multiple 
drug resistance, and a cure with cost-effectiveness for the masses. 
In conclusion, to reduce the multidrug resistance formulation of 
protease-based proteins isolated from B. clausii, modified with genetic 
engineering can be utilized as antimicrobial agents.
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