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Abstract
A highly thermostable alkaline serine protease gene (SPSPro, MN429015) obtained from 
haloalkaliphilic actinobacteria, Nocardiopsis sp. Mit-7 (NCIM-5746), was successfully 
cloned and overexpressed in Escherichia coli BL21 under the control of the T7 promoter 
in the pET Blue1 vector leading to a 20-kDa gene product. The molecular weight of the 
recombinant alkaline protease, as determined by SDS-PAGE and the Mass Spectrometer 
(MALDI-TOF), was 34 kDa. The structural and functional attributes of the recombinant 
thermostable alkaline serine protease were analyzed by Bioinformatic tools. 3D Mono-
meric Model and Molecular Docking established the role of the amino acid residues, 
aspartate, serine, and tryptophan, in the active site of thealkaline protease.The activity of 
the recombinant alkaline protease was optimal at 65 °C, 5 °C higher than its native pro-
tease. The recombinant protease was also active over a wide range of pH 7.0–13.0, with 
a maximal activity of 6050.47 U/mg at pH 9. Furthermore, the thermodynamic param-
eters of the immobilized recombinant alkaline protease suggested its reduced vulnerability 
against adverse conditions under which the enzyme has to undergo varied applications.

Keywords Heterologous expression · MALDI · Recombinant alkaline protease · 
Haloalkaliphilic actinobacteria · Protease structure

Highlights  
• Heterologous expression of Protease gene from haloalkaliphilic Nocardiopsis.
• Characteristics of native, recombinant, and immobilized proteases.
• MALDI-TOF-MS peptide spectra matched with the peptidase/protease.
• 3D structure revealed insight into the active site by docking.
• Immobilization enhanced the stability and activity of recombinant protease.
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Introduction

The thermostable alkaline serine proteases are highly significant in biotechnological 
applications due to their ability to function under a wide range of pH, temperatures, 
and denaturing agents, including solvents. These proteases are specifically suitable for 
silk degumming, detergents, leather processing, food industries, dairy, and wastewater 
treatment [1–4].

A broader temperature range, such as 40–80  °C, facilitates the maintenance and 
cultivation of the microorganisms and bulk production of different metabolites and 
enzymes. Many studies on the variable thermostability of the proteases are reported in 
the literature that includes stability with a half-life of 1 h at 50 °C, 25 min at 60 °C, or, 
in the case of Subtilisin Carlsberg, with a half-life of 2.5 min at 60 °C [5–8]. Recombi-
nation strategies have been used to regulate and manipulate genes to modify proteases 
displaying specificity and enhanced stability, besides probing the structure–function 
relationships of the enzymes. The main objectives of gene cloning and its expression 
in another host are the large-scale production in bulk quantities of specific proteins 
and the elucidation of the structural basis of the function. The aspect is particularly 
fascinating and relevant concerning the cloning and expression of genes from extremo-
philic microorganisms. Escherichia coli is widely used as a mesophilic host to produce 
recombinant proteins due to its highly illustrated genetics and physiology, cost and 
ease of cultivation, and high transformation efficiency [9–11].

Specialized proteins known as chaperonins are produced by some of these organ-
isms, which help in protein folding. Such proteins are also helpful in refolding the 
denatured proteins into their native form to restore their functions under stressful con-
ditions. The cell membrane of thermophiles contains saturated fatty acids, creating a 
hydrophobic environment for the cell and keeping the cell rigid enough to function at 
elevated temperatures [12, 13].

Cloning and expression of protease genes of extremophilic microorganisms into the 
mesophilic host are desirable for expanding the horizons of the applications [14–18]. 
The limitation of the native protease produced in its original host is its optimal pro-
duction during the late exponential growth phase. Furthermore, the complex nutri-
tional requirement of the halophilic actinobacterium makes the process uneconomical. 
To overcome these problems and to achieve higher production of the proteases from 
the haloalkaliphilic actinobacteria, the protease gene was cloned and expressed into a 
mesophilic host, E. coli in this study. The gene expression was analyzed, and recom-
binant alkaline protease was purified and characterized. The recombinant protease was 
then immobilized using chitosan and glutaraldehyde-activated alginate beads, and the 
kinetic parameters of the immobilized enzyme were compared. The protease structure 
was elucidated by SWISS-MODEL, SWISS Dock, and Computed Atlas of Surface 
Topography of proteins (CASTp), establishing the crystal structure and surface topog-
raphy of the enzyme.

The purpose of this study, therefore, was to clone the protease gene of a haloalka-
liphilic actinomycete and investigate its expression in a mesophilic host. The protease 
included in this study was stable under alkaline pH at high temperatures and in the 
presence of detergents. To further investigate the properties of pH and temperature 
stability at the molecular level, the amino acid sequence and its composition were ana-
lyzed [19–27].
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Materials and Methods

Bacterial Strains and Plasmids

The haloalkaliphilic actinobacteria Nocardiopsis sp. Mit-7 (NCIM-5746) was isolated from 
the salt-enriched soil of the Gujarat coast. A gene encoding alkaline serine protease from 
this organism was cloned, expressed, and characterized. Bacterial strains E. coli Novablue 
single and E. coli BL21 (DE3) were obtained from Novagen (USA). The plasmids pST1 
and pET BlueTM1 were used in this study.

The halo-tolerant and alkaliphilic actinomycete, Mit-7, was isolated using enrichment 
techniques from the saline-alkaline soil of the Coastal region of Gujarat in the laboratory 
of Prof. Satya P. Singh, Department of Biosciences, Saurashtra University, Rajkot, India. 
The isolate was characterized based on the Gram reaction, colony morphology, and bio-
chemical characteristics. The actinomycetes displayed a filamentous structure as well as 
the fragmentation of hyphae. The organism was further identified based on 16S rRNA gene 
sequencing as Nocardiopsis sp.

Extraction of the Genomic DNA

Genomic DNA was extracted from the haloalkaliphilic actinobacteria, Nocardiopsis sp. 
Mit-7 (KT008301.1) using a modified soft lysis method (13,18). The extracted DNA was 
further used as the template for amplifying the alkaline protease gene using His tagged 
methylated SPS 16 (forward: ATG CTT CAG TCG GTG TAC GTG TAC CT, reverse: CGG 
TGT AGA GGT TGA GAA CGT TCT AA). The PCR reactions were carried out in a thermal 
cycler (EppendorfMaster Cycler Nexus Gradient, Germany) according to the manufactur-
er’s instructions (Sigma-Aldrich (USA) at varying Tm values. PCR products were purified 
using Gene JET™ Gel Extraction Kit (#K0691, Thermo Fisher Scientific, USA).

Amplicon Sequencing

The alkaline protease gene was sequenced using ABI automated sequencer (Applied 
Biosystem, Macrogen Co., South Korea). The nucleotide sequences were determined by 
Sanger Sequencing Method. The phylogenetic tree was constructed using the neighbor-
joining (NJ) method [28] by MEGA 7.0 software. The Nocardiopsis sp. Mit-7 thermosta-
ble alkaline serine protease gene sequence (MN429015.1:1–972) and the available protease 
gene sequences in the GenBank database depicting the homology were aligned with the 
multiple alignments of the sequences using CLUSTAL_X program [29] using Kimura’s 
two-parameter model [30] with 1000 bootstrap replicates [31].

Cloning of the Alkaline Serine Protease Gene

The alkaline protease gene from the haloalkaliphilic actinobacteria, Nocardiopsis sp. Mit-
7, was cloned using pETBlue-1 Perfectly Blunt® Cloning Kit–Novagen as per the manu-
facturer’s instructions. It enables cloning of DNA with any type of end because all types of 
ends are converted to blunt-, phosphorylated-ends during the End Conversion step. For the 
cloning of the protease gene, two different vectors-pSTBlue-1 and pETBlue™-1, available 
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as AccepTor™ Vector, were used. Both provided easy visualization of the recombinants 
by blue/white screening using lacZ α-complementation. The pSTBlue-1 is a general-pur-
pose vector with dual opposed T7 and SP6 promoters, both with ampicillin and kanamycin 
resistance and an array of flanking restriction sites. The pETBlue-1 vector is a novel plas-
mid specifically designed to enable high-level T7 RNA polymerase-driven expression of 
target genes while providing the convenience of a blue/white screening method (Fig. S5).

The pETBlue vectors are fundamentally a new category of the expression vector, com-
bining the most desirable features of the popular cloning vectors with the full features of 
the T7-driven protein expression. Blue/white visual screening of the recombinants is ena-
bled by inserting the target genes into the lacZ α-peptide coding region in an antisense ori-
entation relative to a modified E. coli. Expression is possible by T7 transcription and trans-
lation signals correctly positioned upstream from the sense orientation of the target gene. 
As with the standard pET vectors, the target proteins are produced by IPTG induction.

The following components were oriented to prepare PCR products for cloning: blunt 
vector (50 ng/µl), positive control insert (4.5 ng/µl), end conversion mix, T4 DNA ligase, 
nuclease-free water, NovaBlue Singles™ Competent Cells, SOC medium, test plasmid for 
transformation (0.2 ng/µl), and Tuner™ DE3 PLac I competent cells. Furthermore, for the 
direct cloning, 2 μl of the reaction was added to the end-conversion reaction after extract-
ing the PCR reaction with chloroform. After removal of the oil overlay, 1 volume chlo-
roform/isoamyl alcohol (24:1) was added to the PCR reaction; the mixture was vortexed 
vigorously for 1 min, centrifuged at 12,000 g for 1 min, and then up to 2 μl of the aqueous 
phase was added to the end conversion reaction. The PCR product was precipitated and 
resuspended in a smaller volume of TE buffer (10 mM Tris–HCl, 1 mM EDTA, pH 8.0). 
To the cooled end conversion reaction, 1 μl Blunt Vector and 1 μl T4 DNA Ligase were 
added. The reaction mixture was incubated at 22 °C for 15 min. To transform NovaBlue 
Singles™ Competent Cells, 1 μl of the ligation reaction was added to ice-thawed Singles 
Competent Cells. To determine the transformation efficiency, 1 μl (0.2 ng) test plasmid was 
added to one of the tubes containing cells. After incubation on ice for 5 min, heat shock 
was given for 30 s in a 42 °C water bath without shaking, followed by the ice treatment for 
2 min. The transformants were screened by colony PCR and blue/white screening. The pro-
teolytic activity of the clones carrying recombinant plasmids was examined on pETBlue1 
on an LB gelatin agar plate after 24 h of growth at 37 °C. The insertion of the PCR product 
into the competent cells was confirmed by the colony PCR using a suitable primer. DNA 
samples were analyzed on 1% agarose gel using a 1-kb DNA ladder (#SM1173, Thermo 
Fisher Scientific, USA).

For the analysis of the gene expression, 100 μl of the clone culture was inoculated in 
50  ml of LB broth containing ampicillin (50  μg/ml). Cultures were grown overnight at 
37 ºC at 180 rpm in an orbital shaker. The growth was monitored by the optical density at 
660 nm and normalized up to 1. After normalizing the optical density, the cultures were 
re-inoculated into 3 different flasks containing fresh 100-ml LB + ampicillin medium. 
The flasks were supplemented with 0.5 mM, 1.0 mM, and 2.0 mM IPTG (isopropyl-β-D-
thiogalactopyranoside), respectively, to investigate the induction effect. The culture flasks 
were then incubated at 37  °C at 180  rpm. The cultures after the growth were diluted to 
normalize O.D. up to 1 at the time intervals of 0 h, 2 h, 4 h, 6 h, 8 h, and 24 h. The culture 
aliquots were centrifuged at 10,000 rpm/10 min, and the pellets were washed twice with 
PBS buffer (7 pH). The cell suspensions were then sonicated using the Ultrasonic Homog-
enizer LABSONIC M, 100 W (Sartorious Stedium Biotech, France), with the intensity of 
100 and 5 cycles of 5 min each. The contents were centrifuged at 10,000 rpm/15 min to 
separate the soluble protein fractions and inclusion bodies and the cell debris. An insoluble 
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protein fraction was recovered by treating the pellets with 8 M urea and incubating them 
at 4 °C for 24 h. Proteins in inclusion bodies were denatured by urea. The urea-denatured 
fractions were allowed to refold after the gradual and slow removal of urea by dialysis as a 
renaturation process.

Media and Growth Conditions

The native alkaline protease was produced by the haloalkaliphilic actinobacterium strain, 
Mit-7, using gelatin broth (500 ml) that contained g/l: gelatin, 10; peptone, 5; yeast extract, 
5; NaCl, 50; pH 9 adjusted by adding the appropriate volume of the separately autoclaved 
20%, w/v  Na2CO3. It was followed by incubation at 37 ºC on a rotary shaker at 120 rpm. 
The protease production was monitored for 14  days. The crude enzyme (the cell-free 
extract) was obtained by centrifugation at 5000 rpm for 10 min.

For recombinant protease, the actinobacterium was aerobically grown in 50 ml of the 
actinobacterial selective medium with 5% salt at 28 °C with 120 rpm shaking. After 2 days 
of cultivation, the culture was harvested, and DNA was isolated by the soft lysis method, 
as described by Sambrook et al., with few modifications. The detailed method is described 
below.

The actinomycete was grown in yeast extract-malt extract (YEME) broth supplemented 
with 5% salt at pH 9.0 and 28–30 °C for 2–3 days. The growth of the organism was moni-
tored by the absorbance at 600  nm. Parallelly, for the determination of cell dry weight, 
20 ml of the culture broth was centrifuged, and the pellet was washed and dried at 60 °C 
till constant weight. Furthermore, for the extraction of the genomic DNA, the culture ali-
quots were centrifugated for 15 min at 10,000 rpm to obtain cell pallets to be suspended in 
the STE buffer. The cell suspension was centrifuged at 10,000 rpm, and the pellets were re-
suspended in GET buffer with SDS (20%) and lysozyme solution (10 mg/ml in Tris–Cl pH 
8) followed by incubation for 2 h. This was followed by P/C/I (phenol/chloroform/isoamyl-
propanol) and C/I extraction steps. The DNA was pooled by adding 3 M potassium chlo-
ride and chilled ethanol. The pooled DNA was then suspended in an appropriate volume of 
distilled water and preserved at − 20 °C. During the DNA extraction process, RNAse and 
Proteinase K (100 μg/ml) were also used to enhance the purity and quality of the genomic 
DNA. The quality of the DNA was analyzed by spectrophotometry and agarose gel (0.8%) 
electrophoresis.

The extracted DNA was then used as a template for amplifying the alkaline protease 
gene using forward: ATG CTT CAG TCG GTG TAC GTG TAC CT and reverse: CGG TGT 
AGA GGT TGA GAA CGT TCT AA primers. For the PCR reaction, 1  μl of the genomic 
DNA (~ 50 ng), 2.5 μM (1.0 μl) of each primer, 12.5 μl of the 2 × PCR Master Mix (Ther-
mofisher), and nuclease-free water (to make up 25.0 μl) were included in a total volume of 
25-μl reaction mixture. Master Mix contained an optimized concentration of Taq Polymer-
ase, individual dNTPs, reaction buffer, and 2 mM  MgCl2. The PCR reaction was carried 
out in a Gradient Master-Thermal Cycler (Eppendorf USA). The PCR steps included the 
following: 1st step 95 ºC for 1 min, 2nd step 94 ºC for 1 min, 3rd step 60 ºC for 1 min, and 
4th step 72 ºC for 1.30 min. Steps 2–4 were carried out for 35 cycles, followed by the final 
step at 72 ºC for 10 min and at 4 ºC to hold. The PCR products were analyzed on 0.8% 
agarose gel electrophoresis and purified by the Gene JETTM Gel Extraction Kit (#K0691, 
Thermo Fisher Scientific, USA).

Escherichia coli strains were grown in LB media at 37 °C for 24 h. For protease heter-
ologous expression, the recombinant E. coli were grown overnight in LB broth containing 
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50 µg/ml ampicillin and 30 µg/ml kanamycin at 37  °C and 180  rpm. The protease gene 
was expressed by adding 1 mM IPTG (isopropyl β-D-thiogalactopyranoside) after 2 h of 
growth. The effect of temperatures, incubation periods, and IPTG concentrations on the 
protease gene expression was studied. The bacterial growth was monitored at 600 nm. The 
intracellular and extracellular fractions of the clones harboring recombinant alkaline serine 
protease were analyzed for protease activities.

Purification of the Native Protease

The native extracellular alkaline protease from Mit-7 was purified by two steps, ammo-
nium sulfate precipitation followed by hydrophobic interaction chromatography using phe-
nyl sepharose 6FF. The purified protease was eluted with 0.1 M sodium phosphate buffer, 
pH 8.0, containing a decreasing gradient of ammonium sulfate (1000–100 mM). Fractions 
at a flow rate of 0.8 ml  min−1 were collected and analyzed for protease activity. The final 
enzyme preparations from the two-step purification methods displayed a single band on the 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) [32].

Preparation and Estimation of the Extracellular and Intracellular Protein

The bacterial cultures were centrifuged at 5000 rpm for 10 min, and the supernatants were 
taken as an extracellular fraction. The cell pellets were then washed and resuspended in a 
lysis buffer (Tris–HCl buffer pH 8) and disrupted by sonication using a Lab sonic M Ultra-
sonicator for 15 s, 50 Hz each for 10 cycles. Finally, the cell-free proteins were separated 
by centrifugation at 10,000 rpm for 10 min and considered as the intracellular protein con-
tent. The protein was estimated using the Bradford method [33]. The recombinant alkaline 
serine protease activity was found in the intracellular fraction.

Purification of the Recombinant Protease

Native protease was purified by conventional methods, while a provision for the polyhisti-
dine tag was used for the purification of the recombinant protease. Thus, the recombinant 
protease from the intracellular fraction of E. coli BL21(DE3)-pET Blue™ 1 was purified 
with the help of a His-Tag purification column (#06,781,535,001, Sigma-Aldrich, USA) 
and was used at a faster flow rate of 2.5 ml  min−1, eluted with phosphate buffer (0.1 M, pH 
7.5) at a flow rate of 2.5 ml/min. The active fractions were monitored for protease activity. 
Complete His-Tag Purification Columns included a Sepharose-based, pre-charged, ready-
to-use  Ni2+ chelate resin to purify His-tagged proteins. It yielded highly pure protease from 
the crude lysates in a single step.

The purity of the native and recombinant alkaline proteases was judged on SDS-
PAGE according to Laemmli’s (1970) method [32]. The protein bands were visualized 
by Coomassie brilliant blue R-250 staining, and the molecular weight of the protease was 
determined using protein markers (#11,802,124, Fermentas).

MALDI Analysis

Matrix assisted laser desorption ionization imaging mass spectrometry (IMS) is a power-
ful tool to rapidly and accurately analyze and identify proteins. In the MALDI experiment, 
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peptides were generated by digesting the protease with sequence-specific trypsin. The pep-
tides were then analyzed by MALDI-TOF Mass Spectrometer to get insight into the peptide 
masses. The data of the experimental analysis was compared with the database containing 
peptide masses of a given organism generated by the same sequence-specific protease. Due 
to soft-ionization, the ionized molecules show fragmentation of the analytes, leading to 
the identification of the molecular ions in the mixtures. The Mascot Score for the proteins 
generated by the MALDI TOF MS/MS analysis predicted the unique peptides match with 
the significant query coverage.

The analysis was carried out using a Thermo Scientific Orbitrap Elite Mass Spectrom-
eter and Bruker Autoflex MALDI-TOF Mass Spectrometer at the Proteomics and Mass 
Spectrometry Facility, University of Georgia, Athens, Georgia, USA.

Structural Attributes of the Recombinant Alkaline Serine Protease

The three-dimensional structure of a protein determines its specific function. Experimental 
determination of the protein structure is an expensive and time-consuming process. There-
fore, the computational structure modeling of the genomic data was used to generate a 3D 
model structure of the alkaline serine protease by the SWISS Model. The SWISS Model 
was developed by the Computational Structural Biology Group at the SIB Swiss Insti-
tute of Bioinformatics at the Biozentrum, University of Basel (https:// swiss model. expasy. 
org) [34]. Since a protein model building is error-prone and thus can affect the conclu-
sions regarding the structural stability of the protein, the Ramachandran plot was gener-
ated to analyze the stability of the protein structure [35]. Furthermore, the most favored 
structure was analyzed using CASTp (Computed Atlas of Surface Topography of proteins). 
It analyzes four aspects of the query protein: (i) imprints of the negative volumes of pock-
ets, cavities, and channels; (ii) topographic features of biological assemblies in the Protein 
Data Bank; (iii) improved visualization of the protein structures and pockets; and (iv) more 
intuitive structural and annotated information, including information of secondary struc-
ture, functional sites, variant sites, and other annotations of protein residues [36].

Protease Assay

To estimate protease activity, the cloned E. coli was cultured on a nutrient agar medium 
containing 3% gelatin. The addition of Frazier reagent gives a clear zone of gelatin hydrol-
ysis against a white background. Protease was quantitatively assayed by the modified Han-
son-Hagihara method [37]. One unit of protease was defined as the amount required to 
liberate 1 µg/ml of tyrosine per min.

Biochemical and Kinetic Studies of the Native and Recombinant Proteases

Protease activity was monitored at various temperatures in the range of 30–80  °C. The 
effect of pH was determined by using different buffer systems (20 mM phosphate buffer, 
pH 6–8; 20 mM glycine–NaOH buffer, pH 9; 20 mM borax-NaOH buffer, pH 10–11, and 
20 mM KCl-NaOH buffer, pH 12–13). Enzyme activities were expressed in relative terms. 
For the kinetic analysis, the reactions were carried out at different concentrations of casein 
in the range of 0–10 mg. Km and Vmax were calculated from the Lineweaver–Burk plots. 
The activation energy was calculated from the Arrhenius plot.

https://swissmodel.expasy.org
https://swissmodel.expasy.org
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Catalysis and Stability of Native, Recombinant, and Immobilized Proteases

pH

The catalysis of the native, recombinant, and immobilized proteases was investigated using 
sodium phosphate buffer (pH-7 and 8), glycine–NaOH buffer (pH-9), borax-NaOH buffer 
(pH-10), and KCl-NaOH buffer (pH-12 and 13). Casein (0.6%, w/v) prepared in buffer sys-
tems of different pH was used as substrate, and the protease assay was carried out at 60 °C 
for 10 min.

The stability of the native, recombinant, and immobilized proteases was assessed by 
incubating the enzymes in different buffer systems for 6 h. The residual protease activities 
were monitored at 1-h intervals for 6 h. The deactivation rate constant (k) was calculated 
from the semi-logarithmic plot of the residual activities as a function of time.

Temperatures

For temperature profiling, native, recombinant, and immobilized proteases were assayed at 
temperatures in the range of 30–80 °C. The reaction mixtures containing 0.6%, w/v, casein 
solution prepared in 20 mM Borax–NaOH buffer, pH 10, and 0.1 ml of the protease sam-
ples were incubated at various temperatures for 10 min.

The activation energy (Ea) for the thermal inactivation was calculated from the slope of 
the Arrhenius plot according to the equation:

where k is the rate of inactivation at T, R, gas constant (8.314 J  mol−1  K−1), and T is the 
absolute temperature in Kelvin. The operational stability of the native, recombinant, and 
immobilized proteases at various temperatures was examined as described above. The 
deactivation rate constant (k) was calculated from the semi-logarithmic plot of the residual 
activities as a function of time.

Effect of Solvents, Inhibitors, and Surfactants on the Protease Activity

The influence of various effectors on the activities of the native and recombinant proteases 
was studied under standard assay conditions, where the reaction mixture was supplemented 
with 50% (v/v) benzene (log Pow 2.1) and methanol (log Pow -0.75), 10 mM of inhibitors: 
phenyl methyl sulfonyl fluoride (PMSF), ethylene diamine tetra acetate (EDTA), dithiothri-
onine (DTT), and β-mercaptoethanol. The surfactants, triton X-100 and tween-80 at 0.5% 
(v/v) and SDS at 0.5% (w/v), were used. The effect was assessed by considering the control 
(without inhibitors and surfactants) as 100%.

Immobilization of the Recombinant Protease

One gram of chitosan was added to 0.1 M HCl (2.5 ml) containing glutaraldehyde (2.5%, v/v) 
and shaken for 2 h at 30 °C. The solubilized chitosan was mixed with a sodium alginate solu-
tion loaded with 500 U of protease (A). After incubation for 30 min, with the help of a syringe, 
tiny beads were prepared by dropping the alginate solution in 0.1 M  CaCl2. The resultant beads 
(I) were washed and stored in 20 mM Borax-NaOH buffer (pH-10) at 4 °C for 24 h to remove 
the unbound protease (B). Recovery activity compares the activity yield of the immobilized 

logk = −Ea∕(2.303RT)



7591Applied Biochemistry and Biotechnology (2023) 195:7583–7602 

1 3

enzyme and the activity yield of the free enzyme. The immobilization yield and respective 
recovery activity were calculated by the equations: Immobilizationyield = A − B∕A ∗ 100 
and Recoveryactivity = (I∕A − B ∗ 100) , where A, B, and I were designated as loaded, 
unbounded, and immobilized proteases [38].

Results

Amplification and sequencing of the alkaline serine protease gene

The alkaline serine protease gene was PCR amplified and sequenced. The sequence was sub-
mitted to GenBank with the accession number MN429015.

Structural Attributes of the Alkaline Serine Protease

The protease gene sequence shows high similarity with trypsin-like serine proteases from 
Nocardiopsis sp. TSRI0078, Nocardiopsis sinuspersici, Nocardiopsis halotolerans, Nocardi-
opsis arvandica, and MULTISPECIES: trypsin-like serine protease.

A 3D monomeric model structure of the reported thermostable alkaline protease 
(MN429015) was generated using SWISS Model (Fig. S3 (a)).The structure was created using 
3WY8.1.A serine protease monomer and 3cp7.1. An alkaline serine protease AL20 homodi-
mer from an extremophilic microorganism was used as a reference. Based on the analysis of 
the Ramachandran Plot, the stability of the proposed structure was established. The proposed 
model suggests that most residues belong to the most favored and additionally allowed region, 
while six residues were in the least allowed regions, and only two residues were located in the 
disallowed region (Fig. S3 (b), suggesting a stable protein structure. Furthermore, molecular 
docking of the most favored model of the alkaline serine protease revealed that the active site 
contained aspartate, serine, and tryptophan residues (Fig. 3).

Figure S3(c) illustrates the FTIR of the immobilized recombinant protease. FTIR has eluci-
dated the structural changes during the immobilization of protease and trypsin. Furthermore, 
the amide I and amide II bands were least affected during the immobilization retaining their 
functionality [38].

Expression of Alkaline Serine Protease Gene from Nocardiopsis alba Mit‑7.

The pET blue™ 1 plasmid-harboring 1000 bp DNA fragment of the alkaline serine protease 
gene (Gene Bank accession number MN429015) with promoter and terminator region was 
expressed in E. coli BL21 (DE3) on LB agar plates containing 3% gelatin (Fig. S1 (a), S1 (b)). 
Furthermore, the colony PCR confirmed approximately 1000 bp of the insert in the recom-
binant plasmids (Fig. S1 (c)). A maximum protease activity of 223.80 U/ml was detected in 
the intracellular fraction with 0.1 mM IPTG induction and 4 h of growth at 37 °C, further 
depicted in the form of percent residual activities (Fig. S1(d).

Purification of the Native and Recombinant Protease

The optimum growth and protease production were achieved after 7 days of the incuba-
tion. The protease in the culture filtrate was precipitated by ammonium sulfate followed by 
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the hydrophobic interaction chromatography using Phenyl Sepharose 6FF. The two-step 
purification method yielded 51.17-fold purification, 21.62% yield, and a specific activity of 
6050.48 U/mg for the native alkaline protease (Table 1). The recombinant alkaline protease 
was extracted by sonication of E. coli BL21 (DE3)-pET Blue™ 1. A purification fold of 
56.41 was achieved by His tag purification, with 82.64% yield (Table 1). The protein pro-
file of the purification was analyzed by SDS-PAGE stained by Coomassie blue. The puri-
fied protease exhibited a single band on SDS-PAGE with approximate molecular weight of 
34 kDa. The zymogram confirmed the location of the band of the protease activity (Fig. 1). 
The comparative properties of both proteases are displayed in Table 2.

MALDI Analysis

MALDI analysis revealed that the functional groups of the present alkaline serine protease 
corresponded with the proteases/peptidases of Nocardiopsis sp. and Bacillus sp. with the 
mascot score of 268.99 and 194.52, respectively. A total of 14 peptide spectra matched 
with the peptidase/protease, and the theoretical peptide mass was estimated as 34.2 kDa 
(Fig. S2).

Characteristics of the Native and Recombinant Proteases

The native and recombinant proteases had reasonably good activities over a wide range 
of temperatures, 30–90 °C (Table 3). Both, the native and recombinant proteases, exhib-
ited significant maximum activities of 234 U/ml and 682.5 U/ml, respectively, at pH 10 
in borax-NaOH buffer. The relative activities of the native alkaline protease were 19.23, 
26.92, 80.45, 51.60, 32.05, and 28.84% at pH 7, 8, 9, 11, 12, and 13, respectively. Simi-
larly, for the recombinant alkaline serine protease, the relative activities were 28.57, 42.86, 
87.36, 62.53, 44.72, and 30.22% at pH 7, 8, 9, 11, 12, and 13, respectively (Fig. 2).

The effects of various denaturing agents on the native and recombinant proteases are 
illustrated in Fig. S6. PMSF almost completely inhibited the native and recombinant pro-
teases, suggesting its serine nature. On the other hand, in the presence of EDTA, DTT, and 
β-mercaptoethanol both, native and recombinant proteases, were significantly stable with 
an average of 76%, 68%, and 69% residual activities, respectively. While in the presence of 
triton X-100, tween 80, SDS, benzene, and methanol, the native and recombinant proteases 
had average of 94%, 79%, 66%, 86%, and 55% residual activities, respectively (Fig. S6).

Immobilization of the Recombinant Protease

The immobilized recombinant protease showed a lower deactivation rate constant at higher 
temperatures, suggesting its enhanced thermostability. At 70 °C, half-life of the free and 
immobilized recombinant proteases was 84 and 480  min, respectively (Table  3). At pH 
13, free recombinant protease had 30% residual activity, while the immobilized protease 
displayed above 50% residual activity (Fig. S6).Immobilized protease had higher activities 
in various denaturing agents, such as solvents, surfactants, and inhibitors. More than 80% 
relative activity was recorded in 50% methanol (Log Pow -0.75), which is higher than free 
recombinant protease. The immobilized protease retained 80% relative activity in 0.5 g/ml 
SDS, as compared to 66% relative activity of the free recombinant protease under the same 
condition (Fig. S6).
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The immobilization efficiency was calculated as per the equation mentioned in 
the methods. The immobilized protease had 95% immobilization yield with 75% 
recovery activity. Loaded protease A = 100 (U/15  ml gel), unbound protease B = 5 
(U/15 ml gel), immobilized protease (U/15 ml gel) I = 75 (U/15 ml gel), lost protease 
activity = A-B-I = 20 (U/15  ml gel). Immobilizationyield = A − B∕A ∗ 100 = 95(%) , 
Recoveryactivity(I∕A − B ∗ 100) = 75(%).

1 2 3 4 5

Alkaline serine 
protease

70
60

50

40

30

25

20

15

10

KDa

Fig. 1  Visualization of the alkaline serine protease on SDS-PAGE stained with Coomassie brilliant blue 
R-250. Lane 1 protein ladder, Lane 2 purified native protease, Lane 3 crude native protease, Lane 4 purified 
cloned protease from Escherichia coli BL21, Lane 5 total protein profiles of cloned E. coli BL21 harboring 
pET plasmid

Table 2  Comparative properties of the native and recombinant alkaline proteases

Comparative properties of the native and recombinant proteases

Native protease Recombinant protease

Organism name Nocardiopsis sp. Escherichiacoli
Optimum growth temperature 28 °C 30 °C
Optimum activity temperature 60 °C 65 °C
Optimum activity pH pH 10 pH 10
Purification method Phenyl sepharose 6 FF 6 His tag purification
Protease activity in crude 25 U/ml 199.5 U/ml
Protease activity in purified protease 274.1 U/ml 659.50 U/ml
Fold purification 51.17 56.41
% yield 21.92 82.64
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Kinetic Parameters of the Native, Recombinant, and Immobilized Protease

The Km of the native protease was estimated as 0.0115 mg/ml and maximum velocity 
as 134 µM/s based on the Lineweaver–Burk plots. For the recombinant protease, these 
values enhanced to 0.02  mg/ml and 195  µM/s hydrolyzed casein, respectively. While 
immobilized recombinant protease had Km 0.09 and Vmax 265  µM/s. The standard 
deviations were 0.09, 0.75, and 0.07 for the native, recombinant and immobilized pro-
teases respectively. The values of standard deviation indicated a limited spread of data.

Discussion

An alkaline protease gene from haloalkaliphilic actinobacteria was cloned, sequenced, 
and expressed in the mesophilic host, E. coli. The recombinant protease was charac-
terized by its expression, catalysis, stability, and structural traits. The structure of the 
protease was elucidated using bioinformatics tools. This study represents the first of its 
kind for an alkaline serine protease from haloalkaliphilic actinobacteria Nocardiopsis. 
Earlier, SapRH protease gene encoding a serine alkaline protease, SAPRH (GenBank: 
KR706502.1), from Bacillus safensis RH12, was sequenced and analyzed [39]. The 
deduced amino-acid sequence had strong homology with other Bacillus proteases [40].

Table 3  Temperature and pH profile of the native, recombinant, and immobilized recombinant proteases

Native protease Recombinant protease Immobilized recombinant 
protease

Vmax (µM/s) 134 195 265
Km (mg/ml) 0.0115 0.02 0.09
Stand. deviation (σ) 0.09 0.75 0.07
Temperature Kd t1/2 min kd t1/2 min Kd t1/2 min
30 °C 5.11E − 04 1.36E + 03 4.86E − 04 1.43E + 03 1.86E − 04 3.72E + 03
40 °C 7.58E − 04 9.15E + 02 6.12E − 04 1.13E + 03 2.09E − 04 3.32E + 03
50 °C 1.19E − 03 5.81E + 02 1.20E − 03 5.78E + 02 3.73E − 04 1.86E + 03
60 °C 2.38E − 03 2.91E + 02 2.36E − 03 2.93E + 02 4.22E − 04 1.64E + 03
70 °C 8.65E − 03 8.01E + 01 8.18E − 03 8.47E + 01 1.44E − 03 4.81E + 02
80 °C 3.15E − 02 2.20E + 01 1.14E − 02 6.06E + 01 5.24E − 03 1.32E + 02
90 °C 5.43E − 02 1.28E + 01 4.27E − 02 1.62E + 01 1.38E − 02 5.03E + 01
pH

  pH-7 1.65E − 01 4.82E − 01 1.25E − 01 6.01E − 01 5.01E − 02 9.99E − 01
  pH-8 1.31E − 01 5.81E − 01 8.47E − 02 7.71E − 01 3.47E − 02 1.16E + 00
  pH-9 2.18E − 02 3.18E + 01 1.35E − 02 5.13E + 01 2.39E − 03 2.90E + 02
  pH-10 – – – – – –
  pH-11 6.62E − 02 1.05E + 01 4.70E − 02 1.48E + 01 5.90E − 03 1.18E + 02
  pH-12 1.14E − 01 6.09E + 00 8.05E − 02 8.61E + 00 2.89E − 02 2.40E + 01
  pH-13 1.24E − 01 5.57E + 00 1.20E − 01 5.79E + 00 6.67E − 02 1.04E + 01
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The knowledge of the structure of a protein is instrumental to gain information 
about the molecular basis of its function [39]. The three-dimensional structures of the 
recombinant protease in this study were created using SWISS MODEL, which relies 
on the open computational structural biology framework [41]. The Ramachandran Plot 
provided fundamental information on the stability of the predicted protein structures 
and their validation. The conformational versatility of the protein backbone was gener-
ated by the possibility of modulating the dihedral angles φ, ψ, and ω with a diversified 
level of variability. In the line of a typical good model, the selected models possess the 
most residues in the most favored region, with only a few residues within the disal-
lowed regions [42]. Protein homology modeling and molecular docking were useful in 
predicting the protein structure and function [43]. The docking simulations data allowed 
insight into the involvement of some key amino acids in the substrate binding account-
ing for the selectivity [44]. Since the purified Mit-7 protease was identified as a serine 
alkaline protease, serine residue played a central role in the breakdown of the peptide 
bonds. In the cleavage of the peptide bonds, serine functions as the nucleophilic region 
at the protease active site [45], while some other residues, such as a pair of histidine 
residues bond with the serine residues at the active site [46]. The presence of a ser-
ine residue in the active site proved the serine nature of the protease, while the direct 

R
el
at
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Fig. 2  Relative activities of native (closed dot with sleeping line), recombinant (closed square with sleeping 
line), and immobilized recombinant (closed triangle with sleeping line) proteases at different pH
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involvement of aspartate was established earlier with serine protease activity [47]. For 
the first time, the involvement of arginine and tryptophan in the active site of the alka-
line serine protease is established based on the structural model generated by molecular 
docking.

The 3D structural model of the protease was validated by the structure analysis tool of 
the SWISS-MODEL used to search templates for homology modeling. Swiss Model and 
Docking simulate the data and allow the involvement of certain pivotal amino acid/s in 
substrate specificities and binding abilities along with the quality estimation based on the 
single model [48] (Fig. 3).

Mass spectrometry imaging (MSI) provided label-free, non-targeted molecular and spa-
tial information on the biomolecules. Matrix-assisted laser desorption/ionization (MALDI) 
imaging mass spectrometry (IMS) proved as a powerful tool for the analysis of the protease 
structure [49]. The in  vitro analysis can provide information about substrate recognition 
signals and conditional effects. The protein imaging provides significant clues on protein 
identification and substrate trapping capabilities [50].

Molecular cloning is an essential technique in molecular biology to construct recom-
binant DNA molecules [51]. The pET Vector system having gene encoding T7 RNA 
polymerase was used for the protease expression in E. coli BL21 (DE3). Various factors 
affect and control the level of the expressed protein and its cellular solubility [52]. The 
factors affecting the expression of the protease gene were investigated concerning the 
level of induction, growth temperatures, and growth kinetics. The highest expression of 
the protease gene was found after 4 h of growth at 37 °C with 0.1 mM IPTG induction. 
The 34 kDa protease of haloalkaliphilic actinobacteria, Nocardiopsis sp., was cloned and 
overexpressed in E. coli BL21 (DE3) in pET vector. In a similar context, a 38-kDa pro-
tease from Bacillus sp. was expressed in E. coli BL21 (DE3) using pET vector [53]. Fur-
thermore, AmyLa α-amylase gene from Laceyella sp. DS3 was expressed in E. coli BL21, 
maximally after 4 h of adding 0.02 mM IPTG at 37 °C [54].

The Km and Vmax of the recombinant thermostable alkaline serine protease were 
0.02  mg/ml and 195  µM/s, respectively. A deactivation rate constant of 3.0689E − 3 at 
high temperatures suggests the enzyme’s thermostability with t1/2 of 225.21 min at 70 °C 
(Table 3). The values were significantly higher than a recently reported recombinant serine 

Fig. 3  Active site prediction of the alkaline serine protease SPSPro by Molecular Docking
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alkaline protease, which has a t1/2 of 120 min at 70 °C [55]. Both, the native and recombi-
nant proteases, were most active in the alkaline range of pH 9–10, with significant residual 
activities at pH 8 and 11. In nutshell, the native and recombinant proteases were active over 
a wide range of pH 7–13, the highest activity being at pH 9–10 (Fig. 2). In a similar con-
text, the expression of an alkaline serine protease in E. coli BL21 (DE3) with pET28a( +) 
vector revealed the optimum activity at 55 °C and pH 11.0 [56]. In general, the recombi-
nant enzymes are expected to retain similar properties to their native counterparts. Overall, 
it can be stated that both native and recombinant proteases displayed high activity and sta-
bility under various conditions.

With various surfactants, triton X-100, tween 80, and SDS, the native and recombinant 
proteases were quite stable. Both proteases were also stable in solvents of different log 
Pow. The solvent stability of the proteases makes them a promising candidate for biodegra-
dation and bioremediation [57]. With triton X-100, the residual activities of the native and 
recombinant proteases were above 90%. Similarly, Tween-80 did not significantly affect the 
stability of both forms of the proteases. However, SDS at higher concentrations projecting 
strongly basic character negatively affected the native as well as recombinant proteases. 
The solvents with higher log Pow values, such as benzene and surfactants, only marginally 
affected the activity and stability of the proteases. Nevertheless, the enzymes were margin-
ally inhibited by methanol of log Pow − 0.75. With the increasing log Pow of the solvents, 
the toxicity adversely affects the alkaline serine proteases [58].

Immobilization of enzymes is expected to enhance the shelf-life, stability, and catalytic 
features of the enzyme. [59]. Immobilization enhances enzyme activity and stability by 
making it less vulnerable to adverse environmental changes. The recombinant free protease 
and immobilized protease have Km values of 0.02  mg/ml and 0.09  mg/ml, respectively. 
In a similar context, Km of an alkaline serine protease from halophilic actinobacteria did 
not significantly change probably due to the substrate recognition signal with the specified 
substrate [60]. The half-life of the immobilized recombinant Mit-7 protease was 480, 329, 
and 116 min at 60, 70, and 90 °C, respectively. However, the half-life of the enzyme in this 
study was quite higher than a recently reported thermophilic lipase from Serratia rubidaea 
strain Nehal-mou [61].

The recombinant and immobilized alkaline serine proteases in this study had high activ-
ities and stability in various solvents, detergents, and denaturing agents, which make them 
suitable candidates for detergent formulations and other applications. Alkaline proteases 
are considered promising candidates for industrial sectors due to their activity and stabil-
ity under alkaline and harsh environment [7, 62, 63]. Halotolerant proteases from marine 
bacterium Vibrio sp. LA-05 are useful in liquid detergent formulations [62]. Furthermore, 
the use of immobilized protease for dairy and wastewater treatment can be widely appli-
cable for industrial applications [7]. A subtilisin-like serine protease displayed effective 
properties suitable for detergent industries [64]. In recent times, there appears to be a shift 
from the purification of enzymes to cloning and protein engineering to meet the expanding 
needs.

This study, in nutshell, describes the heterologous expression of a highly thermostable 
alkaline serine protease from Nocardiopsis sp. in E. coli. The recombinant enzyme was 
purified, immobilized, and characterized. The recombinant protease had improved thermo-
stability compared to the native enzyme. The kinetic and thermodynamic parameters were 
elucidated for the immobilized recombinant protease suggesting its enhanced stability. The 
Swiss Model and Docking simulations data provided insight and suggested the involve-
ment of certain key amino acids in substrate binding and selectivity. The study assumes 
significance as only limited information is available on the diversity and phylogeny, in 
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general, and kinetics and structural aspects of the proteases, particularly of the haloalka-
liphilic microorganisms from the saline habitats [65–68].
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