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A B S T R A C T

Protease is widely used in various industrial applications to hydrolyze the peptide bonds in protein molecules.
The appropriate biochemical characteristics of the proteases for the industry, especially thermostability of the
enzyme, are the key requirement for the potential applications. Therefore, we identified, expressed, purified and
characterized the recombinant protease from thermophilic bacteria, Thermomonospora curvata (Tcsp). We
identified the putative gene of serine protease from the genome of T. curvata. Tcsp which without signal peptide
was expressed and purified from E. coli as a soluble form. Here, we report that Tcsp worked efficiently at 70 °C
and pH 10. The Km for azocasein was 0.94mg/ml, and Vmax was 605.04 unit/mg. We also show the thermal
stability of Tcsp after heat treatment at various temperatures indicating that Tcsp is a thermostable protease. To
elucidate whether Tcsp is still active after the pre-incubation with surfactants at high temperature, Tcsp was pre-
incubated in the presence of nonionic, cationic, anionic and amphionic surfactants at high temperature to give
insight into the applications in the detergent industry. Tcsp shows significant residual activity after the pre-
incubation with surfactants at high temperature, especially after the pre-incubation with nonionic surfactants.
The key point of this study is that the first protease gene from T. curvata was intracellularly expressed in E. coli
and the protease was purified with time-saving strategies. The potential biochemical characteristics of Tcsp are
shown for future industrial applications.

1. Introduction

The proteases from microorganisms are widely used for industrial
applications, for example, leather, pharmaceuticals, protein processing,
foods, diagnostic reagents, and peptide synthesis industries. (Kirk et al.,
2002; Ward and Moo-Young, 1988; Zhou et al., 2018; Dayanandana
et al., 2003; Cabeza et al., 1988; Samal et al., 1990). Because of the
applications in various industries, protease production accounts for a
huge proportion of overall industrial enzyme production (Kirk et al.,
2002). Among the proteases in industry, serine protease is extensively
applied in detergents as a cleaning additive to facilitate the degradation
process of remaining protein stains and enhances the efficiency of the
detergents. (Banerjee et al., 1999; Saeki et al., 2007; Fuhrmann et al.,
2006). The serine protease may attack the substrate differently de-
pending on the substrate specificity pocket. The hydrophobic specificity
pocket may efficiently bind to the substrate with hydrophobic amino
acids whereas the hydrophilic counterpart may tightly bind with the

charged or hydrophilic amino acids (Mukherjee et al., 2008).
Several serine proteases used in industry are produced by Bacillus

sp., for instance, B. licheniformis and B. subtilis (Chatterjee, 2015;
Abdulrahman, and Yasser, 2004; Sellami et al., 2008; Chouyyok et al.,
2005). The mentioned bacteria produce alkaline serine proteases with
an optimum pH of 8–10, an optimum temperature at 40 °C - 50 °C and
stability in the presence of a chelating agent (EDTA) and surfactant.
However, an enzymatic activity of the serine protease from Bacillus sp.
is significantly lost when the enzyme is treated at high temperatures for
a long incubation period. Although the high stability of serine protease
produced from B. pumilus MCAS8 and Bacillus sp. Ak.1 has been re-
ported, the residual activity of the enzymes remains only approximately
50% after incubation at 60 °C - 70 °C. The crystal structure of the serine
protease from Bacillus sp. Ak.1 suggests that there are specific sites
observed which provide substantially enhanced thermostability (Smith
et al., 1999). Therefore, the applications at a high temperature of some
serine proteases from Bacillus sp. may be limited because of their
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thermal instability at high temperature after long incubation periods
(Uyar and Baysal, 2004).

The thermostable proteases from the hyperthermophilic archaeon,
Thermococcus kodkarensis, have been reported for their biochemical
characteristics and structures (Pulido et al., 2007a, 2007b; Tanaka
et al., 2008, 2009). The members of Thermococcus are naturally pre-
sent in high-temperature environments and are therefore considered to
play a major role in the ecology and metabolic activity under the high
temperature of an ecosystem (Spaans et al., 2015). From the genome,
the thermostable serine protease, Tk-subtilisin, has been extensively
studied. The Tk-subtilisin is a highly thermostable protease at an op-
timum temperature and pH of 80 °C and pH 9.5, respectively. The
crystal structure of Tk-subtilisin has shown seven calcium binding sites
which the calcium binding site-1, site-2, and site-3 are suggested to
have a role for the thermostability of the enzyme, especially the calcium
binding site-1 (Pulido et al., 2006).

To apply proteases for detergent formulations, the resistance of
proteases to surfactants has been investigated in several studies. The
alkaline protease from Bacillus sp. HR-08 has been investigated for its
stability against Triton X100 and has shown stability against the sur-
factant at room temperature (Moradian et al., 2009). The protease from
Staphylococcus saprophyticus BUU1 has been studied for its stability in
the presence of SDS at 37 °C for 1 h and has shown resistance to SDS.
(Uttatree and Charoenpanich, 2018). The residual enzymatic activity of
protease from Bacillus licheniformis A10 has been examined after pre-
incubation with 1% SDS and 1% Triton X100 at 37 °C for 30min. The
remaining activities of the enzyme are 4% and 41% after the treatment
with 15% SDS and 15% Tween 20, respectively (Yilmaz et al., 2016).
The study of Tk-subtilisin has shown that the protease is highly stable in
0.1% and 1% of Triton X100 after incubation of the enzyme with the
surfactants at 80 °C and 90 °C for 20min (Hirata et al., 2013).

Thermomonospora curvata is a thermophilic actinomycete bacteria. It
is isolated from municipal solid waste and can be grown under a wide
range of high temperatures from 45 °C to 65 °C. The complete genome
sequence of the microorganism has been reported as a member of the
family Thermomonosporaceae (Chertkov et al., 2011). Some extra-
cellular enzymes, amylase, cellulose, β-glucosidase, protease, and xy-
lanase, from T. curvata, have been reported as secreted enzymes under
cultivation of mineral salt minimal medium and induction by various
concentrations of protein-extracted lucerne fibers at 53 °C (Janda et al.,
2000; Collins et al., 1993). Under cultivation in specified conditions,
the extracellular protease from T. curvata exhibited the highest protease
activity within the growth profile at 2–4 days (Bernier et al., 1988).
However, the identification of the putative protease gene and bio-
chemical characteristics of the putative protease from T. curvata are yet
to be fully understood.

In this report, we have accomplished the identification of the pu-
tative serine protease gene from T. curvata (Tcsp). The results of amino
acid sequence alignment show the amino acid sequence of Tcsp in re-
lation to the proteases from other organisms. The first report of iden-
tification, cloning, expression, purification and biochemical character-
ization of the protease from T. curvata is provided in this study. We also
discuss the possible applications of Tcsp in industries, particularly the
detergent industry.

2. Material and methods

2.1. Strains, culture conditions and genomic DNA extraction

Thermomonospora curvata Henssen ATCC 19,995 was obtained from
the American Type Culture Collection. The bacteria were grown in a
static condition in the recommended medium containing 2mg of cobalt
chloride, 1 g of yeast extract, 1 g of beef extract, 2 g of tryptone and 10 g
of dextrin in 1 L of distilled water, pH 7.2 at 50 °C. The growth of
bacterial cells was monitored by absorbance at 660 nm. The bacteria
were separated from the media by filtration through Whatman quali-
tative filter paper No. 1. The bacteria were ground to a fine powder in
the presence of liquid nitrogen. The ground powder of bacteria was
transferred to a conical tube. 1–5ml of 100mM Tris-EDTA buffer pH
7.0 (TE buffer pH 7.0) and 2.5mg of lysozyme was added to the bac-
teria. The incubation process was carried out at 30 °C for 60min. Then,
40 μl of proteinase K and 10% SDS were added to the mixture. The
incubation temperature was shifted to 56 °C. A gentle inverted mixing
was performed every 30min for 4 times before overnight incubation at
56 °C. DNA was extracted with phenol:chloroform (1:1). The clear
mixture was then transferred to a fresh tube, and an equal volume of
ice-cold isopropanol was used to precipitate the DNA. The DNA pre-
cipitant was added to 1ml of 70% ethanol. The sample was centrifuged
at 5000 g for 15min, and the precipitant was added to 1ml of 90%
ethanol before being centrifuged again at 5000 g for 15min. The DNA
pellet was separated from the supernatant, and the pellet was air dried.
The DNA was dissolved in 100 μl of TE buffer pH 7.0.

2.2. Bioinformatic analysis

The complete genome sequence of Thermomonospora curvata
(CP001738.1) was investigated for genes encoding putative proteases.
The protein encoded by the gene with the accession number of
ACY97035.1 was selected for further analysis. The coding sequence of
the gene was from 1,657,273 to 1,658,493 in the genomic sequence of
Thermomonospora curvata. Basic Local Alignment Search Tool (BLAST)
was used to find the homolog of the gene (Altschul et al., 1990). The
multiple sequence alignment was analyzed by Clustal Omega. The
amino acid sequence of Tcsp was used for protein homology modeling
and secondary structure prediction by SWISS-MODEL (Waterhouse
et al., 2018).

2.3. Cloning and expression of Tcsp

The extracted genomic DNA of T. curvata was used as a template for
protease gene amplification. The nucleotide sequence of the gene with
the accession number of ACY97035.1 was used for primer design. The
primer designing strategy was to use the gene ACY97035.1 from the
whole genome sequence of T. cuvata and analyze the signal peptide by
SignalP. The primers were designed for gene amplification without
signal peptide. The primers for gene amplification by PCR were
5′-GGAATTCCATATGGCCCCGTCCGCCTCGGCC-3′ and 5′- GCGGATCC
TCAGAAGG TGGAGACGTTGAGGAGCTTCTC -3′, in which the NdeI and
BamHI (Biorad) sites are underlined, respectively. The PCR mixture was
performed under the following conditions: denaturation at 94 °C for

Abbreviations

Tcsp Thermomonospora curvata serine protease
Blsp Bacillus lichenformis serine protease
Tk-subtilisin Thermococcus kodakarensis subtilisin
EDTA Ethylenediaminetetraacetic acid
IPTG Isopropylthiogalactoside
TE Tris-Ethylenediaminetetraacetic acid
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SDS-PAGE Sodium dodecyl sulfate-polyacrylamide gel electro-
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KDa Kilo Dalton
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5min; 25 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 1min, with
a final extension at 72 °C for 10min. The resultant DNA fragment was
digested with NdeI and BamHI and ligated into the NdeI-BamHI sites of
pET25b(+) (Novogen) to generate pET-Tcsp. All DNA oligomers for
PCR were synthesized by Bioneer, Korea. The DNA sequences were
confirmed by Bioneer, Korea. The E. coli BL21 (DE3) strain
(ThermoFisher) was transformed with pET-Tcsp and grown at 37 °C.
When the absorbance at 600 nm reached approximately 0.6, 1 mM
isopropyl thio-β-D-galactoside (IPTG) was added to the culture medium.
The cultivation continued at 37 °C for an additional 3 h. Cells were
harvested by centrifugation at 5000g for 15min and resuspended in
100mM Tris HCl buffer pH 7.0. Cells were disrupted by sonication lysis
and centrifuged at 11,000 g for 30min.

2.4. Protein purification of Tcsp

Protein purification was performed using Bio-Rad NGC™
Chromatography Systems. The soluble Tcsp was collected, dialyzed
against 100mM Tris HCl pH 6.0 containing 20mM NaCl, and applied to
a pre-packed column (5ml) of DEAE (Bio-Rad) equilibrated with the
same buffer. The protein was eluted from the column with a linear
gradient of NaCl from 0 to 1M. The fractions containing the protein
were collected, dialyzed using 3.5-KDa molecular cut-off dialysis bag
against 100mM Tris HCl pH 6.0 containing 20mM NaCl, and loaded
onto the Superdex 200 column equilibrated with the same buffer. The
fractions containing the protein were collected and dialyzed against
10 mM Tris-HCl (pH 6.0). The purity of the protein was analyzed by
SDS/PAGE on a 15% polyacrylamide gel (Smith, 1984) followed by
staining with Coomassie Brilliant Blue. The protein concentration was
determined by the method of Bradford (1976).

2.5. Enzymatic activity of Tcsp

The protease activity was determined using azocasein (Sigma) as a
substrate. 30 μl of a suitable dilution of enzyme solution was added to
270 μl of azocasein (2%, wt/vol) in a reaction buffer (100mM Glycine-
NaOH pH 10) and the mixture was incubated for 30min. The reaction
was terminated by adding 150 μl of 15% (vol/wt) trichloroacetic acid
and was left for 30min on ice, followed by centrifugation at 15,000×g,

at 4 °C for 10min. 160 μl of the supernatant was neutralized by adding
40 μl of 2 N NaOH, and the absorbance at 440 nm (A440) was measured
using a spectrophotometer. One unit of protease activity was defined as
the amount of enzyme that increased the A440 value of the assay re-
action mixture by 0.1 in 1min (Park et al., 2013). The specific activity
was defined as the enzymatic activity per milligram of protein.

The effect of temperature on the proteolytic activity of the enzyme
was determined at various temperatures ranging from 30 °C to 100 °C
using azocasein as a substrate. The reaction mixture containing 30 μl of
the purified enzyme was added to 270 μl of 100mM Glycine-NaOH
buffer (pH 10), 20 mM NaCl and 2% azocasein, and then incubated at
various temperatures for 30min. To experimentally compare the op-
timum temperature of Tcsp with that of protease from B. licheniformis
(Sigma) (Abdulrahman and Yasser, 2004). The enzymatic activity of the
protease from B. licheniformis was examined under its optimum condi-
tion as recommended in the product instruction at various temperatures
ranging from 30 °C to 100 °C using azocasein as a substrate.

The effect of pH on the proteolytic activity of the enzyme was de-
termined at various pHs ranging from pH 3.5 to pH 11 using azocasein
as a substrate. The reaction mixture containing 30 μl of the purified
enzyme was added to 270 μl of 100mM buffer at the specified pH,
20mM NaCl and 2% azocasein, and then incubated at 70 °C for 30min.

The effect of NaCl on the proteolytic activity of the enzyme was
determined at various concentrations of NaCl ranging from 0M to 2M
using azocasein as a substrate. The reaction mixture containing 30 μl of
the purified enzyme was added to 270 μl of 100mM Glycine-NaOH
buffer (pH 10) in the presence of various concentration of NaCl and 2%
azocasein and then incubated at 70 °C for 30min.

2.6. Stability of Tcsp against high temperature and surfactants

The Tcsp was pre-incubated at specific high temperatures ranging
from of 60 °C - 100 °C for 1 h. After treatment at the specified tem-
peratures for 0, 10, 20, 30, 40, 50 and 60min, the residual enzymatic
activity of Tcsp was examined at the optimum condition of 100mM
Glycine-NaOH buffer (pH 10) at 70 °C for 30min.

The Tcsp was pre-incubated with a variety of surfactants (Sigma) —
three nonionic surfactants (Emulgen 147, Tween 20 and Triton X100),
one anionic surfactant (SDS), and two cationic surfactants (Quartamin

Fig. 1. Alignment of the amino acid sequences. The amino acid sequence of Tcsp is compared with those of representative proteases, Tksub: Thermococcus koda-
karensis protease (WP_011,250,640.1), Bcsp: Bacillus sp. AK1 (Q45670.1), Mcsp: Micromonospora chersina protease (WP_091,310,642.1), Mpsp: Micromonospora
purpureochromogenes peptidase (WP_088,962,026.1), Lasp: Lechevalieria aerocolonigenes protease (WP_030,472,647.1), Scsp: Streptosporangium canum protease
(WP_093,890,752.1), Sssp: Saccharomonospora saliphila protease (WP_019,816,301.1), Cdsp: Candidatus daviesbacteria protease (KKQ66970.1) and Psp:
Parcubacteria group protease (KKW19509.1). The ranges of secondary structures of the structural model of Tcsp are shown above the sequence of Tcsp. The filled
rectangles and arrows represent alpha-helices and beta-sheets of the structural model of Tcsp, respectively. Gaps are denoted by dashes. The numbers represent the
positions of amino acid residues relative to the initiator methionine of protease from Parcubacteria.

D. Sittipol, et al. Biocatalysis and Agricultural Biotechnology 19 (2019) 101111

3



Fig. 2. SDS/PAGE of Tcsp. The Tcsp
was subjected to electrophoresis as
described in Materials and Methods
and shown in Fig. 2A, B, 2C, and 2D.
After electrophoresis, the gel was
stained with Coomassie Brilliant Blue.
The proteins from a whole cell ex-
pressing Tcsp are shown in Fig. 2A.
The protein samples after IPTG in-
duction at 3 and 0 h are subjected in
lane 1 and 2, respectively. The pro-
teins from the cell pellet after 3 and
0 h of IPTG induction and sonication
are shown in lane 1 and 2 of Fig. 2B,
respectively. The proteins from the
supernatant after 3 and 0 h of IPTG
induction and sonication are shown in
lane 1 and 2 of Fig. 2C, respectively.
The purified Tcsp is shown in Fig. 2D.
Lane M, a protein marker kit (Bio-
Rad). (For interpretation of the refer-
ences to colour in this figure legend,
the reader is referred to the Web ver-
sion of this article.)
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60W and Sensitol) — at various concentrations. The pre-incubation of
the enzyme with the surfactants was performed at 75 °C for 0, 10, 20,
30, 40, 50 and 60min. The residual enzymatic activity of Tcsp was
examined at the optimum condition of 100mM Glycine-NaOH buffer
(pH 10) at 70 °C for 30min.

3. Result

3.1. Amino acid sequence analysis

The gene of Tcsp consists of 406 amino acids. The amino acid se-
quence of Tcsp is compared with those of representative proteases. The
amino acid sequence of Tcsp shows the amino acid sequence identities
of 69.87% to Mcsp, 68.88% to Mpsp, 45.46% to Cdsp, 42.36% to Psp,
43.34% to Lasp, 42.91% to Sssp, 41.02% to Scsp, 23.44% to Bcsp and
23.15% to Tk-subtilisin. The ranges of secondary structures of the Tcsp
model are shown above the sequence in the amino acid sequence
alignment in Fig. 1. All active sites (Asp, His and Ser) are fully con-
served in Tcsp and indicated by inverted triangles. The calcium-binding
Asp is also conserved in Tcsp and other proteases shown by the closed
square in Fig. 1. The novelty of Tcsp was assessed on the basis of the
protease sequence showing relatively low amino acid sequence iden-
tities to the extensively characterized proteases.

3.2. Recombinant Tcsp production and purification

To characterize the enzymatic activities of Tcsp, the protease gene
lacking a signal peptide (residues 24–406) was constructed. Tcsp was
overproduced in E. coli BL21 (DE3) with 1mM IPTG induction. The
proteins from the whole cell of Tcsp were analyzed after 3-h induction
as shown in Fig. 2A. After cell lysis by sonication, the cell pellet
(Fig. 2B) and supernatant (Fig. 2C) were analyzed by SDS/PAGE. The
Tcsp was overproduced in soluble form as shown in Fig. 2C. The protein
band at approximately 40 kDa after 3-h IPTG induction in the whole
cell and supernatant proteins has been more intensely observed than
that observed after 0-h induction suggesting that the status of the ex-
pression is the overexpression with 1mM IPTG induction. The dis-
tribution of the expressed gene product is also in the soluble fraction.
The overproduced Tcsp was then purified to give a single band on SDS/
PAGE as shown in Fig. 2D. The concentration of NaCl to elute out the
recombinant Tcsp was approximately 650mM. The molecular mass of
the protein was estimated to be 40 kDa by gel filtration column chro-
matography. The estimated molecular weight from the experimental
result corresponded with the theoretical molecular weight based on the
amino acid sequence which is 38,994 suggesting that Tcsp exists as a

monomer.

3.3. Enzymatic activity assay and thermal stability analysis

The dependencies of Tcsp activities on pH and temperature were
analyzed. When the enzymatic activity was determined over the range
pH 3.5–11, Tcsp exhibited the highest activity at around pH 10. It ex-
hibited approximately 60% and 80% of maximum activity at pH 3–5.5
and pH 7–9, respectively, as indicated in Fig. 3.

The enzymatic activity of Tcsp was determined at various tem-
peratures ranging from 30 °C–100 °C. The activity of commercial pro-
tease from B. licheniformis (Blsp) was examined at the same range of
temperatures and compared with that of Tcsp as shown in Fig. 4. Tcsp
and Blsp exhibited the highest activity at 70 °C and 60 °C, respectively.
The enzymatic activity of Tcsp at 30 °C and 100 °C retained 78% of the
highest activity of Tcsp at the optimum temperature, whereas the en-
zymatic activity of Blsp critically halted at 100 °C. These results indicate
that the optimum temperature for enzymatic activity of Tcsp is higher
than that of Blsp, and Tcsp is significantly more stable than Blsp at high
temperatures.

The kinetic parameters of Tcsp were determined at 70 °C in the
presence of 100mM Glycine-NaOH buffer (pH 10) and 20mM NaCl
using azocasein as a substrate. The Km was 0.94mg/ml, and Vmax was
605.04 unit/mg.

The stability of Tcsp was analyzed against heat inactivation by in-
cubation of Tcsp in 100mM Glycine-NaOH buffer (pH 10) and 20mM
NaCl at 60 °C, 70 °C, 80 °C, 90 °C, and 100 °C. An aliquot was withdrawn
after incubation at the specified temperature for 0, 10, 20, 30, 40, 50
and 60min to analyze the residual activity at 70 °C using azocasein as a
substrate. As indicated by the result in Fig. 5, Tcsp was stable for at least
1 h at 60 °C and 70 °C. The enzymatic activity was diminished ap-
proximately 17% by incubation at 80 °C for 1 h whereas the incubation
at 90 °C and 100 °C for 1 h caused cessation of enzymatic activity of
Tcsp by 27% and 32%, respectively. Therefore, Tcsp is a thermostable
protease as suggested by the significant enzymatic activity remaining
after heat incubation for 1 h.

The enzymatic activity of Tcsp in the presence of NaCl was analyzed
by incubation of Tcsp in 100mM Glycine-NaOH buffer (pH 10) in the
presence of 0, 0.5, 1, 1.5, and 2M NaCl at 70 °C. The enzymatic activity
was analyzed at 70 °C using azocasein as a substrate. The result in Fig. 6
shows that Tcsp lost approximately 20% of enzymatic activity in the
presence of 2M NaCl, whereas significant loss of enzymatic activity of
Tcsp in the presence of 0.1, 0.5, and 1M NaCl was not observed.
Therefore, Tcsp is a high-salt resistant protease enzyme.

To demonstrate the effectiveness of Tcsp for applications in the

Fig. 3. pH dependency of Tcsp. The optimum pH analysis
with a wide range of pH buffers; pH 3.5–5.5: sodium acetate
buffer (closed square), 5.5–7: sodium phosphate buffer (open
square), 7.0–9.0: Tris HCl buffer (closed circle) and pH
9.0–11.0: glycine-sodium hydroxide buffer (open circle).
Each experiment was carried out three times, and the
average values are shown together with the error bars.
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detergent industry, the residual enzymatic activity of Tcsp was ex-
amined after pre-incubation of the enzyme in the presence of nonionic,
cationic, anionic and amphionic surfactants at 75 °C for 1 h. The re-
sidual enzymatic activity of Tcsp after the pre-incubation of 0.1% sur-
factants for 1 h is shown in Fig. 7A. Tcsp retained at least 83% of en-
zymatic activity after 1 h pre-incubation with 0.1% nonionic
surfactants, Tween20, Emulgen 147 and Triton X100 whereas Tcsp,
after the pre-incubation of 0.1% cationic, anionic and amphionic sur-
factants, showed significant loss of its enzymatic activity as the residual
activity retained only 31%–63%. The higher concentration of nonionic,
cationic, anionic and amphionic surfactants, 1% surfactants, was ap-
plied and shown in Fig. 7B. The residual activity of Tcsp after the pre-
incubation of 1% nonionic surfactants was retained at 76%, 76% and
43% for Tween 20, Emulgen 147 and Triton X100, respectively. The
pre-incubation of 1% cationic, anionic and amphionic surfactants with
Tcsp caused significant loss of the enzymatic activity. The remaining
enzymatic activity of Tcsp after the incubation with 1% of SDS, Qua-
tamin, Sensitol and Amphitol 24N for 1 h was 21%, 21%, 19%, and 1%,
respectively. The residual enzymatic results after the surfactant and

high-temperature treatments indicate that Tcsp is more stable against
nonionic surfactants than cationic, anionic and amphionic surfactants.
The residual enzymatic activity of Tcsp was, therefore, further ex-
amined after the pre-incubation of 10% nonionic surfactants with Tcsp
at 75 °C for 1 h (Fig. 7C). After the incubation, Tcsp pre-incubated with
Tween 20 showed 70% of the residual activity whereas it showed 58%
and 17% of the residual activity after the incubation with 10% of
Emulgen 147 and Triton X100, respectively, suggesting that among
nonionic surfactants, Tcsp is more resistant to the presence of Tween 20
than Emulgen 147 and Triton X-100.

4. Discussion

Protease has been the focus of extensive studies due to its significant
physiological functions and applications. The alkaline serine protease
from Bacillus mojavensis A21 has been reported for its optimum tem-
perature and pH at 60 °C and 8.5, respectively. The stability of the
enzyme against Triton X100 has been shown as 73% after the treatment
of maximal concentration of surfactants of 5% at 30 °C for 1 h (Haddar

Fig. 4. Temperature dependencies of Tcsp (closed circle) and Blsp (open circle). The optimum temperature was obtained through a process of analysis using a wide
range of temperatures. Each experiment was carried out three times, and the average values are shown together with the error bars.

Fig. 5. Thermal stability against heat inactivation. Plots of
residual activity versus incubation time are shown. Tcsp was
incubated at 60 °C (closed triangle), 70 °C (open circle), 80 °C
(open square), 90 °C (closed square) and 100 °C (closed dia-
mond) in 100mM Glycine-NaOH buffer (pH 10) and 20mM
NaCl. The aliquot of the solution was withdrawn after 10min
interval, and the residual activity was determined at 70 °C by
using azocasein as a substrate. Each experiment was carried
out three times, and the average values are shown together
with the error bars.
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et al., 2009). Biochemical characterization of an alkaline protease from
Bacillus psudofirmus SVB1 shows that after 1% of SDS pre-treatment, the
remaining activity of the enzyme is 71% (Sen et al., 2011). After pre-
incubation with 20% Tween 80 at 40 °C for 1 h, the alkaline serine
protease from Serratia sp. SYBC H has retained 76%–82% of its activity
(Li et al., 2011). A further report for a serine protease from Salimicro-
bium halophilum has indicated residual activity of 78%–99% after 1-hr.
pre-incubation of the enzyme with 20mM SDS, Tween 80, and Triton

X100 (Li and Yu, 2012). Although the studies of those enzymes de-
monstrate that the enzymes substantially retained their enzymatic ac-
tivity after specified incubation periods with surfactants, the con-
tinuously examined residual activity of the enzyme during the pre-
incubation with surfactants was first reported in this study. The re-
tained enzymatic activity as a time-course analysis may be informative
for further applications as the period of pre-incubation to maintain the
expected enzymatic activity may be simply decided on the basis of

Fig. 6. Effect of NaCl on the enzymatic activity of Tcsp. The enzymatic activity of Tcsp was analyzed in the presence of 0, 0.1, 0.5, 1 and 2M NaCl. Each experiment
was carried out three times, and the average values are shown together with the error bars.

Fig. 7. Stability against surfactants. Plots of residual activity versus pre-incubation time are shown. (A) Tcsp was pre-incubated at 75 °C with 0.1% of Tween20
(closed circle), Emulgen 147 (closed triangle), Triton X100 (open square), SDS (filled square), Quartamine 60W (open triangle), Sensitol (closed diamond) and
Amphitol 24N (open diamond). Tcsp incubated with the absence of surfactant is shown (open circle). The residual enzymatic activity of Tcsp was examined at its
optimum condition. (B) Tcsp was incubated at 75 °C with 1% of Tween20 (closed circle), Emulgen 147 (closed triangle), Triton X100 (open square), SDS (filled
square), Quartamine 60W (open triangle), Sensitol (closed diamond) and Amphitol 24N (open diamond). Tcsp incubated in the absence of surfactant is shown (open
circle). (C) Tcsp was incubated at 75 °C with 10% of Tween20 (closed circle), Emulgen 147 (closed triangle), Triton X100 (open square).
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experimental data.
The presence of salt in the protein solution has been reported to

have various effects on the protein stability depending on the protein
surface charges (Lindman et al., 2006; Mao et al., 2007). The industrial
applications of enzymes in the conditions containing high salt con-
centrations are possible when the enzymes reveal high activity under
the previously discussed conditions. The enzymatic activity of Tcsp is
relatively high especially at the concentrations of 0.5M–1M NaCl
which resembles a similar range of salt concentration to sea water. The
results from this study suggest that Tcsp could be a potential protease
for applications within the aquaculture industry or the salt-fermenting
process.

To control microorganisms and infections, especially in hospitals, it
is commonly recommended by Centers for Disease Control and
Prevention as the standard guideline for environmental infection con-
trol in health-care facilities (2017) to apply at least 71 °C heat for a
minimum of 25min for hot washing. The detergents comprising any
enzymes should be stable in the mentioned condition. That means the
enzymes added into the detergents should be thermostable enzymes
exhibiting enzymatic activity in the presence of surfactants. Protease is
one of the enzymes added to detergents to diminish protein stain or
residuals (Yildirim et al., 2017; Thebti et al., 2016). The characteriza-
tion of Tcsp against various surfactants indicates that the nonionic
surfactants, unlike cationic, anionic and amphionic surfactants, have
minimal effects on the enzymatic activity of Tcsp (Fig. 7). The mini-
mized enzymatic activity of Tcsp after the pre-incubation of cationic,
anionic and amphionic surfactants may be due to the interference of the
ionic interactions of the ionic surfactants with the charged surface of
the enzyme molecule by strongly interacting with the charged amino
acids usually located at the surface of the protein. When the protein
molecules interact with the molecules of ionic surfactants, the molecule
of the surfactant electrostatically binds to the oppositely charged re-
sidues of the protein molecules and causes the denaturation of the en-
zyme due to the instability of the protein structure (Schor et al., 2016).
The addition of nonionic surfactants to the protein solution causes
hydrophobic interactions or hydrogen bonds between the molecules of
surfactants and uncharged amino acids. The hydrophobic interactions
and hydrogen bonds may not strongly influence the conformational
change of the protein. The structure of the protein is, therefore, more
likely to be retained in the presence of nonionic surfactants than in the
presence of ionic surfactants (Jelinska et al., 2017). According to the
results shown in Fig. 7, the presence of 0.1% of nonionic and ionic
surfactants does not completely destroy the enzymatic activity of Tcsp
suggesting that the low concentration of surfactants could feasibly be
applied to the enzymatic reaction or detergents containing the enzyme.
However, only nonionic surfactants should be used when high con-
centrations of surfactants are required as an additive in the detergents
or protein solution as the enzymatic activity of Tcsp after pre-incuba-
tion of 1% or 10% ionic surfactant is dramatically lost.

This is the first report that specifically discusses the identification,
cloning, expression, purification and characterization of a recombinant
protease from T. curvata. Although there is another report on the pro-
duction and biochemical characterization of recombinant serine pro-
tease from Thermomonospora fusca, the recombinant serine protease
from the previous study extracellularly produced in Pichia pastoris re-
quired a six-day period of protein overproduction (Kim and Lei., 2005).
For the reasons mentioned above, this study set out specifically to de-
monstrate the intracellular expression of serine protease from T. curvata
in an E. coli system and shows the biochemical characteristics of the
soluble active protease including its possible industrial applications.
The recombinant protease from T. curvata in this study has been suc-
cessfully expressed in an E. coli system and purified with time-saving
protocols. The thermostability and surfactant resistance of this alkaline
protease indicate the potential of this enzyme for detergent formula-
tion.

5. Conclusions

This is the first report to demonstrate that the putative protease
gene of protease from T. curvata could be intracellularly expressed in a
soluble and active form as a recombinant protease in an E. coli system.
The purified protease exhibited thermal stability and retained high
enzymatic activity after heat treatment. The high enzymatic activity in
alkaline pH and the presence of a high concentration of NaCl is also the
biochemical characteristics of the recombinant protease identified
within this study. The kinetic parameters of the enzyme have been re-
ported. The residual enzymatic activity of the purified enzyme after
incubation with surfactants at high temperature has also been de-
termined. The protease has been particularly resistant to nonionic
surfactants. This report demonstrates a newly identified thermostable
protease with highly promising characteristics for industrial applica-
tions.
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