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Abstract
In current study, lipase from a thermotolerant Bacillus subtilis TTP-06 was purified in a stepwise manner by using ammo-
nium sulfate precipitation and column chromatography. Thenceforth, it was subjected to sodium dodecyl sulfate- and native-
polyacrylamide gel electrophoresis to check the homogeneity of the purified enzyme. The ideal substrate concentration, pH, 
temperature, reaction duration and lipase specificity were identified. With a yield of 11.02%, purified lipase displayed activity 
of 8.51 U/mg. Thenceforward, the homogeneously purified enzyme was considered to be a homo-dimer of 30 kDa subunits. 
Enzyme had Km and Vmax value of 9.498 mM and 19.92 mol  mg−1  min−1, respectively. Additionally, the matrix-assisted 
laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) method was used to investigate the purified 
lipase and estimate its 3-D structure, which revealed a catalytic triad of serine, aspartate and histidine.
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Introduction

Ubiquitous lipases from the hydrolase fold superfamily fea-
ture a lattice of H-bonding at their active site that contains 
a triad of Ser, Asp (Glu) and His (Wang et al. 2018; Mel-
ani et al. 2020). These enzymes exhibit features including 
chemo-, regio- and stereo-specificity as well as the capacity 
to perform heterogeneous reactions. They are substrate-spe-
cific enzymes. Lipases are widely utilized as biocatalysts in 
a variety of sectors, including the production of surfactants, 
detergents, agrochemicals, pharmaceuticals and tanning 
products (Ananthi et al. 2014; Chandra et al. 2020; Barik 
et al. 2022). Higher temperature reactions improve the rate 
of diffusion, make lipids and other hydrophobic substrates 
more soluble in water and lower the likelihood of contami-
nation (Hamdan et al. 2021). The tolerance of lipases to 
solvents, high acidic and alkaline environments and substrate 

specificity are all broader (Febriani et al. 2020). Bacteria are 
the most notable suppliers of thermostable lipases. Signifi-
cantly, the Bacillus sp. produces lipases that are important 
for commercial applications (Haniya et al. 2023). Using 
ammonium sulfate precipitation and ion-exchange chroma-
tography, 55 kDa lipase from Bacillus safensis was recently 
isolated in a stepwise method which exhibited lipase activity 
and yield of 13.71 U/mg and 16.16%, respectively (Patel 
and Parikh 2022). In a different study, Geobacillus stearo-
thermophilus GS (LGS) lipase had the highest activity at 
pH 7.5 and stability up to 70°C after 12 h, while lipase from 
Anoxybacillus flavithermuscell showed stability up to 90°C 
after 12 h and at pH 8.0. (Najm and Walsh 2022).

Lipases are co-factor-independent and continue to func-
tion in organic solvents (Chandra et al. 2020). Some of the 
characteristics that make lipases more suitable biocatalysts 
include consumption of all different types of glycerides 
and free fatty acids (FAs) in a transesterification process, 
high production in non-aqueous medium, quick reaction 
times and resilience to low pH (Alabdalall et al. 2021). 
Lipases can be derived from plants, animals or microor-
ganisms, but microbial lipases are the most frequently 
used class of enzymes in biotechnological applications 
because they have higher catalytic activity, are independ-
ent producers, are easy to genetically modify for desired 
characteristics, are produced in large quantities and use 
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less expensive growth culture media (Mehta et al. 2018; 
Zhao et al. 2021).

Microbial lipases have been purified, characterized 
from Bacillus thermocatenulatus (Kajiwara et al. 2020), 
Geobacillus thermoleovorans (Moharana et  al. 2019), 
Pichia pastoris (Furqan and Akhmaloka 2020), Therm-
omicrobium roseum (Yakun et al. 2021), Thermomyces 
dupontii (Javed et al. 2018; Chandra et al. 2020; Adetunji 
and Olaniran 2021; Li et al. 2022). Previously, a novel 
thermostable alkaline lipase isolated from Bacillus sub-
tilis EH 37 has been purified which showed 17.8-fold 
purification (Ahmed et al. 2010). Lipase from an extre-
mophilic B. subtilis NS 8 showed high stability with half-
life of 273.38 min (approximately 4.5 h) at 60°C (Olus-
esan et al. 2011). Lipase from B. subtilis LP had Km and 
Vmax values of 18.3 mM and 680 U/mg, respectively (Yasar 
et al. 2020).

In the present investigation, lipase from thermotolerant 
B. subtilis TTP-06 has been purified and characterized. The 
purified enzyme showed a better purification fold, better 
thermal stability and high catalytic efficiency. Further, 3-D 
structure of the purified lipase has been predicted and it was 
noted that the current lipase demonstrates aspects that are 
relevant to industry.

Experimental

Materials and methods

Bacterial culture used for the production of lipase was iso-
lated from a hot spring of Tattapani (31.2487° N, 77.0878° 
E) situated in Himachal Pradesh, India, at an altitude of 
2,182 feet above the sea level. The isolate was identified as 
B. subtilis TTP-06 and its sequence was submitted to NCBI 
(Accession No.: MW828331.1). Sigma Aldrich (U.S.A.) or 
HIMEDIA (Mumbai, India) provided all of the analytical 
grade, high purity chemicals that were employed in the cur-
rent experiment.

Production conditions

A loopful of inoculum from pure culture of B. subtilis TTP-
06 was aseptically transferred to 50 ml nutrient medium to 
prepare seed culture. It was then incubated with continuous 
shaking (150 rpm) for 24 h at 55°C. 0.75% (v/v) inoculum 
from seed culture was further transferred to 50 ml produc-
tion medium (pH 7.5) containing 2.0% (v/v) olive oil, 2.75% 
(w/v) glucose, 1.65% (w/v) peptone, 0.3% (w/v) NaCl and 
0.05% (w/v)  MgSO4. The production medium was then incu-
bated for 24 h at 55°C.

Enzyme assay

Lipase activity was determined by measuring the micro-
moles of p-nitrophenol (p-NP) released from the substrate 
p-nitrophenyl palmitate (p-NPP) per minute under the stand-
ard assay conditions (Winkler and Stuckmann 1979).

The protein was estimated by dye-binding method (Brad-
ford 1976) using standard bovine serum albumin (BSA). 
One unit of specific activity was defined as the activity of 
enzyme in units per mg of protein content.

Ammonium sulfate precipitation

Bacillus subtilis TTP-06 was aerobically inoculated to the 
production medium and harvesting of crude enzyme was 
done by centrifugation (10,000 rpm for 10 min). This was 
stirred continuously while the required amount of ammo-
nium sulfate salt was added to achieve 0 to 90% saturation. 
Centrifugation was done to separate the protein precipitates, 
which were then reconstituted in a minimal amount of buffer 
(0.15 M Tris–HCl, pH 8.5). Separate analyses of the enzyme 
and protein content were performed on the supernatant and 
reconstituted precipitated fractions.

Dialysis

Precipitated fractions transferred to a dialysis membrane 
were intensively dialyzed against 0.15 M Tris–HCl buffer 
so as to thoroughly eliminate ammonium sulfate. Lastly, 
the dialysate was tested for both protein content and lipase 
activity.

Ion‑exchange chromatography (DEAE‑Sepharose)

A column (22 × 1.25 cm with flow rate of 0.5 ml/min) packed 
with DEAE-Sepharose matrix and pre-equilibrated with 
0.15 M Tris–HCl buffer (pH 8.5) was loaded with the con-
centrated dialyzed sample. For the collection of first 10 frac-
tions (each containing 2 ml),  Tris-HCl buffer (pH 8.5) was 
used. Remaining fractions were collected by using gradients 
of 0.1, 0.3, 0.5 and 0.7 M NaCl in a stepwise manner. Using 
a LabIndia  3000+ UV/Vis spectrophotometer, the absorbance 
of each fraction was measured at 280 nm. The fractions with 
maximum absorbance at 280 nm were further selected for the 
lipase activity assay and protein content assay.

Gel filtration chromatography (Sephadex G‑100)

The enzyme fractions from DEAE-Sepharose column 
chromatography that showed maximum activity were com-
bined and transferred to Sephadex G-100 matrix packed in 
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a column of 22 × 1.25 cm size. 40 fractions of 2 ml each 
were eluted using 0.15 M Tris–HCl buffer (pH 8.5) at a 
flow rate of 0.5 ml/min. At 280 nm, the absorbance of frac-
tions was determined. For further experiments, the fractions 
with maximal lipase activity were combined. A fold puri-
fication calculation was done by comparing the activity of 
purified enzyme to that of the crude enzyme.

Molecular weight confirmation

To estimate the molecular mass and subunit molecular mass 
of the concentered samples, SDS- and native-PAGE were 
performed (Laemmli, 1970). The bands were then analyzed 
on the gel. To confirm the presence of lipase after electro-
phoresis, zymography was performed by following the meth-
odology of Ghamari et al. (2015).

Characterization of purified lipase from Bacillus 
subtilis TTP‑06

Lipase activity was determined with substrate p-nitrophenyl 
palmitate (10 mM prepared in iso-propanol) and Tris–HCl 
(0.1 M, pH 8.0). The reaction was started by incubating 
the reaction mixture (2.9 ml Tris–HCl, 60 μl substrate and 
40 μl enzyme extract) at 50°C for 10 min. The reaction was 
stopped by chilling at −20°C for 1 min. and the amount of 
p-nitrophenol released was measured at 410 nm (LabIndia 
UV/VIS Spectrometer Lambda 12) after bringing the tubes 
to room temperature.

Buffer pH and lipase activity

Different buffers (sodium citrate, pH 4.0–6.5; gly-
cine–NaOH, pH 8.5–10.5; sodium acetate, pH 4.0–6.0; 
sodium phosphate, pH 5.5–8.5; potassium phosphate, pH 
7.0–9.5; Tris–HCl, pH 6.5–10.0) were used individually in 
the reaction mixture in order to evaluate the influence of 
buffer (0.15 M) on the lipase activity.

Buffer molarity and lipase activity

To determine the optimal molarity of the buffer for the 
highest activity of B. subtilis TTP-06 lipase, the molarity of 
Tris–HCl buffer was varied (0.05, 0.075, 0.1, 0.125, 0.15, 
0.175 and 0.2 M).

Reaction duration and lipase activity

Under shaking conditions (120 rpm) at 50°C, the reaction 
mixture containing purified lipase from B. subtilis TTP-06 
was incubated for varying time of 2.5, 5, 7.5, 10, 12.5, 15, 
17.5, 20, 22.5 and 25 min. Thereafter, the lipase activity 
was measured.

Temperature and lipase activity

The reaction mixture was incubated at 25, 30, 35, 40, 45, 
50, 55, 60, 65 and 70°C separately to examine the impact of 
reaction temperature on lipase activity. Under the aforemen-
tioned ideal conditions, lipase activity at each of the chosen 
temperature was measured.

Lipase activity in the presence of different substrates

The influence of 10 mM each of p-nitrophenyl formate (p-
NPF), p-nitrophenyl acetate (p-NPA), p-nitrophenyl butyrate 
(p-NPB), p-nitrophenyl octanoate (p-NPO), p-nitrophenyl 
laurate (p-NPL), p-nitrophenyl palmitate (p-NPP), p-nitro-
phenyl benzoate (p-NPBenz) and p-nitrophenyl caprylate (p-
NPC) on lipase activity was explored and enzyme activity 
was evaluated under optimum parameters.

Substrate concentration and lipase activity

The varying concentrations (5, 10, 15, 20, 25, 30, 35, 
40 mM) of selected substrate were used to conduct the reac-
tion with lipase from B. subtilis TTP-06 under optimized 
conditions.

Km and Vmax of lipase

By evaluating the reaction velocity at different substrate 
concentrations, ranging from 5 to 40 mM, the Km and Vmax 
values of lipase were obtained. The Lineweaver–Burk plot 
was used to calculate Km and Vmax values by plotting the 
reciprocal of the reaction velocity (1/V) against the recipro-
cal of the substrate concentration (1/[S]).

Lipase activity in the presence of metal ions

By adding various metal ions, including  Mg2+,  Na+,  Pb+, 
 Co2+,  Hg2+,  Fe3+,  Ca2+,  Cu2+,  K+ and  Zn2+ separately to the 
reaction mixture (pH 8.5, 0.1 M Tris–HCl) along with puri-
fied lipase, it was possible to determine the effect of metal 
ions (1 mM) on the activity of purified enzyme. Relative 
lipase activity in each case was calculated with respect to 
the control (without metal ion).

In silico structure prediction

The purified lipase from B. subtilis TTP-06 was subjected 
to matrix-assisted laser desorption ionization-time of flight 
mass spectrometry (MALDI-TOF MS) at the CSIR-Insti-
tute of Himalayan Bioresource Technology (CSIR-IHBT), 
Palampur, (India). In order to learn more about the simi-
larity of the sequence, the mass/charge (m/z) values of 
the purified lipase from B. subtilis TTP-06 acquired by 
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MALDI-TOF–MS were quoted as query in the MASCOT 
search engine (http:// www. matri xscie nce. com) (Sharma 
et al. 2018; Kumar et al. 2020a, b). The NCBI Blast (http:// 
ncbi. nlm. nih. gov/ BLAST/) was used to find the close homol-
ogy and a template for the modeling of three-dimensional 
structure of the target protein. The protein models from the 
template were generated using ROBETTA (https:// robet ta. 
baker lab. org) server and subsequent structure analysis was 
carried out using the MALDI-TOF MS results to locate 
probable functional sites.

Statistic evaluation

The data obtained for three replicates of the parameters 
under study were used to determine the standard deviation 
(S.D.).

Results and discussion

Crude enzyme

When lipase was produced by B. subtilis TTP-06, it was 
found that the crude enzyme extract contained 28.1 mg/ml 
of protein and 8.5 U/ml of enzyme activity. It had a 0.30 U/
mg specific activity.

Ammonium sulfate precipitation

Maximal enzyme activity of 10.4 U/ml and protein content 
of 18.6 mg/ml was obtained at 60–70% ammonium sul-
fate saturation. When high concentrations of small, highly 
charged ions such as ammonium sulfate are added, these 
groups compete with the proteins to bind to the water mol-
ecules. This removes the water molecules from the pro-
tein and decreases its solubility, resulting in precipitation. 

The concentration of ammonium sulfate is gradually 
increased, and at a specific level, the particular protein can 
be retrieved (Chen et al. 2015). previously, lipase from a 
thermo-halophilic bacterium showed optimum specific 
activity in the 40–60% fraction with 5.34 purification fold 
and 0.95% yield (Febriani et al. 2020). In another study, 
crude enzyme filtrate from B. safensis when subjected to 
60% saturation by ammonium sulfate precipitation gave 
maximum specific activity and fold purification of 13.71 U/
mg and 1.48, respectively (Patel and Parikh 2022).

Purification of lipase using DEAE‑Sepharose column

Lipase from B. subtilis TTP-06 was purified using DEAE-
Sepharose column chromatography. Figure 1 illustrates 
the elution profile of the lipase. After passing the dialyzed 
sample through DEAE-Sepharose column, the purified frac-
tions 16–25 that displayed the highest specific activity were 
combined.

Purification of lipase using Sephadex G‑100 column 
chromatography

Purified fractions 14–19 obtained after Sephadex G–100 
column chromatography displayed the highest specific 
activity (Fig. 2). With DEAE-Sepharose chromatography, 
there was a 10.97-fold purification and following Sephadex 
G-100 column chromatography there was a 28.36-fold puri-
fication (Table 1). In a recent study, a purification fold of 
4.2 has been achieved by ion-exchange chromatography of 
a partially purified lipase from B. safensis (Patel and Parikh 
2022). In another study, a thermostable lipase from P. pas-
toris GS115 was purified by affinity chromatography with 
a purification fold of 11.6 (Furqan and Akhmaloka 2020). 
Another thermostable lipase from G. thermodentrificans 
has been purified by using gel-filtration chromatography 

Fig. 1  Elution profile of purified 
lipase from Bacillus subtilis 
TTP-06 after DEAE-Sepharose 
column chromatography
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(Sephadex G-100) to achieve a fold-purification and yield 
of 33.7 and 8.9%, respectively (Balan et al. 2012).

Molecular weight confirmation

Native- and SDS-PAGE gave a single band of 60 kDa and 
30 kDa, respectively (Figs. 3, 4). This demonstrated that the 
enzyme was a dimer and had been homogeneously purified. 
The purified lipase was confirmed by zymography (Fig. 4).

Previously, a lipase from thermo-halophilic bacterium 
PLS 80 purified by gel filtration chromatography had a 
molecular weight of about 50 kDa (Febriani et al. 2020). 
A recombinant purified lipase from T. roseum DSM 5159 
had shown a band of approximately 38 kDa on SDS-PAGE 
(Fang et al. 2021).

Characterization of purified lipase from Bacillus 
subtilis TTP‑06

Buffers pH and lipase activity

Purified lipase from B. subtilis TTP-06 gave the highest spe-
cific activity (8.93 ± 1.03 U/mg protein) with 0.15 M Tris–HCl 
buffer at pH 9.0 (Table 2). The enzyme activity dropped as 
the pH of Tris–HCl buffer was further raised. These findings 
suggest that the lipase from B. subtilis TTP-06 performed well 

in buffers with an alkaline pH range and poorly in buffers with 
an acidic pH range. The majority of bacterial lipases have an 
alkaline pH. It has been found that strains of Choromobacte-
rium viscosum, Acinetobacter radioresistens and other species 
of Bacillus, Micrococcus, Pseudomonas all produce alkaline 

Fig. 2  Elution profile of purified 
lipase from Bacillus subtilis 
TTP-06 after Sephadex G-100 
column chromatography
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Table 1  Purification chart of lipase from Bacillus subtilis TTP-06

Purification steps Total lipase 
activity (U)

Total protein 
content (mg)

Specific activity 
(U/mg protein)

Purification fold Yield (%)

Crude lipase 2550 8430 0.3 1 100
Ammonium sulfate precipitation 2080 3720 0.55 1.83 81.5
DEAE-Sepharose column chromatography 340.5 103.5 3.29 10.97 13.35
Sephadex G-100 column chromatography 281 33 8.51 28.36 11.02

L1    L2 L3 L4 450 kDa

272 kDa

146 kDa

67 kDa

45 kDa

21 kDa

60 kDa

Fig. 3  Native-PAGE of lipase purified from Bacillus subtilis TTP-
06. L 1: dialyzed fraction, L 2 and L 3: purified lipase enzyme, L 4: 
SERVA native protein marker (high range molecular weight)
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lipases that function best in the pH range of 9.0–11.0 (Borrelli 
and Trono 2015; Zhao et al. 2022). A change in pH would 
have an impact on intramolecular hydrogen bonding, result-
ing in a distorted conformation and a decrease in the enzyme 
activity. When the pH was lower, the enzyme was inactivated. 
Nevertheless, pH extremes result in a temperature- and time-
dependent, basically irreversible denaturation (Mehta et al. 
2018). A lipase secreted by bacteria found in the intestines of 
a lepidopteran larva (Samia ricini) performed best in the pH 
range of 7.0 to 9.0 (MsangoSoko et al. 2022).

Buffer molarity and lipase activity

0.1 M Tris–HCl buffer (pH 9.0) yielded the highest spe-
cific activity of 9.37 ± 0.15 U/mg protein (Fig. 5). The enzyme 
activity decreased as the Tris–HCl buffer concentration was 
raised further. The ionic strength of the solution is a cru-
cial factor that affects the activity of an enzyme. Hence, the 
ionic composition of the medium affects both the binding of 
charged substrates to enzymes and the mobility of charged 
groups inside the catalytic "active" sites. The ionic strength 
of the solution is strong at higher buffer concentrations and as 
the buffer concentration is decreased the ionic strength drops 
and the enzyme effectiveness is reduced (Mehta et al. 2018). 
In a prior investigation, it was found that the lipase produced 
by Bacillus methylotrophicus PS3 was stable in a 20 mM 
Tris–HCl buffer with a pH of 8.0 (Sharma et al. 2017).

Reaction duration and lipase activity

Maximum activity (9.86 ± 0.73 U/mg protein) of lipase from 
B. subtilis TTP-06 was observed after 12.5 min of incubation 
(Fig. 6). A decline in lipase activity was observed as reaction 
time was extended further. If the enzyme is incubated for a 
longer duration of time at the enzyme assay temperature, 
denaturation of the enzyme or product inhibition may lead 
to a decrease in lipase activity (Xie et al. 2016; Kumar et al. 
2020a, b). Lipase produced from a thermo-halophilic bacterium 
PLS 80 has been known to exhibit maximum enzyme activity 
after 15 min of incubation (Febriani et al. 2020).

180 kDa

135 kDa

100 kDa

75 kDa

63 kDa

48 kDa

35 kDa

25 kDa

20 kDa

17 kDa

11 kDa

30 kDa

L1    L2 L3 L4         L5

Fig. 4  SDS-PAGE of lipase purified from Bacillus subtilis TTP-06. L 
1: BR BIOCHEM BLUeye prestained SDS protein marker (medium 
range molecular weight), L 2,3: purified lipase enzyme. L 4: zymo-
gram of purified lipase, L 5: marker

Table 2  Buffer system and 
lipase activity

The enzyme was incubated at 37°C in different buffers (0.15 M) of different pH values for 10 min. Values 
are mean ± S.D. of three observations
Bold text in Table refers to the maximum activity involved in the particular parameter

pH Buffer

Sodium 
citrate 
(0.15 M)

Glycine-
NaOH 
(0.15 M)

Sodium 
acetate 
(0.15 M)

Sodium phos-
phate (0.15 M)

Potassium 
phosphate 
(0.15 M)

Tris–HCl (0.15 M)

Specific activity (U/mg protein)
4.0 3.75 ± 0.3 4.65 ± 0.18
4.5 3.37 ± 0.2 5.66 ± 0.23
5.0 5.35 ± 0.5 5.02 ± 0.14
5.5 4.05 ± 0.5 4.73 ± 0.11 4.64 ± 0.79
6.0 3.80 ± 0.7 4.35 ± 0.41 4.75 ± 0.95
6.5 3.03 ± 0.9 4.98 ± 0.58 5.47 ± 0.98
7.0 5.26 ± 0.93 4.55 ± 0.41 5.55 ± 0.93
7.5 5.47 ± 0.50 4.19 ± 0.23 5.78 ± 0.71
8.0 5.64 ± 0.66 5.63 ± 0.64 6.17 ± 0.81
8.5 4.91 ± 0.25 4.46 ± 0.82 5.16 ± 0.21 6.26 ± 0.98
9.0 5.57 ± 0.57 4.88 ± 0.52 8.93 ± 1.03
9.5 5.47 ± 0.12 3.63 ± 0.37 5.02 ± 0.93
10.0 5.45 ± 0.32 4.07 ± 0.84
10.5 5.35 ± 0.78
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Reaction temperature and lipase activity

While examining how temperature affects the activity 
of purified lipase from B. subtilis TTP-06, the maximum 
enzyme activity (10.38 ± 0.82 U/mg protein) was found 
at 55°C (Fig. 7). When temperature was increased further 
from 55 to 70°C, a drop in enzyme activity was seen. The 
structure of an enzyme changes at higher temperatures either 
as a result of the enzyme denaturation or as a result of the 
enzyme being more flexible to widen its active site for the 
best possible substrate binding. An initial increase in activity 

may have been brought on by the increasing average kinetic 
energy of the reactants, which in turn increase the likeli-
hood of an effective collision between them. According to 
a study, Pseudomonas aeruginosa HFE733 lipase had the 
highest activity at 40°C, which was comparable to the cor-
responding temperature for other lipases from Burkholderia 
sp. ZYB002 and P. aeruginosa LX1 (Hu et al. 2018). In 
another study, ideal temperature for Acinetobacter sp. AU07 
lipase activity was 50℃ (Gururaj et al. 2016). Lipase from a 
thermo-halophilic bacterium PLS 80 had shown highest spe-
cific activity of 233.4 U/mg at 70°C (Febriani et al. 2020). 
A thermotolerant recombinant TDL2 lipase from T. dupontii 
was found to be stable at 50°C (Li et al. 2022).

Lipase activity in the presence of different substrates

The purified lipase displayed the strongest affinity for p-NPP 
(Table 3). Substrate specificity is affected by complemen-
tary shapes, charges and hydrophilic/hydrophobic proper-
ties of the substrates and the enzymes. While being able to 
hydrolyze substrates with various acyl chains in the current 
investigation, purified lipase exhibited a preference for those 
with longer chain lengths. A novel thermostable lipase from 
Serratia sp. scl1 exhibited maximum activity with p-NPP 
as substrate (Ali et al. 2022). However, another study indi-
cated that a recombinant lipase TDL2 from T. dupontii had 
the highest specific activity for p-nitrophenyl laurate and 
medium- and long-chain substrates (Li et al. 2022). Another 
thermostable lipase from Pseudomonas putida hydrolyzed 
p-nitrophenyl palmitate effectively to p-nitrophenol (Singh 
and Mehta 2022).

Substrate concentration and lipase activity

Lipase from B. subtilis TTP-06 gave maximum activity 
with substrate (p-NPP) concentration of 20 mM (Fig. 8). 
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Table 3  Lipase activity in the presence of different substrates

The enzyme was incubated at 55°C in 0.1  M Tris–HCl buffer (pH 
9.0) for 12.5 min with different substrates (10 mM) separately. Values 
are mean ± S.D. of three observations

Substrate (10 mM) Specific activity
 (U/mg protein)

Relative 
activity 
(%)

p-NPP 10.38 ± 1.43 100
p-NPB 5.81 ± 0.67 55.97
p-NPA 5.26 ± 0.82 50.67
p-NPBenz 6.34 ± 0.63 61.07
p-NPF 3.92 ± 0.29 37.76
p-NPO 8.09 ± 0.93 77.93
p-NPL 9.37 ± 1.05 90.26
p-NPC 8.75 ± 0.58 84.29
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Appropriate substrate concentration is necessary for bet-
ter activity, otherwise low and high concentration beyond 
optimum leads to decrease in activity due to a decrease in 
binding efficiency of substrate to active site on enzyme. The 
active sites of enzyme may not be saturated at low substrate 
concentrations, and as a result, rising substrate concentra-
tions leads to an increase in enzyme activity (Singh and 
Mehta 2022). In a recent study, lipase from Serratia sp. 
scl1was found to be saturated when the concentration of 
p-NPP reached 1.3 mM (Ali et al. 2022). Another thermo-
stable lipase from P. putida got saturated at 2 mM p-NPP 
concentration (Singh and Mehta 2022).

Km and Vmax of lipase

Km and Vmax values of the lipase from B. subtilis TTP-
06 were determined from the linear regression analy-
sis of 1/V versus 1/[S]. Using p-NPP as substrate, Km 
and Vmax values were calculated to be 9.498  mM and 
19.92 µmol  mg−1  min−1, respectively (Fig. 9). The Km of 
an enzyme in relation to the concentration of its substrate 
under ideal conditions allows one to estimate whether or 
not the availability of the substrate will have an impact 
on the rate of product formation. The main determinant 
of the affinity of an enzyme for its substrate is Km, which 
also has an impact on how quickly the enzyme becomes 
saturated with its substrate. When the Km value is low, 
the affinity of an enzyme for a substrate is high; when Km 
value high, the enzyme's affinity is low (Gururaj et al. 
2016). In a previous study, Km and Vmax values of a lipase 
from Aspergillus fumigatus came out to be 9.89 mM and 
10.42 µmol  min−1  mg−1, respectively (Mehta et al. 2018). A 
thermostable lipase from P. putida had Km and Vmax val-
ues of 0.62 mM and 355.7 μmol  min−1  min−1 respectively 
(Singh and Mehta 2022).

Stability of purified enzyme at different temperatures

The purified lipase was stable up to 55°C for about 8 h of 
incubation. However at 60°C, the half-life of lipase was 
observed to be 5.5 h (Fig. 10). Purified enzyme retained 
67.67% and 24.73% of its original activity at 55°C and 60°C, 
respectively, after 8 h of incubation. Thermal energy, unlike 
extremes of pH and low water activity, penetrates across 
the cell envelope. Therefore, cellular components of ther-
mophiles have adapted to function at high temperatures. It 
is the activity and stability of cellular components such as 
proteins, ribosomes, nucleic acids and membranes at high 
temperatures that forms the basis of thermophilicity of the 
source organism and thermostability of proteins. In a simi-
lar study, thermostable lipase Lk1 from P. pastoris GS115 
maintained 50% activity after 3 h of incubation (Furqan and 
Akhmaloka 2020). In a recent study, a thermostable lipase 
from Bacillus. thermoruber strain 7 had a half-life of 5 h at 
60°C (Atanasova et al. 2023). Thermostability of lipases 
can be attributed to certain characteristics including a rela-
tively small hydrophobic surface, exposed N- and C-termini 
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loops, strong ion-pairing with arginine residues, hydrogen 
and disulfide bonds, interactions between aromatic pairs and 
hydrophobic interactions (Hamdan et al. 2021).

Lipase activity in the presence of metal ions

The lipase activity of B. subtilis TTP-06 was inhibited by 
each of the metal ions that were investigated. In instance, the 
lipase activity was less inhibited by the addition of 1 mM 
 Ca2+,  Mg2+,  K+,  Fe3+ and  Na+. However,  Hg2+ and  Co2+ 
substantially decreased enzyme activity when compared to 
the control (Table 4). It is most likely because the lipase 
enzyme does not need a cofactor. Salt ions frequently serve 
as cofactors and occasionally, as competitive inhibitors. 
They either increase or decrease the activity of the enzyme. 
Metalloenzymes contain metals that function as electrophilic 
catalysts, stabilize any elevated electron density or nega-
tive charge that might have arisen during reactions. Stability 
of such enzymes is improved by metal ions.  Ca2+ and  K+ 
ions boost lipase activity by causing the enzyme to undergo 
significant conformational rearrangement upon their bind-
ing activity (Wang et al. 2012). Additionally, according to 
a study  Ca2+ ion therapy increased B. subtilis 168 lipase 
activity (Lesuisse et al. 1993).

Structure determination (in silico) of purified lipase

The results obtained from MALDI-TOF–MS analyzed 
by Mascot search had the highest score (53), mass 
(46,556  Da), and protein sequence coverage of 27% 
with Lipase OS (Bacillus sp. OX = 1409) (Fig. 11). A 

higher MASCOT score means that it contains more pep-
tides from a given protein (Sharma et al. 2018). To fore-
cast the 3-D structure of B. subtilis TTP-06 lipase, a tem-
plate-based modeling (homology modeling or comparative 
modeling) method was used. The 3-D structure of lipase 
was predicted by uploading the sequence to ROBETTA 
(https:// robet ta. baker lab. org) server and subsequent struc-
tural analysis revealed the presence of three active site res-
idues, namely serine, aspartate and histidine (Fig. 12). It 
can be assumed that active site residues in purified lipase 
retained the spatial geometry and polar contacts neces-
sary for optimal lipase activity since the in silico study 
identified the presence of the catalytic triad. The gener-
ated structure was verified by ERRAT score (Fig. 13a) 
and Ramachandran plot (Fig. 13b). Figure 13a shows an 
ERRAT score of 95.343% which was quite close to the 
overall quality factor. The plot (Fig. 13b) showed that the 
constructed model is of good quality as 88.1% region of 
Ramachandran plot falls in favored regions. In a similar 
study, the 3 D structure of the lipase from Rhizopus ory-
zae was built using homology modelling. The predicted 
3 D model was validated using the SWISS model valida-
tion server. Ramachandran and ERRAT plots were used 
to assess the amino acid environment and overall quality 
of the model (Ayinla et al. 2022). In another recent study, 
3-dimensional structural model of Aspergillus flavus lipase 
was found to share 34.08% sequence identity with a lipase 
from Yarrowia lipolytica covering 272 amino acid residues 
of the template model (Ezema et al. 2022).

Conclusion and future perspective(s)

Lipase from thermotolerant B. subtilis TTP-06 was puri-
fied to homogeneity and was found to be a dimer of 30 kDa 
by SDS and Native-PAGE analysis. The purified enzyme 
was stable at 55°C for about 8 h. The amino acid sequence 
obtained by MALDI-TOF–MS analysis of purified lipase 
from thermotolerant B. subtilis TTP-06 shared similarity 
with Lipase OS from Bacillus sp. 3-D structure of puri-
fied lipase was determined by performing template-based 
modeling (homology or comparative modeling) which 
revealed the presence of three active site residues (i.e., ser-
ine, aspartate and histidine). An ERRAT score of 95.343% 
verified the generated 3-D structure. Ramachandran plot 
also verified the model quality. The catalytic triad is 
important for protein-substrate interactions so a relation-
ship could be postulated in the structure and activity of 
lipase from B. subtilis TTP-06. Further docking studies 
could be done to study the binding energies of different 
substrates/molecules with the amino acids present in the 
active pocket of the enzyme.

Table 4  Effect of metal ions on the activity of lipase from Bacillus 
subtilis TTP-06

The enzyme was incubated at 55°C in 0.1  M Tris–HCl buffer 
(pH 9.0) for 12.5  min in presence of different metal ions (1  mM) 
separately. A control without metal ion was also run. Values are 
mean ± S.D. of three observations

Metal ion (1 mM) Specific activity 
(U/mg protein)

Relative 
activity 
(%)

Control 15.93 ± 0.78 100
Mg2+ 15.53 ± 0.59 97.5
Na+ 15.26 ± 1.03 95.8
Pb+ 14.44 ± 0.82 90.7
Co2+ 11.82 ± 0.38 74.2
Hg2+ 11.31 ± 0.37 71.0
Fe3+ 15.32 ± 0.86 96.2
Ca2+ 15.59 ± 0.59 97.9
Cu2+ 14.60 ± 0.55 91.7
K+ 14.87 ± 1.21 93.4
Zn2+ 14.83 ± 0.44 93.1

https://robetta.bakerlab.org
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Fig. 11  MASCOT search results 
of MALDI-TOF MS spectrum 
of peptides (tryptic digest) of 
purified lipase from Bacillus 
subtilis TTP-06

Fig. 12  3-D structure of lipase from Bacillus subtilis TTP-06 predicted using ROBETTA server showing active site residues (catalytic triad), 
i.e., serine (purple), aspartate (red), histidine (blue)
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Fig. 13  Model assessment by 
PROCHECK tool (a) ERRAT 
plot and (b) Ramachandran plot 
of lipase purified from thermo-
tolerant Bacillus subtilis TTP-
06. It describes the quality of 
the model and shows that 88.1% 
region of Ramachandran plot 
falls in favored regions, thereby 
specifying a good model quality
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