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A B S T R A C T

In the developing area of modern nanobiotechnology, the research is being focused on enhancement of catalytic
performance in terms of efficiency and stability of enzymes to fulfill the industrial demand. In the context of this
interdisciplinary era, we isolated and identified alkaline protease producer Bacillus aryabhattai P1 by polyphasic
approach and then followed one variable at a time approach to optimize protease production from P1. The
modified components of fermentation medium (g/L) were wheat bran 10, soybean flour 10, yeast extract 5, NaCl
10, KH2PO4 1, K2HPO4 1 and MgSO4⋅7H2O 0.2 (pH 9). The optimum alkaline protease production from P1 was
recorded 75 � 3 U/mg at 35 �C and pH 9 after 96 h of fermentation period. Molecular weight of partially purified
P1 alkaline protease was 26 KDa as revealed by SDS-PAGE. Calcium based nanoceramic material was prepared by
wet chemical precipitation method and doped in native P1 protease for catalytic activity enhancement. Catalytic
activity of modified P1 protease was attained by nanoactivator mediated modulation was more by 5.58 fold at pH
10 and 30 �C temperature. The nanoceramic material named as nanoactivator, with grain size of 40–60 nm was
suitable to redesign the active site of P1 protease. Such types of modified proteases can be used in different
nanobiotechnological applications.
1. Introduction

A wide range of microorganisms from extreme habitats is known for
producing novel and robust biocatalysts, extremozymes [1]. Alkaline
protease is one of the groups of commercially important extremozymes
that catalyzes the hydrolysis of peptide bonds in protein molecules.
Protease constitute at least 60% of the total industrial enzyme market
where they are widely used in several industrial sectors such as laundry
detergent, food, pharmaceutical, chemical, leather and silk apart from
waste treatment [2, 3, 4, 5, 6]. It has been well-documented that pro-
teases can efficiently hydrolyze proteins to biopeptides, which have
excellent antioxidants, anti-inflammatory and anti-microbial activities
and may help to prevent various chronic diseases such as obesity and
cardiovascular diseases [7]. Alkaline proteases are the major content of
enzyme based cleaning agents which are used to remove stains of grass,
blood, egg and human sweat from cloths. Subtilopeptidase A is an alka-
line protease based optical cleaner which is used for cleaning of eye
hairnar).
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contact lenses. Alkaline proteases are also used for degumming of silk,
desensitization of milk proteins, selective delignification of hemp and
dehairing by hydrolyzing hair follicular proteins [2, 8, 9, 10]. These
enzymes, owing to their characteristic nature of aiding digestion, have
the potential to contribute to the development of value-added products
[11]. This has created an increasing attention toward the exploitation of
exotic microbial strains for the production of alkaline proteases from
novel sources [9, 11]. With the continuous search of an efficient alkaline
protease producer, Bacillus genus has found to be the highest potent
producer of Alcalase™, Esparase™, Savinase™ and Subtilisin Carls-
berg™ for a commercial purpose [2, 12, 13, 14]. However the demand
for potent active proteases with good stability over a range of tempera-
ture, pH, mineral ions and various organic solvent continue to initiate the
search for novel proteolytic enzymes [14, 15].

The increasing interest and escalating demand of alkaline proteases
for industrial processes have spurred the search for new or improved
properties in proteases by using some imminent technologies.
ay 2020
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Traditionally, the production of alkaline protease was optimized by using
statistical approaches like OVAT, Plackett-Burman design, response sur-
face methodology and Taguchi. Later on, the innovations are being made
in the naturally occurring enzymes utilizing various tools of r-DNA
technology and protein engineering, which allows editing and rede-
signing peculiar residues of the enzymes for its better fitment into the
process [1]. Recently, with the progress in technology, it has become
possible to modify native (natural) enzyme by doping nanoactivator to
obtain a better catalytic efficiency with improved functional features
[16]. With the development of nanotechnology, a major impact on ma-
terials science has been noticed. The production of nanomaterials has
gained considerable attention to catalysis, adsorption and optical appli-
cations, particularly when the biomaterials are involved [17, 18]. In this
regards, nano-hydroxyapatite bioceramic (nano-HAp) is attracting in-
terest as a bio-nanomaterial in biomedical and healthcare field and in
wastewater treatment [19, 20]. Nano-hydroxyapatite bioceramic is
robust in nature and its outstanding properties like biocompatibility,
bioactivity, osteoconductivity, non-toxicity, non-inflammatory are
conducive for a variety of versatile applications that include bone tissue
engineering, bone void fillers for orthopedic, traumatology, spine,
maxillofacial and dental surgery, orthopedic and dental implant coating,
restoration of periodontal defects, edentulous ridge augmentation, end-
odontic treatment like pulp capping, repair of mechanical furcation
perforations and apical barrier formation, fillers for reinforcing restor-
ative glass ionomer cement (GIC) and restorative composite resin,
desensitizing agent in post teeth bleaching, remineralizing agent in
toothpastes, early carious lesions treatment and delivery of drug and
gene [18, 21, 22]. Thus, it exhibits excellent biocompatibility with
various kinds of cells and tissues, making it an ideal candidate for tissue
engineering, orthopedic and dental applications [23, 24].

Beside aforementioned applications, nano-hydroxyapatite bioceramic
based composites are used as a filter aid for absorbing and decomposing
automotive pollutant carbon monoxide and removal of fluoride through
an ion-exchange mechanism [25, 26]. Recently nano-hydroxyapatite is
used in catalysis and protein separation; however, its many unrevealed
applications are under investigation into various multidisciplinary teams
of researchers [27, 28, 29].

In present investigation, isolation and partial characterization of
efficient alkaline protease was carried out. The production was carried
out using a variety of synthetic and cheaply available carbon and nitro-
gen sources. This manuscript describes an eco-friendly approach to
optimize alkaline protease production from efficient producer. The novel
part of our work is the dynamic features of calcium metal based nano-
HAp-bioceramic material, named as nanoactivator, which was synthe-
sized from hydroxyapatite ceramic (HAp) by wet chemical precipitation
method. It was used then for modification of native alkaline protease in
order to enhance catalytic activity of protease. Nano-HAp is resistant to
extremely high temperature and pH. It is therefore not only compatible
additive but can be used to enhance resistance and catalytic efficiency of
alkaline protease in every application. Hence the subject is certainly,
timely and scientifically important.

2. Materials and methods

2.1. Materials used

The solvents, sugars, staining dyes and other chemicals were used of
analytical grade and purchased from either HiMedia or SD-fine Chem.
Ltd. Mumbai. The instruments viz. colony counter (HiMedia, Mumbai),
compoundmicroscope (Olympus Corporation, Japan), cooling centrifuge
machine (Remi, Mumbai), bacteriological incubator (Kumar Corpora-
tion, Mumbai), orbital shaking incubator (CIS 24BL, Remi, Mumbai),
digital pH meter and thermometer (Systronics), refrigerator (Godrej),
spectrophotometer (Shimadzu Corporation), Weighing balance, SDS-
PAGE assembly (Genei, Banglore) and micropipette (Genei, Banglore)
were used to perform necessary experiments.
2

2.2. Methodology

2.2.1. Isolation and screening
In April 2011, poultry farm waste contaminated soil samples were

collected in pre-sterilized cotton bags and transported to the laboratory
after ~2 h. The samples were immediately processed for further analyses.
1 g of composite soil sample was mixed with 10 mL of distilled water and
pHwas measured. The diluted stock samples were then inoculated in pre-
sterilized Horikoshi and Akiba broth (pH 10) and incubated at 30 �C and
120 rpm speed for 72 h. The enriched samples were further spread on
Horikoshi and Akiba agar plates to obtain isolated colonies [30]. Isolated
colonies were further spot inoculated on alkaline casein-yeast extrac-
t-peptone (CYP) agar plates containing (g/L) casein 10, peptone 5, yeast
extract 1, K2HPO4 1, MgSO4⋅7H2O 0.2, CaCl2 0.1, Agar 25 (pH 9). These
plates were incubated at 30 �C for 48 h. After incubation, amido black
solution was poured on each grown culture to observe either presence or
absence of a zone of proteolysis [31]. A colony showing the largest zone
of proteolysis was designated as P1and the pure culture of P1 further
used for alkaline protease production.

2.2.2. Alkaline protease production and partial purification
Horikoshi-I medium (composition in g/L: glucose 10, peptone 5, yeast

extract 5, K2HPO4 1, KH2PO4 1, MgSO4⋅7H2O 0.2) (pH 10) was inocu-
lated with 5% inoculum of P1 isolate containing 12 � 107 cfu/mL and
incubated in orbital shaking incubator at 30 �C and 120 rpm for 72 h.
Partially purified enzyme was obtained by centrifuging fermented broth
at 4 �C and 10,000 rpm speed followed by precipitation with 60%
saturated ammonium sulfate. The precipitate was further dissolved in 0.2
M Glycine-NaOH buffer and samples were dialyzed against the same
buffer (pH 10). Partially purified alkaline protease was stored at 4 �C for
further investigation [3, 4].

2.2.3. Enzyme activity assay and molecular weight determination of P1
protease

The catalytic activity of P1 protease was assayed by incubating 1 mL
of crude P1 protease with 1 mL of 1% buffered casein (0.2 M Glycine-
NaOH buffer, pH 10.0). The reaction mixture was incubated for 10 min
and after incubation the reaction was terminated by adding 3 mL of 0.44
M Trichloro acetic acid. The absorbance was measured by using an UV/
VIS spectrophotometer at 280 nm. One unit activity was defined as the
amount of enzyme required to liberate 1 μmol min�1 mL�1 of tyrosine,
under the assay conditions [3, 4, 32]. The total protein content of crude
P1 protease was determined using BSA as standard [33]. Molecular
weight of partially purified P1 protease was determined using the
method as described by Laemmli [3, 34].

2.2.4. Preliminary identification of P1 isolate
Morphological and microscopic characters, sugar utilization pattern

and enzyme profile of P1 were recorded. P1 was subjected for Gram
staining and micrometry to determine its Gram-stain reaction and cell
size respectively [35]. P1 was further inoculated in modified alkaline
Schaeffer medium and spore staining was performed after incubation of
15 days [30, 36]. The sugar utilization pattern was determined by
inoculating pure culture of P1 in basal medium containing adonitol,
arabinose, cellobiose, dextrose, fructose, galactose, glycerol, inulin,
lactose, maltose, mannitol, mannose, mellibiose, raffinose, rhamnose,
ribose, salicin, sorbitol, sucrose, trehalose and xylose individually. The
extracellular enzyme profile was determined by inoculating P1 in me-
dium containing substrate viz. starch (20 g/L), gelatin (10 g/L), cellulose
(5 g/L), urea, tween-80 (10 g/L) and pectin (5 g/L) individually [31].
Catalase, oxidase and IMViC tests were also carried out as per the stan-
dard procedures. The alkaline SIM agar was used to determine motility
and H2S production. Effect of pH on the growth of P1 was determined
using a universal buffer of various pH values ranging from pH 6–13.
Effect of temperature on growth of P1 was determined by incubating
culture at various temperatures from 25-75 �C. Effect of NaCl
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concentration on growth of P1 was determined at various NaCl concen-
trations of 0–10%. Effect of incubation period on growth of P1 was
determined by observing its growth rate up to 120 h [3,4,35,36,37,38,
39].

2.2.5. Ribotyping
Ribotyping is a molecular technique that uses information about 16S

rRNA gene sequence which provides accurate grouping of organism
hence it is considered a powerful tool for the rapid identification and
characterization of bacterial species [40]. In this context, P1 was sub-
jected for 16S rRNA molecular analysis. DNA was isolated by cell lysis
method and 16S rDNA was amplified in a thermocycler using a pair of
primers, forward: (27f) AGAGTTTGATCMTGGCTCAG and reverse:
(1492r) TACGGYTACCTTGTTACGACTT. The amplified 16S rDNA PCR
product was sequenced using an automated sequencer (Applied Bio-
Systems, USA). Sequence similarity search was performed for the iden-
tified16S rRNA partial gene sequence with online bioinformatics search
tool BLAST [17, 18]. The phylogenetic analysis of 16S rRNA gene
sequence of the P1 along with the sequences retrieved from the Gene-
bank was carried out with MEGA 6.06 using the neighbor-joining method
and 1,000 bootstrap replicates [41]. P1 was processed for deposition at
National Centre for Microbial Resource formerly known as the Microbial
Culture Collection, NCCS, Pune after biochemical and molecular identi-
fication [12, 42, 43].

2.2.6. Optimization of physicochemical factors for maximum alkaline
protease production

2.2.6.1. Optimization of physical factors and salinity of medium. Horikoshi-
I medium [30] was used as a basal medium for optimization of physico-
chemical parameters for maximum alkaline protease production by using
one variable at a time approach (OVAT) in a submerged fermentation
system. The optimum factor achieved once in a step was fixed subse-
quently for the next step of the investigation. Production of alkaline pro-
tease from P1 was evaluated at pH range 8–12, temperature range 25–65
�C with increments of 1 pH unit and 10 �C respectively. Effect of incu-
bation period on alkaline protease production from P1 was determined by
observing enzyme production up to 120 h. Growth of P1 and production of
P1 protease was determined at 0–6% NaCl concentrations and 60–180
rpm agitation speed [3, 4].

2.2.6.2. Optimization of carbon source. Effect of different carbon sources
on growth and production of P1 protease was evaluated by replacing
glucose (10 g/L) in basal medium, with various carbon sources viz.
arabinose, cellobiose, fructose, galactose, lactose, maltose, mannitol,
mannose and starch and low cost agro industrial residues viz. wheat bran,
rice bran and wheat flour. Protease production in the presence of glucose
was considered as control [3, 4].

2.2.6.3. Optimization of nitrogen source. Various nitrogen sources viz.
beef extract, sodium nitrate, ammonium nitrate, ammonium chloride,
ammonium sulfate, urea, yeast extract, tryptone, gelatin and skimmed
milk, protein rich cheap agricultural materials viz. soybean flour and
chickpea flour, and agro-industrial residues viz. corn seed meal and
cottonseed meal were used in replacement with peptone (5 g/L) to study
their effect on growth and production of P1 protease. Protease produc-
tion in the presence of peptone was considered as control [3, 4].

2.2.7. Bulk production and partial purification of P1 protease
Bulk production of P1 protease was carried out in an Erlenmeyer flask

(capacity 1 L) containing modified Horikoshi-I medium (MHM) composed
of wheat bran 5 g, soybean flour 5 g, NaCl 5 g, KH2PO4 0.5 g, K2HPO4 0.5
g, MgSO4⋅7H2O 0.1 g and distilled water 500 mL (pH ¼ 9). 5% inoculum
of P1 isolate containing 12 � 107 cfu/mL was added in MHM. The
3

production of alkaline protease was carried out at 35 �C and 120 rpm
agitation speed for 96 h. After completion of the production period, the
fermented broth was centrifuged at 10,000 rpm for 10 min and the cell
free supernatant was collected. Enzyme precipitation was carried out by
using the ammonium sulfate precipitation method (30–80% saturation).
The highest catalytically active fraction of enzyme precipitate was
collected and dissolved in 50 mM NaCl, glycine-NaOH buffer (200 mM,
pH 10), carbonate-bicarbonate buffer (200 mM, pH 10), Tris-HCl buffer
(200 mM, pH 10), KCl–NaOH buffer (200 mM, pH 10), tap water and
distilled water individually. The most catalytically active fraction was
dialyzed and dissolved in the same kind of buffer [3, 4].

2.2.8. Characterization of P1 protease: Part-I

2.2.8.1. Determination of kinetic parameters. Different concentrations of
casein substrate (5–20 mg/mL) were prepared in 0.2 M glycine-NaOH
buffer (pH 10) and used to determine the optimum substrate concen-
tration for catalytic activity of P1 alkaline protease. Km and Vmax values
were calculated after constructing Lineweaver-Burk plot [44]. Concen-
tration of casein at which maximum enzyme activity obtained was
considered to be 100% and relative enzyme activity was calculated. The
effect of various modifiers such as metal ions, activators, inhibitors,
chelators, solvents, detergents and other selected effectors was evaluated
on P1 protease activity [3, 4, 45, 46, 47, 48, 49].

2.2.8.2. Substrate specificity. Catalytic activity of partially purified P1
alkaline protease was assayed using various substrates by mixing 1 mL of
P1 protease and 1 mL of assay buffer containing 10 mg/ml gelatin, BSA
and feather meal individually and the protease activity was determined.
The casein dependent protease activity was considered as a control for
calculating percent relative activity [3, 4, 50].

2.2.8.3. Determination of optimum pH and temperature of P1 protease. The
optimum pH of P1 protease was determined at pH range 3–13 using
universal buffer [51]. The optimum temperature for catalytic activity was
determined by assaying enzyme reactions to various temperatures
ranging from 10-80 �C [4, 17].

2.2.9. Synthesis of nano hydroxyapatite bioceramic (nano HAp)
The nanoceramic selected for modification of P1 protease was cal-

cium hydroxyapatite [Ca10(PO4)6(OH)2]. This nanoceramic was synthe-
sized by a wet chemical precipitation method in which calcium nitrate
tetrahydrate (Ca(NO3)4H2O) and di-ammonium hydrogen phosphate
((NH4)2HPO4) were used as precursors. The molar concentrations of the
above materials were maintained so as to have the ratio of Ca/P of 1.67
(10:6). The precipitation was carried out by the drop-wise addition of 0.6
M di-ammonium hydrogen phosphate into 1 M calcium nitrate tetrahy-
drate solution, under constant stirring of 150 rpm at 80 �C for 4 h, fol-
lowed by aging for about 24 h. The white precipitates were then washed
3–4 times with milliQ water to remove the rest of the precursors, and
dried in a hot air oven at 100 �C. The dried sample was further annealed
at 1000 �C for phase formation. AFM and XRD analyses of the preparation
phase were performed for checking crystalline nature and finding grain
size [52, 53, 54, 55, 56, 57].

2.2.10. Nanoceramic based optimum modification in P1 protease

2.2.10.1. Modification of P1 protease by doping different concentration of
nano HAp. Modification was carried out by incubating crude P1 protease
with different concentrations of selected nanoceramic (2–10 mg/mL) in
the shaking incubator at 30 �C for 2 h. After incubation alkaline protease
activity assay was performed as mentioned earlier. The activity of P1
protease in the absence of nanoceramic was considered to be 100%
(control) and residual (remaining) activities were calculated. The



Figure 1. SDS-PAGE analysis of partially purified P1 alkaline protease. Lane A:
Standard broad-range protein molecular weight markers GeNei™ Bioscience,
Cat. No. PMWB 623110475001730. Lane B: Partially purified P1 protease (26
KDa). The unedited and non-adjusted full image of the gel has been provided in
the supplementary file.
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optimum concentration of nanoceramic required to make necessary
modifications was recorded [16, 58].

2.2.10.2. Modification of P1 protease by doping nano HAp under different
incubation period. The time required for optimum modification in P1
protease was evaluated by using pre-determined optimum concentration
of nanoceramic and changing the pre-incubation period as 1, 3, 6 and 9 h.
Catalytic performance of modified P1 protease was assayed. The activity
of P1 protease without pre-incubation with nanoceramic was considered
to be 100% (control) and residual activities were calculated [16].

2.2.11. Characterization of modified P1 protease: Part-II

2.2.11.1. Effect of pH and temperature on modified P1 protease activity and
hydrolysis of protein substrates. Optimum pH and temperature for cata-
lytic activity was determined by replacing native P1 protease with
modified P1 protease in assay conditions as mentioned previously. Hy-
drolysis of different protein substrates (10 mg/ml) viz. gelatin, BSA and
feather meal by the modified P1 protease was also attempted under the
assay conditions. Casein dependent activity was considered to be 100%
and relative enzyme activities were calculated [16, 58].

2.2.12. Statistical analysis
Data are reported as means � standard deviations based on the ex-

periments performed in triplicates (n ¼ 3). Mean values were considered
for graphical representation of data. In figures, the data points are pre-
sented with error bars of standard deviations. MS-Excel 2013 software
was used for statistical analysis [3, 4].

3. Results and discussion

3.1. Isolation and screening

pH of the collected poultry farm waste soil sample was 8.0. After
enrichment of samples, 40 microbes were isolated. These isolates were
plated individually on alkaline CYP agar plates (casein 1% w/w). Ten
isolates showed zone of proteolysis. Out of ten protease producers, an
efficient alkaline protease producer was selected for further investigation
and designated as P1.

3.2. Alkaline protease production, partial purification and molecular
weight determination

P1 has produced 17 U/mL of alkaline protease at pH 10.0 and 30 �C
after an incubation period of 72 h. The protein content of partially pu-
rified P1 protease was determined as 2 mg/mL and specific enzyme ac-
tivity was calculated 8.5 U/mg. SDS-PAGE analysis revealed that the
molecular weight of partially purified P1 alkaline protease was 26 KDa
(Figure 1). Many researchers have recorded the molecular weights of
alkaline proteases in the range of 15–30 kDa with few exceptions as 31.6,
33, 36 and 45 kDa [11]. Molecular weights of partially purified alkaline
proteases from Halomonas venusta LAP515, Brachybacterium sp. LAP214,
Bacillus pseudofirmus LAP220, and Brevibacterium casei LAP223 were
recorded as 20.1, 14.3, 29, and 43 KDa respectively [3].

3.3. Preliminary identification

A colony of P1 was appeared white and round without any pigmen-
tation. Colony size was 3 mm with smooth surface and raised elevation.
P1 was Gram-stain positive and 3 μm long and 1 μmwide thick rod. Cells
of P1 were motile and spore former. Dextrose, fructose, lactose, sucrose,
mannitol, maltose, xylose, arabinose, galactose, glycerol, ribose, inulin
and salicin were utilized by P1 however cellobiose, sorbitol, mannose,
adonitol, mellibiose, raffinose, rhamnose and trehalose were not utilized.
It has utilized trisodium citrate as a sole source of carbon and showed
4

negative results of indole, MR and VP tests. P1 was positive for catalase
and oxidase tests and negative for H2S production test. P1 has hydrolyzed
casein, starch and gelatin and produced extracellular caseinase, amylase
and gelatinase however cellulose, urea, tween-80 and pectin were not
hydrolyzed. P1 has shown growth at pH range 8–11 with an optimum at
pH 9. P1 could not grow at pH 6, 7 and 12. P1 has shown growth at
temperature range 20–50 �C with optimum at 30 �C. P1 showed growth
in the range of 0–5%NaCl concentration. Optimum incubation period for
the growth of P1 was recorded 24 h.
3.4. 16S rRNA based identification of strain P1

The sequenced PCR product of 1582 bp length was subjected to
BLAST analysis. The sequence similarity analysis of 16S rDNA sequence
has shown its maximum identity of 98% with Bacillus aryabhattai PSB57;
therefore we decided to designate P1 as Bacillus aryabhattai and the
sequence data was submitted in NCBI Genebank under the accession
number KC668314. The result of phylogenetic analysis showed distinct
clustering of the isolate and confirmed the results of the sequence simi-
larity analysis (Figure 2). Bacillus aryabhattai P1 was deposited under
accession number MCC2161 in National Centre for Microbial Resource at
National Center for Cell Science (NCCS), Pune, Maharashtra.
3.5. Optimization of physicochemical factors for maximum alkaline
protease production

3.5.1. Effect of pH on P1 protease production
Environmental factors such as temperature, pH, and incubation

period considerably influence microbial metabolism up to a large extent.
These factors are important to promote, stimulate, enhance and optimize



 Bacillus aryabhattai KTSMBNL-69 (KM200319)

 Bacillus aryabhattai VRKPV15 (KM064624)

 Bacillus aryabhattai SS3-21 (JQ824383)

 Bacillus aryabhattai KJ-W5 (JQ799103)

 Bacillus aryabhattai P1 (KC668314) (MCC2161)

41
90
0.0052

0.0105
0.0026

0.0079

0.002

Figure 2. Evolutionary relationship and phylogenetic affiliation of Bacillus aryabhattai P1 (isolated from poultry farm waste samples) with its closely related species
from previously reported various habitats viz. poultry litter (KM200319), plastic waste dumped marine soil, Marakannam Beach, Tamil Nadu (KM064624), Arabian
sea coast (JQ799103) and sago industry waste sample (JQ824383). For detailed information, Genebank accession numbers are given in parenthesis.
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the production of proteases [59]. From Figure 3, it was observed that P1
protease production was reachedmaximum up to 147 U/mL at pH 9, then
protease production was decreased at pH 10–12. In comparison to this,
the optimum temperature and pH for protease production from Bacillus
aryabhattai K3 was found at 35 �C and 8 respectively [60].

3.5.2. Effect of temperature on P1 protease production
Temperature is a critical parameter that has to be controlled and

varied from organism to organism for maximum cell growth and enzyme
production. The optimum temperature requirement reported for alkaline
protease production by different microorganisms differs widely from 20-
80 �C [59]. From Figure 4, it was observed that the production of P1
protease was greatly increased up to 148 U/mL at 35 �C, and then
marginally decreased at 45 �C. A sharp decrement in P1 protease pro-
duction was observed at 55-65 �C.

3.5.3. Effect of incubation period on P1 protease production
Protease production by Bacillus aryabhattai P1 was increased gradu-

ally after 24 h, and reached a maximum up to 150 U/mL after 96 h of
incubation as seen in Figure 5. In a study, the optimum incubation period
for protease production by B. licheniformis and Bacillus coagulans has been
reported as 96 h [61]. Generally, the incubation period required for the
optimum protease production by bacteria or fungus may be as long as 48
h to 9 days [59].

3.5.4. Effect of salinity of medium on P1 protease production
P1 protease activity was increased and recorded 155 U/mL in the next

step of optimization of production when the medium was supplemented
with 1% NaCl. Further increment in NaCl content resulted decrement in
P1 protease production as illustrated in Figure 6. Comparable results
were obtained for alkaline-saline protease production from Bacillus luteus
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NaCl (0–6%) in fermentation medium (Fermentation conditions: pH 9, 35 �C
temperature, 96 h incubation period and 120 rpm agitation speed).
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H11, where protease production increased with increasing salinity
(1–9% NaCl, m/V) and reached its maximum at 4–5% NaCl at pH 9 [62].
NaCl is a mild chaotrope. Its property is to change the 3D-confirmation of
macromolecules like protein, lipid and nucleic acid. The degree of change
in confirmation is dependent on the concentration of chaotropic agent
added [63]. Thus, at 1 % concentration of NaCl in the medium, the
confirmation of P1 protease could be modified slightly and that might
cause increment in catalytic performance of P1 protease. This could be
one of the plausible reasons for retaining the maximum activity of P1
protease at 1% NaCl.

3.5.5. Effect of agitation speed on P1 protease production
Agitation rates have been shown to affect protease in various strains

of bacteria [64]. The variation in the agitation speed has been found to
influence the extent of mixing in the shake flasks and also affect the
nutrient availability [65]. In the present investigation, P1 protease has
shown maximum 155 U/mL protease activity at 120 rpm agitation speed
(Figure 7). At 180 rpm speed protease activity was found to be reduced.
This was perhaps due to denaturation of enzymes caused by high agita-
tion speed. High agitation rates could also damage bacterial cells, so that
reduction of protease producers will result in decreased protease pro-
duction [64, 66]. Agitation speed of 0 and 60 rpm affected the growth of
the P1 considerably. At these agitation rates, insufficient aeration and
nutrient uptake, perhaps caused the inability of bacteria to grow effi-
ciently. In a similar study a notable increment in the protease production
with the agitation rate of 180 rpm was reported. It was also revealed that
a decrease in the agitation rate drastically lowered the total protease
yield [64].

3.5.6. Effect of carbon sources on protease production
Out of thirteen different carbon sources tested wheat bran has sup-

ported the highest production of P1 protease (440.12 U/mL) followed by
wheat flour, rice bran, glucose, mannitol, lactose, starch, galactose,
fructose, mannose, maltose, arabinose and cellobiose as depicted in
Figure 8. A considerable amount of P1 protease activity viz. 400.33 and
350 U/mL were also seen with wheat flour and rice bran, respectively.
The easily available substrate wheat bran is found to be more promising
for protease production [67]. Selection of low cost substrates like agri-
cultural residues made the production process very economical as the
cost effective media components always reduce industrial enzyme pro-
duction cost. In the present study B. aryabhattai P1 not only utilized
successfully the complex agricultural residues, but induced considerably
high enzyme production. However, this is in contrast to a report which
showed the highest protease production by Bacillus sp. B18 with simple
organic carbon source like glucose instead of complex agricultural resi-
dues [45]. In general, the microbes employed for fermentation processes
prefer to utilize the simplest organic nutrient sources. The 40% of cost in
the production process is harnessed by the substrates; hence, it is oblig-
atory to formulate media with cost-effective components [68]. Proteases
98
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Figure 7. Growth and P1 protease production at different agitation speed
0–180 rpm (Fermentation conditions: Horikoshi-I medium containing 1% NaCl
at pH 9, 35 �C temperature, 96 h incubation period).
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derived from the Bacillus sp. have been exploited by various optimization
studies [69].

3.5.7. Effect of nitrogen sources on protease production
B. aryabhattai P1 grew fast and protease production was greatest

(480.45 U/mL at 96 h) in medium containing soybean flour. This was the
9.6% increment in protease activity as compared to control (peptone).
Considerable amounts of proteases were produced when casein and
chickpea flour substrates used (in each ~475 U/mL). Complex organic
nitrogen sources viz. soybean flour, casein, skimmedmilk, chickpea flour,
corn seed meal and cottonseed meal have shown significant increment in
growth and P1 protease production as compared to simple inorganic
nitrogen sources (Figure 9). This affirms the value of using agricultural
waste materials as fermentation substrates for significant production of
protease. Utilization of low price nitrogen source like agricultural resi-
dues must be an efficient criterion for economic production of industrial
enzymes [70]. Substrate composition can have a major impact on pro-
tease production in submerged fermentation [71]. The substrate must
have a carbon and nitrogen content appropriate for the fermentation
[72]. Substantial carbohydrate content in medium stimulates the
expression of hydrolytic enzymes [71]. Porto et al. [73] reported high
protease production by Streptomyces clavuligerus growing on soybean
flour medium and Sankareswaran et al. [74] reported cost effective
production of alkaline protease with groundnut oil cake, rice bran, wheat
bran, coconut oil cake, and gingelly oil cake.
3.6. Bulk production and partial purification of P1 protease

The alkaline protease enzyme which has been produced from Bacillus
aryabhattai P1 purified through three steps of purification. The steps
involved in partial purification of the alkaline protease produced by
strain P1and the acquired data are summarized in Table 1. 60% satura-
tion rate of ammonium sulfate has shown the maximum catalytic activity
of P1 alkaline protease. The crude enzyme (cell free supernatant) in
ammonium sulfate precipitation (60%) increased the specific activity
from 61.05 to 65.98 U/mg and the initial 100% yield of crude enzyme
became 97.64%. Thereafter, dialysis was performed in 200 mM glycine-
NaOH buffer to remove residual salts and non-protein compounds of
ammonium precipitation. Amongst all tested buffers, relative activity of
P1 protease fraction was the highest in 200 mM glycine-NaOH buffer (pH
10) as depicted in Figure 10. Dialysis causes diffusion of salt and non-
protein molecules diffuse into the solution (buffer) which has a lower
pressure passing through the cellophane dialysis bag [75]. A consistent
increase in purification fold and specific activity at each step was
observed. After dialysis, P1 protease resulted in a 1.23-fold increase, with
75 U/mg specific activity and 83.36% yield. Ramachandran and Arut-
selvi reported that the partially purified alkaline protease from Nomuraea
rileyi retained 1.825 U/mg specific activity and 3.5% yield with a 3.64
purification fold [76].
3.7. Characterization of P1 protease: Part-I

P1 protease activity has been demonstrated under broad temperature
and pH rangemoreover, in the presence of surfactants, solvents, chelators
and commercial detergents. The results of the characterization of
partially purified alkaline protease Bacillus aryabhattai P1 are discussed
as follows:

3.7.1. Determination of kinetic parameters
Optimum casein concentration for catalytic activity of P1 alkaline

protease was 15 mg/mL (Figure 11). Km and Vmax values of P1 protease
were calculated as 7.69 mg/mL and 250 U/mg respectively. In previous
studies, we have reported Km and Vmax values of partially purified alka-
line protease from Bacillus alcalophilus LW8 as 24 mg/mL and 1000 U/mg
respectively [4]. Thakur et al. have reported Km and Vmax values of
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Figure 8. Effect of carbon sources on growth and production of P1 alkaline protease. Fermentation conditions: 1% NaCl in Horikoshi-I medium, pH ¼ 9, 35 �C, 120
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Figure 9. Growth and P1 protease production evaluation by replacing the nitrogen source peptone with selected organic, inorganic and complex nitrogen sources at 5
g/L concentration. Fermentation conditions: Horikoshi-I medium (in g/L) containing NaCl 10, and wheat bran 10; pH ¼ 9, 35 �C, 120 rpm and 96 h incubation period.
Protease production in presence of peptone was treated as control.

Table 1. Partial purification steps of alkaline protease from Bacillus aryabhattai P1.

Preparation of enzyme fractions Enzyme activity (U/mL) Protein content (mg/mL) Specific activity (U/mg) Purification fold Yield (%)

Cell free supernatant 480.45 � 3.21 7.87 � 0.22 61.05 1.00 100.00

Enzyme precipitate 469.13 � 1.37 7.11 � 0.11 65.98 1.08 97.64

Dialysate 400.50 � 2.27 5.34 � 0.03 75.00 1.23 83.36

Bulk production was carried out in 500 mL Modified Horikoshi-I medium under optimized culture conditions.
The enzyme was precipitated by ammonium sulfate (60 % saturation), dissolved in 200 mM glycine-NaOH buffer (pH¼ 10) and dialyzed by using dialysis membrane-70
(HiMedia, Mumbai). The alkaline protease activity assay was performed at each step of purification.
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Figure 10. Effect of various buffers on catalytic activity of P1 protease. Fractions of precipitated enzymes were dissolved in various buffers and assayed for alkaline
protease activity to find out the suitable buffer for dialysis.
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purified alkaline proteases from mutant Bacillus sp. as 0.167 mg/ml and
4761.9 mg/ml/min respectively [77].

3.7.2. Effect of metal ions on partially purified P1 protease activity
Residual (remaining) activities of partially purified P1 alkaline pro-

tease in the presence of 1 mM and 5 mM metal chlorides are depicted in
Figure 12. The residual activity of partially purified P1 alkaline protease
in the presence of 1 mM metal chlorides was the highest with Mn2þ

(113.60%) followed with Ca2þ (105.44%), Kþ (104.08%), Naþ and Mg2þ

(each 102.04%) and Zn2þ and Fe3þ (each 100.68%). Therefore, these
metal cations were found to be positive modifiers for P1 protease activity
at 1 mM concentration. On the other hand, at the same concentration
Ba2þ (98.63%), Ag2þ (95.23%), Cu2þ (91.83%), Hg2þ (70.06%) and
Pb2þ (61.90%) were found to be negative modifiers as the decrement in
residual activity of P1 protease was recorded.

The residual activity of partially purified P1 alkaline protease in the
presence of 5 mM metal chlorides was the highest with Mn2þ (111.56%)
followed with Ca2þ (110.88%), Mg2þ (108.84%), Kþ (105.44%) and Naþ

(100%). Therefore, these metal cations were found to be positive modi-
fiers for P1 protease activity at 5 mM concentration. On the other hand, at
the same concentration Fe3þ (88.43%), Cu2þ (88.43%), Zn2þ (85.03%),
Ag2þ (82.99%) Ba2þ (70.74%), Hg2þ (41.97%) and Pb2þ (47.61%) were
found to be negative modifiers as the decrement in residual activity of P1
protease was recorded. Stimulatory effects of Ca2þ and Mg2þ were also
observed for protease produced by Bacillus firmus CAS 7 [71]. These
cations facilitate interaction between the catalytic site of the protease
enzyme and substrate [78]. This strategy necessitates metallic ions as
cofactors. Ca2þ, Mg2þ and Mn2þ defend by stabilizing enzyme structure
andmaintain active conformation of enzyme at elevated temperature and
pH [71, 79, 80]. Inhibitory effect Cu2þ, Zn2þ and Fe3þ reported by us is in
agreement with the report of Farhadian et al. [81].

Pb2þ and Hg2þ are considered to be universal inhibitors (negative
modifiers) of enzyme activity [70, 82]. In contrast, we noted 48% and
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49% residual activity of P1 protease with 5 mM Hg2þ and Pb2þ respec-
tively. Hg2þ is known to react with protein thiol groups (converting them
to mercaptides) as well as histidine and tryptophan residues, which in-
activates the enzyme [71, 83]. More than a quarter of all known enzymes
require the presence of metal atoms for full catalytic activity. Metal ions
can influence the activity of enzymes by multiple ways: they may accept
or donate electrons to activate electrophiles or nucleophiles; they
themselves act as electrophiles; they may mask the effect of nucleophiles
to prevent unwanted side reactions; they may bring together enzyme and
substrate by means of co-ordinate bonds and may hold the reacting
groups in the required three-dimensional orientation; they may simply
stabilize the catalytically active conformation of the enzyme [70, 84].

3.7.3. Effect of selected effectors on partially purified P1 protease activity
Residual activities of partially purified P1 alkaline protease in the

presence of selected effectors such as chelators, inhibitors and de-
naturants are depicted in Figure 13. Significant relative enzyme activity
(96.55%) of P1 protease was observed in the presence of EDTA (5 and 10
mM)which is known as a specific inhibitor of metallo-type proteases. The
activity of P1 protease in the presence of chelating agent EDTA is ad-
vantageous for its use as a detergent additive in the process of detergent
formulation, where alkaline proteases are commonly added and
chelating agents are included to overcome the problem of water hardness
[8, 85]. Complete inhibition of P1 protease activity was observed in the
presence of PMSF (10 mM), DTT (10 mM) and urea (5 mM). PMSF is one
of the serine protease inhibitors. PMSF is known to sulphonate the
essential serine residue in the active site of the protease, resulting in a
total loss of enzyme activity [86]. This inhibition profile suggested that
the alkaline protease produced from Bacillus aryabhattai P1 belongs to the
family of serine proteases. Many of the Bacillus-derived alkaline proteases
reported so far, belong to the class of serine proteases [8]. Catalytic ac-
tivity of P1 protease was increased in the presence of 2-mercaptoethanol
(5 mM), tween 20 (1%) and tween 80 (1%) by 3.45, 1.38, 2.76%
respectively. Enhancement of protease activity with 2-mercaptoethanol,
tween 20 and tween 80 was reported by Suberu et al. [86], Mothe and
Sultanpuram [87] and Sarker et al. [88]. The activity of P1 protease was
slightly reduced by 4.14% and 16.55% in the presence of anionic sur-
factant SDS at 1 and 10% concentration respectively. Activity of protease
from Bacillus subtilis B22 was reduced by 29% in the presence of 5% SDS
[71]. SDS is a protein denaturant and therefore commercial detergents
are formulated with SDS [89]. The enzyme to be added as detergent
additive must be SDS-stable to achieve excellent wash performance [90].
P1 protease retained 55.17 and 35.86% activity in the presence of 1 and
2% H2O2. In contrast, Joo et al. reported alkaline protease from Bacillus
clausii I-52 which was stable at 10% H2O2 [91].

3.7.4. Effect of selected solvents on partially purified P1 protease activity
There is a great industrial demand for the organic solvent tolerant

proteases for application in the synthesis of useful products in the
 

91
.8

4 

70
.0

7 10
2.

04
 

11
3.

61
 

10
0.

68
 

61
.9

0 

10
0.

00
 

88
 

49
 

10
9 

11
2 

85
 

48
 

10
0 

Cu Hg Mg Mn Zn Pb Control

rides 

5 mM

ase was pre-incubated for 1 h with selected metal chloride solution. Thereafter,
nce of selected metal chloride was considered as 100% (control) and residual



97
.2

4

96
.5

5

6.
21

0 55
.1

7

35
.8

6

95
.8

6

83
.4

5

10
3.

45

71
.0

3

10
1.

38

98
.6

2

10
2.

76

90
.3

4

15
.8

6

0 5.
52

0 10
0

0
20
40
60
80

100
120

E
D

T
A

 5
 m

M

E
D

T
A

 1
0

 m
M

D
T

T
 5

 m
M

D
T

T
 1

0
 m

M

H
2

O
2

 1
%

H
2

O
2

 2
%

S
D

S
 1

%

S
D

S
 1

0
%

M
er

ca
p
to

et
h

an
o
l 

5

m
M

M
er

ca
p
to

et
h

an
o
l 

1
0

m
M

T
w

ee
n

 2
0
  

1
%

T
w

ee
n

 2
0
  

5
%

T
w

ee
n

 8
0
  

1
%

T
w

ee
n

 8
0
  

 5
%

U
re

a 
1

M

U
re

a 
5

 M

P
M

S
F

 5
m

M

P
M

S
F

 1
0

 m
M

C
o

n
tr

o
l

R
es

id
ua

l a
ct

iv
ity

 (%
)

Activators and inhibitors
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presence of organic solvents [71]. Tolerance of partially purified P1
protease to solvents at 1 and 5% (v/v) is shown in Figure 14. The effect of
different organic solvents on stability revealed that the P1 protease ac-
tivity had a moderate inhibitory effect with 1% Triton-X-100 (68.97 %),
glycerol (56.55%) and toluene (51.03%), whereas, strong inhibitory ef-
fect was found with 5% isopropanol (6.90%), chloroform and ethanol
(each 8.97%), heptanes (9.66%) and toluene and benzene (each
11.03%). 5% acetonitrile completely inhibited the P1 protease activity.
Solvents can be highly toxic and enzymes can lose activity due to
reduction in structural and hydrophobic interactions. The stability of
protease in the presence of organic solvents can be attributed to a larger
number of negatively charged acidic amino acids compared to basic
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amino acids in the enzymes. The negative charges maintain stability by
forming a hydrated ion network with cations [71, 92]. Replacement of
some water molecules in an enzyme with organic molecules sometimes
stabilizes the structure of the enzyme [80]. A protease from B. pumilus
115b has been inactivated by toluene and benzene [93]. The alkaline
proteases with stability in organic solvents were reported earlier by many
researchers [71, 77, 80, 87].

3.7.5. Effect of detergents on partially purified P1 protease activity
The partial purified protease was compatible with all the commercial

detergents used and the residual activity was above 88% in all the de-
tergents. The bars show the protease activity in the respective
88
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Figure 15. Effect of detergents on activity of P1 alkaline
protease. Detergent solutions were boiled for 1 h to deactivate
by denaturing the endogenous enzymes and then, diluted to
10 mg/mL. P1 protease was pre-incubated for 1 h in each
selected detergent fraction and then assayed for protease ac-
tivity. Under similar incubation conditions, the enzyme ac-
tivity of a control (devoid of any detergent) was taken as
100% and residual (remaining) activities (%) were calculated
as displayed in the shaded vertical bars.
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commercial detergents available in the market as depicted in Figure 15.
The highest activity of P1 protease was noted in presence of Vim™
(100%), whereas more than 95% activity was retained in presence of
Sasa™, Tide™, Wheel™, Ariel™ and Nirma™; moreover more than 88%
activity was retained with Ghadi™, Rin™ and Surf excel™. It has been
reported that the alkaline protease produced from B. licheniformis RP1
retained 95% of its initial activity with Arial followed by Axion (94%)
and then Dixan (93.5%) when pre-incubated with detergents at 40 �C for
1 h [94]. Ramkumar et al. observed more than 91% residual activity of
alkaline protease from B. licheniformis NK with Arial followed by Bahar,
Tide and Bonux at 1 mg/mL concentration of commercial detergents
[95]. Many researchers have diluted the commercial detergents at 7
mg/mL concentration and then used in the compatibility assay [96, 97,
98, 99]; however, we have used 10 mg/mL concentration of detergent
solutions and recorded almost similar type of results, this could suggest
the tolerance of P1 protease at elevated concentrations of detergents.
Therefore, P1 protease could be used as an excellent bio-additive to the
detergents.

3.7.6. Effect of various substrates on partially purified P1 protease activity
Substrate specificity is a characteristic feature of alkaline proteases

and any alkaline protease with a broad range of substrate specificity can
be recommended for industrial applications [11]. The relative activity of
P1 alkaline protease was determined in the presence of 1% (w/w)
gelatin, albumin and feather meal as 45, 25 and 3.12% respectively. Here
casein dependent activity was considered to be 100%. The results sug-
gested that P1 protease is able to digest selected protein substrates, albeit
to different extents, could convert them into small peptides and amino
acids, implying that this alkaline protease has a broad range of substrate
specificity. The protein hydrolysates obtained from casein, soy protein
and whey protein are useful in the formulation of hypoallergenic infant
food. Further, they can also be useful in the fortification of fruit juices and
in preparation of high protein therapeutic diets [95].

3.7.7. Effect of different assay pH on partially purified P1 protease activity
P1 protease was remarkably active in a broad pH range of 7–11. The

highest (optimum) catalytic activity of P1 protease was recorded at pH 9.
Considerable activity of P1 protease was recorded at pH 8 (90.38%),
whereas moderate activity was recorded at pH 10 (62.69%), pH 11
(64.62%) and pH 7 (61.54%). The broad pH range of protease activity, its
optimum activity at higher pH values and the stability for a longer
duration at alkaline pH suits this enzyme highly attractive for detergent
industry, since laundry detergents generally operate at a pH of 7–11 and
other industrial processes involving alkaline processes. Apart from
detergent industries, alkaline proteases are also utilized in the formula-
tion of household dish washing and body cleaning sanitizers, preparation
of protein hydrolysates, dehairing and bating of skin and hides during a
leather processing [95, 100].

3.7.8. Effect of different assay temperature on partially purified P1 protease
activity

P1 protease was greatly active at a broad temperature range of 30–70
�C. The highest (optimum) catalytic activity of P1 protease was recorded
at 50 �C, whereas noticeable activity was found at 60 �C (96.67%), 40 �C
(85%), 70 �C (76.67%) and 30 �C (53.33%). P1 protease has retained
~20% activity at 80, 20 and 10 �C. Optimum pH and temperature values
of various alkaline proteases have been reviewed and reported by many
researchers [2, 3, 4, 5, 6, 11, 69].

3.8. Synthesis of nano hydroxyapatite bioceramic (nano HAp)

Nano HAp bioceramic was synthesized and its AFM image has been
depicted in Figure 16. The smallest particle grain size of nanoceramic as
revealed by XRD was confirmed to be 40–60 nm. AFM is used widely to
collect data onto various mechanical, functional and electrical properties
at the nanoscale as well as for topography (surface) studies [101]. In our
10
previous report, similar type of nano HAp (40–60 nm) was synthesized
and well-studied with AFM and scanning electron microscopy [16].
Mukhopadhyay et al. have used HAp nanoparticles (<200 nm) for the
improvement in thermostability and activity of pectate lyase from Ba-
cillus megaterium [102], whereas the copper oxide nanospheres (<350
nm) were used for the enhancement in thermostability, pH stability and
dye degrading activity of a bacterial laccase [103]. This implies the
importance of the size and type of nanomaterials to be used in
nano-enzymology studies.

3.9. Nanoceramic based optimum modification in P1 protease

P1 protease was modified in two ways to achieve maximum
enhancement in catalytic activity. The results of modification of partially
purified P1 protease are discussed as follows:

3.9.1. Modification of P1 protease by doping different concentration of nano
HAp

P1 protease activity was greatly increased with the inclusion of 2–10
mg/mL nanoHAp and found to be the highest at 4 mg/mL as depicted in
Figure 17. This was a 2.2 fold increment in the original activity of P1
protease. Therefore the nano HAp material was named as nanoactivator
based on its extraordinary enhancement in the catalytic activity of P1
protease. We have reported previously the same concentration of nano-
activator for necessary modification in B. licheniformis UN1 amylase [16].
In previous reports, maximum pectate lyase activity was recorded with
the inclusion of 8.8 μg/ml [102] and 10.5 μg/ml [58] concentration of
hydroxyapatite nanoparticles, whereas the peak laccase activity was re-
ported with the inclusion of 0.22 mg/mL of Cu2O nanoparticles [103].

3.9.2. Modification of P1 protease by doping nano HAp under different
incubation period

The pre-incubation period of 1–9 h was found to be highly significant
as the P1 protease activity was curiously enhanced with the inclusion of 4
mg/mL nanoactivator. There was no increment in protease activity
without pre-incubation with nanoactivator (control). The highest (175%)
activity was recorded after 1 h of pre-incubation period followed by 3 h
(170%), 6 h (167.50%) and 9 h (164.43%) with the inclusion of nano-
activator (Figure 18). 1 h of the pre-incubation period of enzyme with
nanoactivator (4 mg/mL) under constant shaking was found adequate to
achieve its peak conformational level for biocatalysis. Further extension
in the pre-incubation period could affect on the conformational level of
the enzyme in continuous shaking condition. A similar type of work was
reported previously where pre-incubation of B. licheniformisUN1 amylase
with nanoactivator was carried out at 70 �C at 2 random slots of 2 and 12
h [16]; however Mukhopadhyay et al. have not assessed the effect of
varying pre-incubation period on pectate lyase and laccase activity [102,
103].

3.10. Characterization of modified P1 protease: Part-II

Modified P1 protease as reported in section 3.9.1 and 3.9.2 was
further used to demonstrate its activity under broad assay temperature
and pH range; moreover hydrolysis of various protein substrates are
discussed as follows:

3.10.1. Effect of different assay pH on modified P1 protease activity
Nanoactivator mediated, modified P1 alkaline protease has shown

outstanding enhancement in catalytic efficiency in comparison with the
native P1 alkaline protease. Here native enzyme refers to the unmodified
enzyme. Interestingly, the profile of the activity was very different for the
two systems. Native protease has shown its optimum catalytic activity at
pH 9, whereas modified P1 proteases showed at pH 10. This kind of shift
in the optimum activity of the both systems is highly noticeable in the
present work as depicted in Figure 19. Catalytic efficiency of modified P1
protease was extremely enhanced by 5.67 fold at pH 5 followed by 5.58



Figure 16. Atomic force microscopic image of selected nanoactivator material.
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Figure 17. The effect of varying concentration of nanoactivator powder
required for necessary modification in native P1 protease at pH 10 and 30 �C.
The activity of P1 protease in absence of nanoactivator was considered as 100%
(control) and residual (remaining) activities were calculated.
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Figure 18. Evaluation residual activities by pre-incubating crude P1 protease
(pH ¼ 10) with 4 mg/mL nanoactivator for 0–9 h at 30 �C and 120 rpm. The
activity of P1 protease without pre-incubation with nanoactivator was consid-
ered as 100% (control) and residual (remaining) activity of each system was
determined as described in Section 2.2.3.
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Figure 19. Effect of pH on native and modified P1 alkaline protease. Native
protease (90 U/mL at pH 10 and 30 �C) was modified as reported in section
3.9.1 and 3.9.2, and then assayed for protease activity as described in section
2.2.3 at a broad range of pH 3–13 using the universal buffer.

A.P. Pathak et al. Heliyon 6 (2020) e04053
fold at pH 10 and 5.11 fold at pH 12. Further, effective enhancement in
the modified P1 protease activity was recorded at pH 4 (3.63 fold) and
pH 11 (3.24 fold). Considerable enhancement in the modified P1 pro-
tease activity was recorded at pH 6 (2.95 fold) followed by pH 13 (2.78
fold), pH 9 (2.5 fold), pH 8 (2.47 fold), pH 7 (2.01 fold) and pH 3 (2 fold)
when compared with native enzyme.

3.10.2. Effect of different assay temperature on modified P1 protease activity
An extraordinary enhancement in the modified P1 protease activity

was recorded when tested at 30-70 �C assay temperatures in comparison
with the activity of native enzyme as depicted in Figure 20. The profile of
the activity was very different for the two systems as seen in section
3.10.1. Native protease has shown its optimum catalytic activity at 50 �C,
whereas modified P1 proteases showed at 30 �C. This kind of versatility
of P1 protease suggests its applicability at high and moderate
11
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temperatures. Catalytic efficiency of modified P1 protease was greatly
enhanced by 5.69 fold at 30 �C followed by 2.38 fold at 40 �C and 2.13
fold at 50 �C. Further, considerable enhancement in the modified P1
protease activity was recorded at 60 �C (1.65 fold) followed by 70 �C
(1.63 fold), 20 �C (1.38 fold), 80 �C (1.25 fold), and 10 �C (1.17 fold)
when compared with native enzyme.

3.10.3. Hydrolysis of various protein substrates by modified P1 protease
Modified P1 protease has effectively hydrolyzed different protein

substrates as compared to the native enzyme (Figure 21). Modified P1
protease hydrolyzed feather meal by 29 fold and albumin by 6.87 fold
than the native protease. Hydrolysis of casein and gelatin were enhanced
by 5.69 and 4.79 fold respectively, when native protease was replaced
with modified P1 protease under the assay conditions.
3.11. Effect of nanoactivator

Effect of nanoactivator and similar types of nanomaterials in bio-
catalysis has been well-demonstrated previously, although very few, but
precise reports are available with some plausible explanations as dis-
cussed here [16, 27, 28, 58, 102, 103]. We have previously reported that
at high temperatures, Ca, the principal component of nanoactivator
participates in achieving correct configuration of thermostable enzymes
and thereby increases enzyme activity [16]. It has been seen that, cal-
cium has an important role in folding and stabilization of protease in
alkaline condition. This has been supported by the experimentation on
Pseudomonas aeruginosa alkaline protease [104]. Properties of nano-
materials such as large surface-to-volume ratios, high surface reaction
activity, high catalytic efficiency, and strong protein adsorption ability
could lead to improved activity. Enzyme stability increases with
nano-scaled supports with possible modulation of the catalytic specificity
[102, 103, 105, 106, 107]. In a study, the enzyme with nanoparticle
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Figure 21. Substrate specificity of native and modified P1 alkaline protease.
Native protease (88.31 U/mL at pH 10 and 30 �C) was modified as reported in
section 3.9.1 and 3.9.2, and then assayed for protease activity as described in
section 2.2.3 by replacing casein with the other selected substrates in the buffer.
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pre-incubation enhanced enzyme-substrate affinity and lowered the
activation energy compared to that of untreated enzyme [102]. Dutta
et al. evaluated the chaperon like activity of nano hydroxyapatite based
on entropy–enthalpy compensation profile of extracellular pectate lyase
[58].

Nanoactivator helped in redesigning the active sites and might pro-
mote binding of enzyme-substrate ligand that could result in increased
catalytic activity of modified P1 protease.

Thus, the presence of nanoactivator appeared to confer enhanced
activity of protease. However, the question why a nanoactivator formu-
lation of enzyme is more effective in enhancing the activity as compared
to native enzyme needs further molecular level investigation.

4. Conclusions

Bacillus aryabhattai P1 was alkaliphilic and belonged to phylum fir-
micutes. Optimized production and partial purification of P1 protease
was carried out. P1 protease exhibited 75 U/mg specific activity and
83.36% yield. Excellent enhancement in catalytic activity of P1 alkaline
protease was observed at pH 10 and 30 �C after nanoactivator mediated
modifications. The capability of nanoactivator mediated, modified P1
protease to hydrolyze casein, gelatin, albumin and feather meal was also
remarkably increased. The nanoactivator and modulated enzymes sug-
gest their use for different nanobiotechnological applications. Besides,
the modified enzyme may serve as a model system and may provide new
insights about the molecular basis of alkali-stability and may pave the
way for modifying enzymes for specific applications.
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