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Abstract An alkaline protease secreting Haloalkali-
philic bacterium (Gene bank accession number
EU118361) was isolated from the Saurashtra Coast in
Western India. The alkaline protease was purified by a
single step chromatography on phenyl sepharose 6 FF
with 28% yield. The molecular mass was 40 kDa as
judged by SDS-PAGE. The enzyme displayed catalysis
and stability over pH 8-13, optimally at 9-11. It was
stable with 0—4 M NaCl and required 150 mM NaCl for
optimum catalysis at 37 °C; however, the salt require-
ment for optimal catalysis increased with temperature.
While crude enzyme was active at 25-80 °C (optimum at
50 °C), the purified enzyme had temperature optimum at
37 °C, which shifted to 80 °C in the presence of 2 M
NaCl. The NaCl not only shifted the temperature profile
but also enhanced the substrate affinity of the enzyme as
reflected by the increase in the catalytic constant (Kcy).
The enzyme was also calcium dependent and with 2 mM
Ca*™, the activity reached to maximum at 50 °C. The
crude enzyme was highly thermostable (37-90 °C);
however, the purified enzyme lost its stability above
50 °C and its half life was enhanced by 30 and sevenfold
at 60 °C with 1 M NaCl and 50 mM Ca*?, respectively.
The activity of the enzyme was inhibited by PMSF,
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indicating its serine type. While the activity was slightly
enhanced by Tween-80 (0.2%) and Triton X-100
(0.05%), it marginally decreased with SDS. In addition,
the enzyme was highly stable with oxidizing-reducing
agents and commercial detergents and was affected by
metal ions to varying extent. The study assumes signifi-
cance due to the enzyme stability under the dual
extremities of pH and salt coupled with moderate thermal
tolerance. Besides, the facts emerged on the enzyme
stability would add to the limited information on this
enzyme from Haloalkaliphilic bacteria.

Keywords Haloalkaliphiles - Alkaline protease -
Purification - Salt-dependent thermostability

Introduction

Haloalkaliphiles are the group of extremophiles which
grow at dual extremities of high salt and alkaline pH and
therefore, their extracellular enzymes might be active and
stable under these conditions. The first Haloalkaliphilic
bacterium was isolated by Tindall in 1984 [54] and since
then many representatives of this group have been descri-
bed [8, 11, 15, 24, 38, 47, 48, 53]. While majority of the
studies are focused on molecular phylogeny and diversity,
exploration of their enzymatic potential is still in fancy
[12, 17, 22, 28, 41, 51].

Proteases have focused attention with respect to their
significance in cellular and commercial context. The
proteases produced worldwide on commercial scale are
greater than any other biotechnologically used enzymes
[37]. Among the industrial enzymes, 75% are hydrolytic
in which 60% is contributed by proteases [42]. Proteases
have diverse industrial applications in peptide synthesis,
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protein processing [36], bioprocessing of used X-ray
films [29], leather [25], dairy and detergent industries
[29, 50]. Among these applications, majority of the sales
is for detergent industries [20]. Typically, a detergent
protease needs to be active and stable in alkaline envi-
ronment (pH 9-11) at 30-60 °C prevailing under harsh
washing conditions that also include high salt and sur-
factants. Proteases in general are not stable under these
conditions and therefore, the emphasis has been on
newer sources. Besides, production of recombinant
enzymes from the extremophiles would be another
strategy for producing large quantities of suitable
enzymes. While proteolytic enzymes are reported from
halo-neutrophilic bacteria, alkaline proteases from halo-
alkaliphiles have rarely been investigated [12, 17, 22,
41, 51]. We have been involved with the screening and
characterization of alkaline proteases from haloalkali-
philes [9, 19, 27, 39, 40]. Enzymes derived from these
bacteria are potential biocatalysts due to their optimal
activities under the conditions of high salt, surfactants,
high temperature and alkaline pH [34], whereas the
mesophilic counter parts fail to act under similar con-
ditions [55].

Purification and characterization of proteins from hal-
ophilic organisms has been less frequently investigated
due to the difficulties associated with the protein stability
in the absence of salt. Enzyme characterization from
haloalkaliphiles in general has been further restricted due
to the coupled extremities of pH and salt [33]. This
enzyme has been studied from only few Haloalkaliphilic
bacteria. Extracellular serine protease from a haloalkali-
philic strain Natronobacterium, was partially purified and
characterized by Yu [56] and a serine protease from
Natrialba magadii has also been purified and character-
ized [17]. Preliminary studies of a serine protease from
Natronococcus occultus were carried out by Studdert and
his co-workers [52], followed by the characterization at
biochemical level [13, 51]. Recently, the serine alkaline
proteases from 18AG haloalkaliphilic species belonging
to the Salinivibrio genus [31] have been purified and
characterized. Therefore, in view of the limited informa-
tion on this enzyme from haloalkaliphiles, it was quite
interesting to purify and characterize it from a newly
isolated bacterium.

We isolated a Haloalkaliphilic bacterium Strain AH-6
from coastal Gujarat (India). The bacterium secreted a
novel serine protease active at wide range of alkaline pH,
high salt and high temperatures; besides being able to
catalyze in the presence of surfactants. In the present work,
we also describe a one-step purification protocol based on
hydrophobic interaction chromatography for efficient
purification of protease from a newly isolated Haloalkali-
philic sp. AH-6.
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Materials and methods
Materials

Phenyl sepharose 6 FF was purchased from Sigma (St.
Louis, MO, USA). Casein was from Sisco Research Lab-
oratories (Mumbai, India) and other media components
were purchased from Hi Media Laboratories (Mumbai,
India). All other chemicals were of analytical grade.

Isolation and screening of bacterial strain

Haloalkaliphilic sp. AH-6 was isolated from saline soil
collected from the seashore near Jamnagar (Latitude 22.27
N, Longitude 70.07 E) in Gujarat (Western India). One g
sample was suspended in sterile distilled water and 2 ml of
the resulting suspension was transferred to 500 ml Erlen-
meyer flask containing 100 ml of the enrichment medium
which contained Solution A (g/l); NaCl, 200 and
Na,CO3.10H,O, 50 and Solution B (g/l); Yeast extract,
10 g; Casamino acids, 7.5 g; Tri-sodium citrate, 3 g; KCl,
2 g; MgSO4.H,O, 1g; FeSO4, 50 mg; MnCl,.4H,0,
0.36 mg. The solutions A and B were mixed in equal volume
after autoclaving and the pH was adjusted, after autoclaving,
to 10 with previously autoclaved Na,CO3 (20%, w/v). The
cultures were incubated at 37 °C at 100 rpm for 72 h and
then were spread on enrichment agar plate. The pure isolates
were obtained by repeated streaking. The protease producers
were screened by plating on gelatin agar medium (pH 9.0),
which contained (g/1): gelatin, 30; peptone, 10 and NaCl,
100. The AH-6 strain showing maximum ration of clear
zone vs. colony diameter on gelatin agar plate was selected
as potent producer of the enzyme and was characterized on
the basis of 16S rRNA gene sequencing, biochemical
properties and antibiotic profile.

The genomic DNA was subjected to 16S rRNA ampli-
fication (1.5 kb rDNA fragment) using consensus primers.
The PCR product was bi-directionally sequenced using the
forward, reverse and an internal primer. Sequence data was
aligned and analyzed for finding the closest homologs for
the microbe. The biochemical tests for catalase, oxidase,
urease, indole production, H,S production, ammonia pro-
duction, nitrate reduction, triple sugar iron reaction and
sugar fermentation test were carried out by inoculating the
respective media. The sensitivity and resistances against
antibiotics was carried out employing 5 different types of
Octadisc from Hi Media.

Enzyme production

For protease production, the AH-6 was grown at 37 °C in
CMB medium (pH 9.0) consisting of (g/1): glucose, 10.0;
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KH,PO,, 10.0; yeast extract, 5.0; peptone, 5.0; casein acid
hydrolysate, 5.0 and NaCl, 100.0. The 24 h grown mother
culture (Aggo; 1.0, 3 ml) was inoculated to 100 ml of pro-
duction medium, which contained (g/l): gelatin, 10.0;
casein acid hydrolysate, 10.0 and NaCl, 100; pH 9. The
culture was incubated at 37 °C at 100 rpm and 96 h grown
cells were harvested by centrifugation at 5,500 g for
10 min. The supernatant was used as crude enzyme prep-
aration. The crude enzyme preparation was stored at 4 °C
until further use.

Enzyme purification by hydrophobic interaction
chromatography

The crude enzyme was concentrated by ammonium sul-
phate (75% saturation, w/v) and precipitates were
suspended in a minimum volume of 20 mM Borax-NaOH
buffer (pH 10). Purification was achieved by a single step
purification method using hydrophobic interaction chro-
matography as described earlier [19]. Hydrophobic
interaction chromatography on a phenyl sepharose 6 fast
flow column (1 cm x 6.5 cm), equilibrated with 0.1 M
sodium phosphate buffer (pH 8.0) containing 1 M ammo-
nium sulfate, was performed. The crude protease
preparation (20.0 ml in 1 M ammonium sulfate) was loa-
ded onto this column. The bound enzyme was eluted by
0.1 M sodium phosphate buffer, pH 8.0 containing a
decreasing step gradient of ammonium sulfate (1.0-0.1 M).
Fractions at a flow rate of 0.7 ml min~' were collected by
BIO-RAD fraction collector (BIO-RAD, California, USA)
and analyzed for protease activity. The active fractions
were pooled and used for further characterization.

Enzyme assay and estimation of protein

The protease activity was measured by Anson—-Hagihara’s
method [21-31] as described earlier [40]. Enzyme solu-
tion (0.5 ml) was added to 3.0 ml of substrate solution
(0.6% casein in 20 mM borax—-NaOH buffer, pH 10.0)
and the mixture was incubated at 37 °C for 20 min. The
reaction was stopped by addition of 3.2 ml of TCA
mixture (containing 0.11 M trichloroacetic acid, 0.22 M
sodium acetate and 0.33 M acetic acid) and kept at room
temperature for 20 min followed by filtration through
Whatman filter paper No. 1. The absorbance of the filtrate
was measured at 280 nm. In control, the enzyme was
added after adding TCA mixture. One unit of alkaline
protease activity was defined as the amount of enzyme
liberating 1 pg of tyrosine per min under standard assay
conditions. Enzyme units were measured using tyrosine

(0-100 pg) as standard. Protein was estimated by dye-
binding method [6], using bovine serum albumin as
standard protein.

SDS-Polyacrylamide gel electrophoresis

Sodium dodecyl sulphate-polyacrylamide gel electropho-
resis (SDS-PAGE) was carried out according to the method
of Laemmli [30] using 12% crosslinked polyacrylamide
gel. The protein bands were visualized on the gel by
Coomassie blue staining.

Zymography

The zymogram staining for the detection of proteolytic
activity was performed according to Heussen and Dowdel
[23] with slight modifications. Casein (0.1%) was co-
polymerized with 12% polyacrylamide gel. The reducing
agent f—mercaptoethanol was excluded from the sample
buffer. After electrophoresis the gel was rinsed in 2.5%
Triton X-100 for 1 h at 4 °C to remove SDS followed by
the incubation in 20 mM Borax-NaOH buffer for 3 h.
The gels were stained with Coomassie brilliant blue R-
250 for 1 h before destaining for over night. A clear zone
against blue background on the gel revealed the protease
activity.

Determination of K, and V.

K., and V..« values of the pure enzyme were determined
by measuring the activity with various concentrations of
casein substrate (0.025-1 g/100 ml). Kinetic constants
were calculated from Lineweaver-Burke plot.

Influence of pH on activity and stability of AH-6
protease

The optimum pH was determined by enzyme assay at
different pH at 37 °C using purified enzyme. The %
maximal activity was calculated by considering the maxi-
mum activity under the given conditions as 100%. The
buffers (20 mM) were: Sodium Phosphate (pH 5.5-8),
Tris-HCI (pH 8-9.5), NaOH-Borax (pH 9.5-10), Glycine-
NaOH (pH 8.5-12) and KCI-NaOH (pH 12-13). To
determine the stability at various pH, the enzyme was
incubated with respective buffers (listed above) and after
an incubation of 1 h and 24 h, the residual activities were
measured by considering the initial activity as 100%.

@ Springer



124

J Ind Microbiol Biotechnol (2008) 35:121-131

Effect of NaCl on protease activity and stability

To determine the effect of NaCl on enzyme activity, the
assay was carried out at 37 °C with purified enzyme in the
presence of varying salt concentrations; 0—500 mM. For
stability, the enzyme was incubated with NaCl (w/v) in the
range of 0—4 M and the aliquots were withdrawn at regular
time intervals. The % maximal activity and residual
activities were calculated as described above.

Effect of NaCl and CaCl, on the temperature optimum

The temperature optimum was assessed by carrying out the
enzyme assay, using purified enzyme, at different temper-
atures in the range of 30-90 °C. Effect of NaCl and CaCl,
on the temperature profile was monitored; where at each
temperature (30-90 °C) assay, the substrate (casein) was
supplemented with varying concentrations of NaCl (0-3 M
NaCl, w/v) and CaCl, (0-10 mM). The % maximal activity
and the catalytic constant K, were calculated.

Determination of thermal stability and half-life
of the enzyme

The thermal stability of protease was studied by incubating
the enzyme (crude and purified) at different temperatures
(37-90 °C). The aliquots were withdrawn at different time
intervals till the enzyme got completely denatured. The half-
life of the enzyme was calculated by considering the time at
which the enzyme retained 50% of the maximal activity.

In order to determine the effect of NaCl, 1 M NaCl (w/v)
was added to the purified enzyme, whereas for the effect of
CaCl,, the enzyme was supplemented with 50 mM CaCl,,
The enzymes along with the effectors were then incubated
at different temperatures (37-80 °C). The aliquots were
withdrawn at different time intervals and the half-life and
% residual activity were calculated.

Effect of inhibitors and surfactants on enzyme activity

The influence of various effectors on enzyme activity was
studied under standard assay conditions where the assay
cocktail was supplemented with 5 and 10 mM of inhibi-
tors;  p-chloromercuribenzoate, phenylmethanesulfonyl
fluoride (PMSF), ethylene diamine tetra acetate (EDTA),
diopropyl flurophosphate (DFP), phenethroline and thio-
urea. The surfactants used were (0-0.2%, v/v); SDS, Triton
X-100 and Tween-80 (0-2%, v/v). The effect was assessed
by considering the control (without inhibitors and surfac-
tants) as 100%.
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Effect of surfactants, oxidizing and reducing agents
and commercial detergents on protease stability

To investigate the effect on the protease stability the enzyme
was incubated with various effectors; hydrogen peroxide
(oxidizing agent) and f-mercaptoethanol (reducing agent)
(5 and 10 mM); SDS, Triton X-100 and Tween-80 (0.5 and
1.0%); various commercial detergents (1%, w/v); Aerial
(Procter & Gamble), Surf Excel (Hindustan Lever), Tide
(Proctor & Gamble), Rin Supreme (Hindustan Lever),
Nirma (Nirma Industries, India), Wheel (Hindustan Lever)
and Flash (Local Brand). The enzyme aliquots were then
withdrawn at definite time interval and the residual activities
were determined.

Results and discussion

The present study describes the isolation of a new Halo-
alkaliphilic bacterial strain and the purification and
characterization of the extracellular alkaline protease. The
report assumes significance in the light of the fact that
alkaline proteases have been characterized only from few
haloalkaliphiles [17, 22, 51, 52, 56]. Another important
feature of the present study relates to the habitat from
where the organism has been isolated. While majority of
the halophiles and haloalkaliphiles have been reported
from Soda Lakes or Dead Sea, the present report highlights
the occurrence of these bacteria from a natural saline
habitat in western coast of India.

A total of eight haloalkaliphilic strains were isolated
from the saline soil collected from Jamnagar in Gujarat
(India). The isolates were screened for the secretion of
extracellular proteases and among them, strain AH-6 pro-
duced maximum alkaline protease and used for further
studies. The cells were cocci arranged in tetrad and clusters
displaying gram-positive character. Based on 16S rRNA
gene homology, the organism (Gene bank accession num-
ber EU118361) displayed nearest relatedness with a
Halophilic bacterium MBIC3303. The next closest homo-
log was Bacillus marismortui sp. (GenBank entry:
AJ0097931g4826393).

Enzyme purification by hydrophobic interaction
chromatography

The purification results are summarized in Table 1. A
23-fold purification of AH-6 protease was achieved by a
single step purification method with phenyl sepharose 6 FF
[19] with a specific activity of 7,596 U/mg and 28% yield.
Hydrophobic interaction chromatography has been a suc-
cessful technique for the purification of many alkaline
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Table 1 Purification of AH-6 protease by hydrophobic interaction chromatography

Preparation® Volume (ml) Total protein (mg) Total activity (U) Specific activity (U/mg) Yield (%) Purification fold
Crude 750 138.75 45,000 324.32 100 -

(NH,4),SO,4 11 11.16 15,785 1,414.42 35 4.36

Phenyl sepharose 6FF HIC 11 1.716 13,035 7,596 28 23.42

# The purification steps were carried out at 4 °C

proteases. However, on previous occasions, it has been
used in combination with other chromatographic tech-
niques [25, 45]. The AH-6 protease was a monomeric
protein with a molecular mass of 40 kDa as revealed by
native and SDS-PAGE (Fig. 1). This value was lower than
other halophilic and alkaline proteases where the molecular
weight ranged from 40-130 kDa [17, 31, 35, 51]. The
zymogram revealed the high level of protease activity on
the gel, which corresponded to a single band, obtained in
SDS-PAGE (Fig. 1). Earlier, some alkaline protease ac-
tivities were also demonstrated by zymography [7, 43, 52].
The purified AH-6 enzyme was characterized for substrate
kinetics towards casein, where K, and V., were
2.5 mg/ml and 625 U/min, respectively. A Km value of
2.5 mg/ml was quite comparable with 2 mg/ml (for casein)
obtained for the alkaline protease from a haloalkaliphilic
Bacillus sp. [19].

Lane 1

Lane 2 Lane 3

Fig. 1 SDS-PAGE pattern of purified AH-6 protease. Lane 1
molecular mass marker proteins, Lane 2 purified protease, Lane 3
casein zymogram of the purified protease as described in “Materials
and Methods” section

Influence of pH on activity and stability of AH-6
protease

The AH-6 protease remained active in the range of pH 7-13
(Fig. 2). The activity of the enzyme was almost negligible
at pH 7 and 13. The enzyme was optimally active in a broad
range of pH; 9.5-11. The decrease in enzyme activity was
rather sharp at pH above 11 when compared with the
decrease at acidic pH. However, the enzyme retained 50%
of the maximal activity at pH 8 and 11.5. The solubility of
casein was poor at pH below 7; therefore, lower pH range
could not be attempted with casein (Fig. 2). Alkaline pro-
teases from some other organisms have also displayed the
similar pH range; 9-11 [2, 9, 16, 40]. However, the studies
on pH stability of AH-6 protease demonstrated a relatively
different pattern than the activity profile. The enzyme was
almost completely denatured at pH 5 and 6 after 24 h
incubation; however, it retained 40-50% of the activity in
the pH range of 7-13 (Fig. 3).

Effect of NaCl on protease activity and stability

The findings have suggested that the halophilic enzymes
generally require 1-2 M salt for their optimal activity and
the catalytic activity was lost irreversibly when exposed to
lower salt concentrations [1]. An extracellular protease from
Natrialba magadii was optimally active with 1-1.5 M NaCl/
KCl [17] and extracellular protease from Halobacterium
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Fig. 2 Effect of pH on purified AH-6 protease activity. The pH
profile was determined in different buffers of varying pH values at
37 °C. The buffer used were sodium phosphate (filled square), Tris-
HCI (filled circle), NaOH-Borax (filled diamond), Glycine-NaOH
(filled triangle) and KC1-NaOH (open circle)
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Fig. 3 Effect of pH on purified AH-6 protease stability. The pH
stability was determined by incubating the enzyme in different buffers
of varying pH values at 37 °C.The buffers used were sodium
phosphate (filled diamond), Tris-HCI (filled circle), NaOH-Borax
(filled square) and Glycine-NaOH (filled triangle). Where the open
symbols represent incubation of 1 h and closed symbols represent
incubation after 24 h with the respective buffers

halobium required 3 M NaCl for optimal activity [26].
Alkaline protease from AH-6 did not depend on high salt
concentrations for their optimum catalysis as it was opti-
mally active with 150-200 mM NaCl; however, it also
retained 70% of the maximal activity in the absence of salt,
indicating the salt tolerant nature of the enzyme (Fig. 4). The
enzyme was quite stable up to 4 M NaCl and retained nearly
75% of the original activity after 4 h incubation, which
remained stable even up to 48 h (Fig. 5). The stability and
activity of the enzyme in the presence and absence of salt
make it quite interesting for wider applications in biotech-
nological processes. Similar results were also reported for
CP1 protease from a moderately halophilic bacterium
Pseudoalteromonas sp., where the enzyme was active in the
range of 0—4 M salt [43].

Determination of temperature optimum

The crude AH-6 protease was active at temperatures;
37-80 °C, the optimum being at 50 °C and retained 65 and
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Fig. 4 Effect of NaCl on purified AH-6 protease activity. The assay

was carried out at 37 °C, in the presence of varying salt concentra-
tions 0-500 mM
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Fig. 5 Effect of NaCl on stability of purified AH-6 protease. Enzyme
was incubated with NaCl (w/v) in the range of 0—4 M and the aliquots
were withdrawn and assayed at regular time intervals. The concen-
trations were 1 M (filled circle), 2 M (filled triangle), 4 M (x) and
control, without NaCl (filled diamond)

30% of the maximal activity at 60 and 37 °C, respectively
(Fig. 6). At temperatures above 60 °C, however, the
enzyme activity rapidly decreased. The purified protease,
on the other hand, was active in a relatively lower tem-
perature range; 20—60 °C, the optimum being at 30-37 °C.
The enzyme retained 55% of the maximal activity at 50 °C,
above which the activity sharply decreased (Fig. 6).

Effect of NaCl and CaCl, on the temperature optimum

The temperature optimum of the crude protease was higher
than purified enzyme, a feature apparently linked with the
presence of NaCl in the crude extract. To investigate this
phenomenon further, the temperature profile of the purified
enzyme under the influence of NaCl (0.2-2 M) and Ca*>
(010 mM) was carried out. An interesting feature that
emerged was the NaCl and Ca*? dependence of the enzyme
for its optimal activity at higher temperatures. The opti-
mum activity in the absence of salt shifted from 37 to
60 °C upon the addition of 500 mM NaCl; the shift with

120
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Fig. 6 Effect of temperature on crude (filled circle) and purified
(filled triangle) AH-6 protease. Protease assay was carried out at
different temperatures (20-90 °C)
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1 M NaCl, however, was from 37 to 70 °C. Increase in salt
concentrations above 1 M did not shift the temperature
profile any further. The NaCl has not only shifted the
temperature optima towards higher temperatures but also
increased the substrate affinity of the enzyme as reflected
by the increase in K, values of the enzyme (Table 2). The
K. was maximum at 70 °C with 1 M NaCl indicating the
highest substrate affinity of the enzyme under these con-
ditions. In the absence of salt at 37 °C; however, K., was
only 6.18 indicating the role of salt on substrate affinity at
high temperatures (Table 2). A similar trend was also
observed for a serine protease from haloalkaliphilic
archaea, Natronococcus occultus where the enzyme was
optimally active at 60 °C in the presence of 2 M NaCl [52].
However, the temperature optimum was lower as compared
to AH-6 protease under the similar salt concentrations. The
above relationship could also be related to the fact that at
higher temperatures, the salt requirement for optimum
activity was also increased. At 37 °C, the enzyme was
optimally active with 150 mM NaCl whereas at 70 °C, it
required 2 M salt for optimal activity. To the best of our
efforts, we have not come across with any report from the
literature signifying the importance of salt on the temper-
ature profile of alkaline protease from Haloalkaliphilic
bacteria. However, it has been shown that compatible
solutes  (glycine, betaine, hydroxyectoine) shifted
the activity profile towards higher temperatures [18]. The
reasons for this shift may relate to the ionic strength of the
enzymatic solutions, which might be one of the most
important factors affecting the catalysis at higher temper-
atures. The high salt in the reaction mixture would increase
the ionic strength and thus enhancing the electrostatic
coupling of the salts and the proteins, thereby forming
more stable salt/enzyme aggregates. Apparently, with salts,
the degree of stabilization strongly depends on the pro-
tein:salt ratio [32].

A universal feature among the subtilisin type serine
proteases is the presence of calcium-binding sites, which

Table 2 Effect of NaCl on the catalytic constant K, (secfl) of
purified AH-6 proteases

largely contributes to their stability against thermal dena-
turation and autolytic digestion [3, 16, 46]. As shown in
Table 3, there was marked increase in the K., (sec™') of
the purified AH-6 protease with the increasing concentra-
tions of Ca*?. The maximum value of K., (10.02 sec™})
was obtained with 2 mM Ca*? at 50 °C, a value nearly
twofold greater than the K., at 37 °C (4.86 sec” ') in the
absence of Ca*?. These results clearly indicated the cal-
cium dependent protection against thermal denaturation of
AH-6 protease. However, further increase in the Ca*? did
not affect the temperature optima of the AH-6 protease.
Similar trend was also observed for an alkaline protease
from B. pseudofirmus, where the enzyme was optimally
active in the presence of 5 mM Ca*? and retained only 50%
of the maximal activity in its absence [16].

Determination of thermal stability and half-life
of the enzyme

The thermostability of crude and purified enzyme was
investigated in the range of 37-90 °C. Table 4 clearly
indicated the resistant nature of the crude enzyme against
thermal denaturation as it was highly stable at tempera-
tures; 37-80 °C, whereas the purified enzyme was not
stable above 60 °C, as also reflected by the half life of both
enzyme preparations. In order to confirm the enzyme sta-
bility at higher temperatures, effect of NaCl (1 M) and
calcium (50 mM) on the thermostability was investigated
with purified enzyme. The half-life of the purified enzyme
was only 30 and 2 min at 50 and 60 °C, respectively,
which was correspondingly increased by 4 and 30-fold in
the presence of 1 M NaCl (Table 4). The enzyme was
completely denatured within 5 min of incubation at 60 °C
in the absence of NaCl; however, the enzyme retained 65
and 60% of the original activity in the presence of 1 M
NaCl even after 30 min at 60 and 70 °C, respectively
(Table 4). The possible mechanism of salt-based thermal

Table 3 Effect of Ca™ on the catalytic constant K, (sec™) of
purified AH-6 protease

NaCl (M) Temperatures CaCl, (mM) Temperatures
37 °C 50 °C 60 °C 70 °C 80 °C 37 °C 50 °C 60 °C 70 °C
Koo (sec™) Ka (sec™h
0.0 6.18 3.36 0.456 0.234 0 0.0 4.86 3.24 0.66 0.84
0.5 4.08 9.3 10.26 5.82 3.78 2.0 4.92 10.02 5.16 1.44
1.0 1.98 5.64 7.62 11.28 9.6 5.0 4.98 8.1 5.88 1.56
1.5 0.66 4.08 4.92 9.9 4.8 8.0 4.2 7.32 5.16 1.62
2.0 0.12 2.28 3 7.32 3.42 10.0 33 6.72 354 1.32

Protease assay was carried out at different temperatures (40-80 °C).
The substrate (casein) was supplemented with varying concentrations
of NaCl (0-2 M NaCl)

Protease assay was carried out at different temperatures (40-70 °C).
The substrate (casein) was supplemented with varying concentrations
of CaCl, (0-10 mM)
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Table 4 Effect of NaCl and Ca*? on the half life of purified enzyme

Temperature (°C) Half life of AH-6 protease (min)

Crude  Control Purified enzyme
enzyme ey
NaCl (1 M) Ca™ (50 mM)

50 150 30 120 60
60 90 2 60 15
70 60 - 45 3
80 28 - 5 -
90 7 - - -

1 M NaCl and 50 mM CaCl, was added to the purified enzyme. The
enzyme along with the effectors was then incubated at different
temperatures (50-90 °C). The aliquots were withdrawn at different
time intervals and half-life and % residual activities were calculated.
The activity without NaCl and Ca*? was considered as control

protection could be due to increase in water activity at the
surface of proteins leading to enhanced core hydropho-
bicity of the proteins. This will lead to the improved core
packing and enhanced rigidity of the proteins, the major
factors providing stability to the proteins at higher tem-
peratures [32].

The thermostability of the AH-6 protease was also
increased in the presence of 50 mM Ca*. However, the
extent of protection was lower as compared to NaCl
(Table 4). Calcium binding is an excellent strategy to allow
survival of the enzymes in the extracellular environment
but with a limitation during the use of the enzymes in
detergents that contain sequestering agents to complex
calcium and magnesium [44]. There are some reports on
calcium dependent alkaline serine proteases where the
enzyme requires 5 mM of the calcium for optimum activity

[2].

Effect of cations on protease activity

In general, cations protect the enzyme against thermal
denaturation and play a vital role in maintaining the active
conformation of the enzyme at high temperatures [10, 49].
The AH-6 protease was exceptionally stable in the pres-
ence of heavy metal, HgCl, where the enzyme retained 100
and 50% of the original activity at 10 and 100 mM HgCl,,
respectively. Our results contradict a report on a thermo-
stable alkaline protease from Bacillus brevis where the
enzyme lost its activity completely at even 5 mM HgCl,
[4]. Generally, MgJr2 stimulate the protease activity [2] but
with our protease, the activity decreased with increasing
concentrations of Mg*?. However, the enzyme was highly
stable and active with KCI in the range of 0-100 mM. The
enzyme retained nearly 50% activity with 50 mM CaCl,.
At higher concentrations, the enzyme was further
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Fig. 7 Effect of different cations on the AH-6 protease activity. The
substrate (casein) was supplemented with varying concentrations of
cations (0-10 mM). Where (filled diamond) KCl, (filled circle)
MgCl,, (filled triangle) HgCI2 and (x) CaCl,

inactivated and reached to 15% with 100 mM CaCl,
(Fig. 7). Similar observation of inhibitory effect of Ca**
was also reported for alkaline protease from Pseudomonas
aeruginosa MN1 [5].

Effect of inhibitors on protease activity

The purified enzyme was completely inhibited by phen-
ylmethanesulfonyl fluoride, indicating its serine type. The
enzyme was partially inhibited by pCMB, EDTA, dithi-
othritol, thiourea and phenethroline (Table 5). Literatures
revealed that majority of the alkaline proteases from hal-
ophilic and haloalkaliphilic organisms were of serine type
[19, 31, 51, 52].

Effect of oxidizing-reducing agents, surfactants
and commercial detergents on the protease stability

Alkaline proteases have been of interest to detergent
industries for their ability to remove proteinaceous stains
and to deliver unique benefits that cannot otherwise be
obtained with conventional detergent technologies. For an
enzyme to be used as detergent additives, it should be
active in the presence of surfactants, bleaching and oxi-
dizing agents including fabric softeners. Some of the
chemical environment necessary for better detergent action
could be provided by the genetically modified recombinant
enzymes with enhanced stability under varying redox
conditions [14]. However, AH-6 protease was highly stable
in the presence of hydrogen peroxide and retained 77% of
the original activity with 10 mM H,0, after 2 h of incu-
bation. Similar kind of resistance to oxidation has also been
exhibited by an alkaline protease from Nesterenkonia sp.
[3]. The enzyme had high stability in the presence of SDS,
Tween-80; however, it was not much stable with Triton
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Table 5 Effect of various

effe.:c.tors on AH-6 protease Effectors Zz tij{s}l}dual
activity
PMSF
5 mM 0
10 mM 0
pCMB
5 mM 52
10 mM 47
Dithiothritol
5 mM 77
10 mM 75
Thiourea
5 mM 82
10 mM 67
EDTA
5 mM 82
10 mM 69
SDS
0.05 98
0.1 67
0.2 0
Triton X-100
0.05 123
0.1 81
0.2 0
Tween-80
0.05 100
0.1 135
The.enzyme assay was g{ried 02 140
out in the presence of different
concentrations of effectors as 0.5 117
shown in table. The activity 1.0 54
without inhibitors was treated as 2.0 0

100% (control)

X-100. Tween-80 within limited concentrations enhanced
the AH-6 protease activity (Tables 5, 6). The enzyme
retained stability and catalyzed the reaction with various
commercial detergents even after 24 h, except Surf, where
it decreased to 55%. However, with the rest of the deter-
gents, the enzyme retained 70-80% of the activity after
24 h (Table 7). These characteristics of the AH-6 protease
qualify it for the list of enzymes that can be used as a
detergent additive.

Conclusion

The stability of AH-6 protease at three extremities of salt,
pH and temperature displayed unique features for bio-
technological applications along with the suitability of this
enzyme for detergent additives. The results are particularly
important in view of the fact that only few enzymes have

Table 6 Effect of surfactants

- Effectors % Residual
on enzyme stability ..
activity
H,00%
5 mM 73
10 mM 77
2-Mercaptoethanol ®¢?
5 mM 95
10 mM 75
SDS
0.5% 108
The enzyme was incubated for 1.0% 94
1 h in the presence of various Triton X-100
effectors at concentrations
shown in table. The residual 0.5% 104
activity was then measured and 1.0% 79
related to activity without Tween-80
effector (control 100%) 0.5% 101
(Oxi) Oxidizing agent, (Red) 1.0% 97

reducing agent

Table 7 Stability of AH-6 protease with commercial detergents (1%)

Incubation (h) % Residual activity

Aerial Surf Tide Rin Nirma Wheel Flash
91 84 90 77 93 81 85
98 87 83 78 84 93 93
3 87 78 79 7275 87 78
24 86 56 76 77 80 88 67

The enzyme was incubated at 37 °C for 1-24 h. The aliquots were
taken at definite time interval and the enzyme assay was carried out as
per usual protocol. The activity without detergents was treated as
100% (control)

been purified and biochemically characterized from Halo-
alkaliphilic bacteria. Characterization of more enzymes in
this category would facilitate the understanding on the
biochemical and structural basis of the molecular stability
under extreme conditions. In additions, the findings have
also highlighted the presence of a novel Haloalkaliphilic
bacterium from the unexplored saline habitats in western
coast of India.
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