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ABSTRACT

An alkaline protease from salt tolerant alkaliphilic actinomycetes, Nocardiopsis alba strain OK-5 was
purified to homogeneity by 27 and 13 fold with a yield of 35 and 13% using two-steps and one-step
method, respectively. The purification methods involved hydrophobic interaction on phenyl sapharose
matrix. The apparent molecular mass was 20 kDa. The temperature optimum shifted from 70 to 80°C
in 4M NaCl and 30% Na-glutamate, with significant stability at 60-80 °C in Na-glutamate. Deactivation
rate constant (Ky) increased and half life (t;,) decreased with the increasing temperatures from 37 to
80°C. The order of stability was: 30% Na-glutamate >4 M NaCl>2 M NaCl>0M NaCl. The enzyme was
stable even at 80°C in 30% Na-glutamate with K4 4.11 and t;;; 168.64 min. The activation energies (E),
enthalpy (AH*) and entropy (AS*) for protease deactivation in with Na-glutamate were 31.97 kJ/mole,
29.23 kJ/mole and —211.83 J/mole, respectively. The change in free energy (AG*) for protease deactivation
at 60°C in 30% Na-glutamate was 101.70 k]/mole. Protease had the highest activity and stability at pH
10-11. While the enzyme was highly resistant against chemical denaturation, it had varied responses to
metal ions. Complete inhibition by PMSF confirmed serine nature of the protease. Na-glutamate, H,0,,

[B-mercaptoethanol and different surfactants enhanced the activity.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Studies on extremophiles led to the search for many enzymes
that exhibited much needed features. Besides their biotechnolog-
ical prospects, the enzymes from extremophiles may also provide
unique models to understand the biochemical and molecular basis
of the adaptation under extreme conditions. Though enzymes
from halophilic archaea and bacteria are fairly well characterized
recently [1-4], similar attention has not been focused on haloal-
kaliphilic actinomycetes [5-9]. While, antibiotics have been the
major bioactive compounds from actinomycetes, their ability to
produce a variety of enzymes has been explored only in limited
sense. The enzymatic spectrum of such organisms, though not sys-
tematically explored, appears quite promising as indicated by some
preliminary indications. We explored haloalkaliphilic proteases
from actinomycetes as these enzymes occupy a pivotal position
with respect to their applications and cellular significance.

Property of halophilic proteases severely restricts the choice of
purification methods, as they require higher salt for their activity
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and stability, making most of the conventional procedures unsuit-
able. The methods used for purification of haloarchaeal proteases
include concentration of the enzyme by ethanol precipitation or
ultra filtration followed by affinity and gel filtration chromatog-
raphy. However, many steps make the method cumbersome and
adversely affect the yield of the purified enzyme. Therefore, one
step purification of the concentrated enzyme by hydrophobicinter-
action provides a method of choice [10-12].

The activity and stability of enzymes are important parameters
to determine the economic feasibility in industrial processes. High
stability is generally considered an economic advantage because of
reduced enzyme turnover [13]. Before proceeding to develop suit-
able protease enzyme formulations, accumulating information on
the stability of enzymes in different conditions is necessary. Studies
on the thermodynamic stability of enzymes have provided funda-
mental insights into the factors that determine enzyme stability
[13,14]. However, for actinomycetes, thermodynamic properties of
the purified protease have not been described in the literature.
Thus, the present investigation considered different thermody-
namic approaches; deactivation kinetics, AH*, AS*, E and AG* to
understand the behavior of protease at different temperatures and
salts.

Halophilic eubacteria accumulate organic compatible solutes
such as sucrose, mannitol, trehalose, glycerol, betaine, proline
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and glutamate to maintain osmotic balance and functioning of
enzymes. Vidyasagar et al. [15] reported the activity of extracellular
protease from Halogeometricum brorinquense strain TSS101 in pres-
ence of compatible solutes; sucrose, mannitol, glycerol and betaine
without NaCl. However, no further information is available on the
stability of the enzymes in the presence of such solutes. Kinetic
studies on the behavior of haloalkaliphilic proteases from actino-
mycetes in the presence of NaCl and compatible solutes would
provide insight on to the unique properties of these enzymes. The
stability and activity of proteases under extreme conditions; such
as washing pH, high salt, high temperature, presence of surfac-
tants and oxidizing agents would be scientifically and industrially
significant. The present investigation was undertaken to establish
purification protocol followed by the characteristics and thermody-
namic analysis of an extracellular alkaline serine protease produced
by salt tolerant alkaliphilic actinomycetes, Nocardiopsis alba Strain
OK-5.

2. Materials and methods
2.1. Strain, media, cultivation and identification

A Halo tolerant and alkaliphilic actinomycete strain OK-5 was
isolated by enrichment culture and standard serial dilution and
plating method using salt enriched soil collected from Okha, along
the coastal region of Gujarat, India. The media for the screening
of protease producing actinomycetes and the cultivation of strain
OM-5, contained: 0.5% (w/v) gelatin, 0.5% (w/v) peptone, 0.5% (wW/v)
yeast extract and 5% (w/v) NaCl. The pH of the medium was adjusted
to 9 with 20% (w/v) Na,COs3. The growth was carried out aerobically
at 37 °Cunder shake flask conditions at 120 rpm. For 16S rRNA gene
sequencing, the genomic DNA of OK-5 was subjected to consensus
universal primers designed for 16S rRNA amplification. The PCR
product was sequenced by using pair of forward, reverse and inter-
nal primers, followed by the sequence alignment and analysis for
closest homologous actinomycetes using Mega 3.1 based Neighbor
Joining method.

2.2. Protease assay and total protein estimation

Alkaline protease activity was measured by modified
Anson-Hagihara’s method [16]. The enzyme (0.5 ml) was added
to 3.0ml hammarsten casein (0.6%, w/v, in 20 mM NaOH-Borax
buffer, pH 10) and the reaction mixture was incubated at 60 °C for
10 min. The reaction was terminated by the addition of 3.2 ml of
TCA mixture (0.11 M trichloro acetic acid, 0.22 M sodium acetate,
and 0.33 M acetic acid) and incubated at room temperature for
20min. The precipitates were removed by filtration through
Whatman-1 filter paper and absorbance of the filtrate was mea-
sured at 280 nm. One unit was defined as the amount of enzyme
liberating 1 pg of tyrosine per minute at 60°C under the stan-
dard assay conditions. Protein concentration was determined by
Bradford method [17] using bovine serum albumin as a standard.

2.3. Purification of the protease from OK-5

Hydrophobic interaction chromatography (HIC) is a first col-
umn step for proteins that have undergone previous fractionation
with ammonium sulfate. The enzyme sample could be stored at low
temperature for long period of time in ammonium sulfate. Purifi-
cation was achieved by a single and two step purification method
using HIC 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) contain-
ing 1 M ammonium sulfate. The crude protease preparation [20 ml
crude containing 1M (NH4);SO04] was loaded directly onto this
column for one-step purification, while partially purified protease

[1ml of 80% (NH,4),SO4 saturated enzyme] was loaded onto the
column in two-step purification. The bound enzyme was eluted
by 0.1 M sodium phosphate buffer, pH 8.0 containing a decreasing
step gradient of ammonium sulfate from 1000 to 100 mM. Frac-
tions at a flow rate of 0.8 mlmin~! were collected by BIO-RAD
fraction collector (BIO-RAD, California, USA) and analyzed for pro-
tease activity. The final enzyme preparation, from one and two step
purification methods were analyzed for the status of purity and
molecular weight on sodium dodecyl sulfate polyacrylamide gel
electorphoresis (SDS-PAGE) [18].

2.4. Effect of NaCl and Na-glutamate on temperature profile and
stability

To determine the effect salt on alkaline protease activity and
temperature optima, the reaction mixture (pH 10) was supple-
mented with 0-4 M NaCl and 30% Na-glutamate followed by the
incubation for 10 min at 37-90°C. The thermal stability of puri-
fied enzyme was studied by incubating the enzyme with 20 mM
Borex NaOH buffer (pH 10) containing 0-4 M NaCl and 30% Na-
glutamate at 37-80°C for 5 h. The residual activities were measured
and expressed as % of the initial activity.

2.5. Estimation of deactivation rate constant

The deactivation rate of alkaline protease was calculated by first
order expression:

dE
& ke (1)
So that,

E
In [Eﬂ — Kyt )

The Ky (deactivation rate constant or first order rate constant)
values were calculated from a plot of In[E;/Eg] vs. t at a particular
temperature and apparent half lives were estimated using Eq. (3):

2
tij2 =1n K (3)

2.6. Estimation of thermodynamic parameters for protease
deactivation

In order to obtain energies and entropies of protease deactiva-
tion, absolute rates of reaction theory were used [19] where the rate
of any reaction at a given temperature depends only on the concen-
tration of an energy rich activated complex. Thermodynamic data
were calculated by rearranging the Eyring absolute rate equation
[20].

The Eyring absolute rate equation is:

K, T AS* —AH*
k= () < (%) < (Frr) @
where h (Plank constant)=6.63 x 10-34]Js, R (gas con-
stant)=8.314]/Kmol, AH* (change in enthalpy), AS* (change
in entropy) and K;, (Boltzman constant [R/N])=1.38 x 10-23 J/K
where N (Avogadros no.)=6.02 x 10-23 mol-1.

To calculate AH* and AS* the Eyring absolute rate equation is
rearranged to give:

o[- ()@ 5 e

AH* and AS* values were calculated from the slope and intercept
of a In[Ky/T] vs. 1/T plot respectively.So that,

AH* = —(slope)R (6)
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AS*=R [intercept —In (%)] (7)

Free energy change (G) for inactivation of protease was calcu-
lated by using the following relationship [16]:
Kb*T]
K,*h
Energy of deactivation was estimated using the Arrhenius equa-
tion

AG* = —RT [m (8)

E

Ky=A e(—ﬁ) 9)

So that

In[Ky] = — L= +1n A (10)
d ——ﬁ'f‘

Energy involved in this process was calculated from the slope
of a linear plot of In[Ky] vs. 1/T [14]. Thermal stability of protease
under different salts and pH was determined by incubating the
enzyme in the presence of each salt concentrations in sealed tubes
at 37-80°C. Enzyme activity was measured before and after incu-
bation at respective temperature to determine residual activities
under each condition. All experiments were conducted in triplicate,
results were shown as mean values.

2.7. Substrate specificity and determination of Kp, and Viax

Protease activity with various protein substrates including BSA,
casein, egg albumin and gelatin (0.6%, w/v) was assayed at 60°C
under standard assay condition. The specific protease activity
towards casein was taken as a control. K, and Viax were deter-
mined by measuring the activity in various concentrations of casein
as substrate (0.025-1 g/100 ml) using Lineweaver-Burke plot.

2.8. Effect of pH on protease activity and stability

The effect of pH on alkaline protease activity was determined
by assaying the enzyme activity at different pH from 6 to 13, using
buffer systems: sodium phosphate (pH 6-8), Tris—-HCI (pH 8-9),
glycine-NaOH (pH 9-11), borex—-NaOH (pH 10-12) and KCI-NaOH
(pH 12-13) at 20 mM. Similarly, for enzyme stability, the enzyme
was inoculated with respective buffers at 40°C and activity was
measured after 1 h, 6 hand 24 h of incubation. The residual activities
were measured by considering the initial activity as 100%.

2.9. Effect of denaturing agents on protease activity and stability

The effect of chemical denaturants such as urea and guanidine
hydrochloride on the stability of protease was studied at 0-8 M. The
enzyme was incubated with urea at different temperatures for 5 h,
followed by the measurement of the residual activities.

2.10. Effect of osmolytes, inhibitors, metal ions, oxidizing agents,
reducing agents and surfactants

The reaction mixture was incubated with various osmolytes (5,
10, 20 and 30%): NaCl, KCI, glycerol, mannitol, trehalose, sucrose
and Na-glutamate; metal ions (5mM) Ca2*, Cd2?*, Co?*, Cu?",
Fe2*, Sr2*, Ni%*, Ba2*, Hg2*; different inhibitors (1 mM, 5mM and
10 mM): phenyl methyl sulfonyl fluoride (PMSF), dihiortitol (DTT),
ethylene diamine tetraacetic acid (EDTA), thiourea (TU), and p-
chloromercuribenzoic acid (PCMB); oxidizing and reducing agents
(0-50 mM): H,0, and B-mecaptoethanol; surfactants (0.5%): sodi-
mum dodecyl sulfate (SDS), cetyl trimethyl ammonium bromide
(CTAB), Tween 80 and Triton X-100; The effect was assessed by
considering the control (without respective ingredient) as 100%.
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Fig. 1. Phylogenetic tree made in MEGA 3.1 software using Neighbor Joining
method.

3. Results and discussion
3.1. Identification of the organism

OK-5, isolated from coastal region of Gujarat (India), was gram
positive with filamentous structure. Based on 16S rRNA gene
sequence homology and phylogenetic analysis, OK-5 was detected
as N. alba (GenBank Accession Number: GU985439). The nearest
homolog was Prauseria sp. (Accession No. AB188209). The 16S rRNA
gene sequence of OK-5 has been submitted to the GenBank with
the accession number HM560975. Information about other close
homologs is displayed in the phylogenetic tree, as majority of the
close homologs belonged to the genus Nocardiopsis (Fig. 1).

3.2. Enzyme purification

The results of purification of extracellular alkaline protease
are summarized in Table 1. The enzyme was purified in active
form from the culture filtrate employing hydrophobic interaction
chromatography on phenyl sepharose 6FF. Two-step purification
method resulted in 27.35 fold purification with a yield of 35% and
specific activity at 19014.15 U/mg protein. On the other hand, one-
step purification resulted in13 fold purification with a yield of
13% and specific activity at 18589.87 U/mg protein. The results are
quite encouraging in the light of the fact that only limited enzymes
have been purified form haloalkaliphilic bacteria. Purification of
enzymes from halophiles, in general, is quite difficult as salt inter-
feres with chromatographic procedures. For instance, an alkaline
protease from Thermoactinomycetes with limited purification on
DEAE SeparoseCL-6B and Toyopearl 650 column has been reported
[11]. SDS PAGE analysis revealed a single band with a molecular
mass of 20kDa (Fig. 2). While the molecular weight was lower
than other halophilic alkaline proteases, where it ranged from 40 to
130kDa [10,12,21,22], the value correspond with some proteases
reported in literature [23,24]. The activity staining of the active
form of the protease was not successful, as salt interfered with the
procedure.

3.3. Effect of NaCl and Na-glutamate on temperature optima and
protease activity

The effect of temperature on caseinolytic activity of the purified
enzyme was determined in 0-4 M NaCl and 30% Na-glutamate at
pH 10. Interestingly, a 10 °C enhancement was observed in temper-
ature optima from 60 to 70°C in the presence of 4 M NaCl and 30%
Na-glutamate, besides maximum activity significantly increased
revealing halophilic and thermophilic nature of the extracellular
protease from N. alba strain OK-5. Evidently, there was NaCl and
Na-glutamate dependence for optimal activity at higher temper-
atures. The temperature optimum of purified protease was 80°C
in 4M Na-glutamate and 4M NaCl (Fig. 3), which was higher
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Table 1
Purification of OK-5 alkaline protease with salt precipitation and hydrophobic interaction chromatography (using both one and two step purification method).
Purification steps Total activity (U) Total protein (mg) Specific activity Purification fold Yield (%)
Crude 317070 456 695.32 1 100
70% NH4S04 217589.28 37.90 5741.14 8.25 68.62
Two step purification (phenyl sepharose 6FF) 110852.55 5.83 19014.15 27.34 34.96
Crude 8048.7 9.958 808.26 1 100
One step purification (phenyl sepharose 6FF) 1024.67 0.099 10532.02 13.03 12.95
the temperature profile, the enzyme had greater stability at higher
| ) 3 4 temperatures, a feature quite desirable for biotechnological appli-
cations.

kDa

97.4 -z T

43 | w—
29 e
20.1

14.3 [

Fig. 2. SDS-PAGE pattern of purified protease using 12% cross linked polyacry-
lamide gel stained with coomassie brilliant blue. Lane 1: protein marker; lane 2:
electophoretic separation of purified protease by two step purification; lane 3:
purified protease by one step purification method using hydrophobic interaction
chromatography and lane 4: partially purified protease.

than alkaline proteases from Bacillus subtilis NCIM 2713 [25] and
Streptomyces clavuligerus [12]. The optimum temperature for the
OK-5 protease was nearly 2 fold higher than those recently reported
for haloalkaliphilic bacteria from our laboratory [10,26]. Besides
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Fig. 3. Effect of 0M NacCl (¢), 2 M NaCl (®), 4 M NaCl (a) and 30% Na-glutamate (@)
on temperature optima and enzyme activity of purified protease.

3.4. Thermal stability and deactivation rate constants of protease

Deactivation rates and half-lives of purified protease were
calculated at 37-80°C in the presence of 0-4 M NaCl and 30% Na-
glutamate (Fig. 4). The deactivation rate constant (Ky) increased
whilst half-life (t;;) decreased with increasing temperatures
(Table 2). Highest stability of the enzyme was evident with Na-
glutamate followed by 4 and 2 M NaCl. The enzyme was least stable
in the absence of NaCl. This was apparent from the K4 and t;, val-
ues at 60°C in 30% Na-glutamate (K4=0.77 x 10-3; t12=900.19),
4M NaCl (K4=1.69 x 1073; t;,=433), 2M NaCl (K4=2.37 x 10~3;
t1/=292.46) and absence of NaCl (K4q=19.15 x 10-3; t12=36.19).
The enzyme was stable even at 80°C in 30% Na-glutamate with
Kq=4.11 and ty;=168.64min. The results revealed the role of
Na-glutamate in stabilizing the enzyme at higher temperatures.
Further, reduction in NaCl from 4 to 2 M led to reduced stability of
the enzyme at all temperatures suggesting that a low water activity
due to high salt concentrations was necessary for conformational
stability. The protease from N. alba OK-5 showed highest stability in
30% Na-glutamate followed by 4 M NaCl, while the lowest stability
was apparent in the absence and 2 M NaCl. The trends were sup-
ported from higher deactivation rate constants (Ky) and lower t;,
values. The effect of salt on the stability of enzyme was related not
only to the salt/solute concentration but also to its type. The higher
stability in 30% Na-glutamate and 4 M NaCl may be attributed to
decrease in unfavorable electrostatic repulsion. Besides, halophilic
enzymes have highly negative surface charge with hydrated car-
boxyl groups shielded by high salt content, which protects against
unfolding of the proteins [27,28].

3.5. Thermodynamic parameters for protease deactivation

The thermal denaturation of enzymes is due to the disrup-
tion of non-covalent linkages, including hydrophobic interactions,
with concomitant increase in the enthalpy of activation [29,30].
The disruptions of enzyme structure leads to increased disorder,
randomness or entropy of activation [31]. Thus, investigation of
thermodynamic properties of enzyme is necessary to understand
its behavior under different physiological conditions (Table 3).
The activation energies (E) for protease deactivation calculated
in the presence of Na-glutamate and 4, 2 and O0M NaCl were
31.97, 47.66, 65.34 and 74.08 k]/mole, respectively. While Change
in enthalpy (AH*) and entropy (AS*) for deactivation of pro-
tease under same conditions were 29.23, 44.91, 62.59, 71.33,
and —-211.83, —160.12]J/mole;—-152.72, and —69.99 J/mole, respec-
tively. The change in free energy (AG™*) for protease deactivation
at 60°C in 30% Na-glutamate and 4, 2 and 0 M NaCl were 101.70,
99.68, 98.59 and 92.81 kJ/mole, respectively (Table 4). Low values
of AH* and AS* in Na-glutamate followed by 4 M NaCl revealed a
higher thermal stability of protease in the presence of these addi-
tives. Moreover, negative values of AS*indicated ordered transition
state of protease in the presence of Na-glutamate followed by NaCl.
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Fig. 4. Thermal stability of purified protease in presence of (a) 0M NaCl, (b) 2 M NaCl, (c¢) 4 M NacCl and (d) 30% Na-glutamate at 37°C (¢), 50°C (W), 60°C (a), 70°C (®) and
80°C (x) temperature.

Table 2

Deactivation rate constant (Ky) and half life (¢, ) of purified protease in presence of 0 M NaCl, 2 M NaCl, 4 M NaCl and 30% Na-glutamate at the range of 37-80°C temperature.

T(°C) 0M NacCl 2M NaCl 4 M Nacl 30% Na-glutamate
Kq (x1073) ty)> (min) Kq (x1073) ty)> (min) Kq (x1073) ty> (min) Kq (x1073) t1)> (min)
37 1.55 447.19 1.47 471.52 1.08 641.80 0.99 700.14
50 2.30 301.36 2.01 344.84 1.20 577.62 0.826 839.16
60 19.15 36.19 2.37 292.46 1.69 433.21 0.77 900.19
70 224 30.94 18.38 37.71 6.23 111.25 2.50 277.25
80 372 18.63 24.31 28.51 8.29 83.61 4.11 168.64
Table 3

Values of AH*, AS* and activation energy for protease deactivation in presence
of OM NaCl, 2M NaCl, 4M NaCl and 30% Na-glutamate at the range of 37-60°C
temperature.

Treatment AH* (k]/mole) AS* (J/mole) E (kJ]/mole)
0M Nacl 71.33 -69.99 74.08
2M Nacl 62.59 —152.72 65.34
4M Nacl 44.91 —160.12 47.66
30% Na-glutamate 29.23 -211.83 31.97

Similar results have been observed for proteases from Halobac-
terium sp. SP(1) [27]; chitinase of Pantoea dispersa [14]; ascorbate
oxidase of Cucubitamaxima[32] and amylase of Bacillus lichiniformis
[33]. The results indicated that high salt/solute concentrations led
to a stable conformation of the protease with decreased entropy

Table 4
Values of AG* for deactivation of protease in presence of 0M NaCl, 2M NaCl, 4 M
NaCl and 30% Na-glutamate at the range of 37-80°C temperature.

T(°C) AG* (kJ/mole) for deactivation of protease
0M NaCl 2M NaCl 4 M Nacl 30% Na-glutamate
37 92.69 92.83 93.62 93.85
50 95.63 95.99 97.38 98.38
60 92.81 98.59 99.68 101.70
70 95.23 95.79 98.88 101.48
80 96.60 97.85 101.01 103.07

of unfolding. Further, increase in AG* revealed that the thermal
stabilization of protease was due to the higher free energy (func-
tional energy) which enabled the enzyme to resist against unfolding
of its transition state [14]. Javed et al. [34] reported thermal sta-
bilization of endoglucanase from Aspergillus oryzae cmc-1 due to
high free energy. Indeed, the lowest AG* value for the heat labile
enzyme corresponds to the largest AH* and AS*, while, conversely,
the high AG* corresponds to the low AH* and AS* for heat sta-
ble enzyme [35]. Proteases from actinomycetes, however, are not
characterized thermodynamically. The substantial stability of the
purified protease at higher temperatures in salt, as reflected by
thermodynamic analysis, would strengthen the data and add to the
novelty of the enzyme.

3.6. Hydrolysis of protein substrate and determination of K, and
Vmax

The protease had high hydrolytic activity for casein (100%)
and poor to moderate hydrolysis of BSA (68%), gelatin (62%)
and egg albumin (30%). K and Vpax of extracellular protease
for hydrolysis of casein at 60°C and pH 10, as determined by
double reciprocal Lineweaver Burk plot, were 0.50 mg/ml and
3634.12 U/min, respectively. The Ky, values indicated the affinity
of enzyme towards the substrate. Vinax is an indication of the cat-
alytic activity of an enzyme which is usually desired to be as high as
possible.
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3.7. Effect of pH on protease activity and stability

The effect of pH on caseinolytic activity of the purified enzyme
was determined in the range of pH 6-13 using different buffer sys-
tems. Protease exhibited highest activity in the pH range 10-11
(Fig. 5a) with borex-NaOH buffer system. Similarly, maximum sta-
bility of enzyme was reported at pH 10-11, reflecting alkaliphilic
nature of an extracellular protease from N. alba strain OK-5. The
pH findings are in accordance with several recent reports show-
ing pH optima of 10-11 [10,12,36,37]. However, OK-5 alkaline
protease was stable in broad range of pH 6-12, for 6h, with sig-
nificant stability even after prolong incubation (24 h) at pH 10-11
(Fig. 5b).

3.8. Effect of denaturing agents on protease activity and stability

Purified protease was exposed to urea and guanidine hydrochlo-
ride (GH) at 2-8 M concentrations (Fig. 6a and b). The enzyme
was resistant against 8 M urea and GH and retained nearly 50%
of the original activity even after 1h of incubation at 60 °C. While
at 2M and 4 M urea, the enzyme retained more than 90% of the
initial activity. The resistance of OM-6 protease against urea denat-
uration was in contrast with one of the previous studies from
our laboratory, where an alkaline protease from a haloalkaliphilic
Bacillus sp. was highly sensitive to urea denaturation [26]. The
phenomenon of extreme resistance against chemical denaturation
appears to be quite rare among the alkaline proteases reported from
extremophilic actinomycetes [12]. Urea and guanidine hydrochlo-
ride denaturation curves are generally used to obtain an estimate
of the conformational stability of proteins by measuring the dif-
ferences in conformational stabilities between the native (folded)
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and the denatured (unfolded) states. With respect to the interac-
tion of urea with polar solutes, solvation enhancement is attributed
to more favorable hydrogen bond formation between the peptide
amide units and urea than with water [38] because urea itself
is a soluble amide. It has also been suggested that urea induces
an “outside-in” denaturation process of electrostatic character by
adhering on the surface of charged residues, leading to a repul-
sion between residues. The result of the repulsion is an opening
to water into the protein interior that will provoke the unfold-
ing. This explains the need of high urea concentration to achieve
denaturation [39,40]. Herrera et al. [41] suggested that urea acts
indirectly in the denaturation process, decreasing water mobility
around the peptide, increasing the ability to form peptide water
hydrogen bonds with longer lifetimes. There may be a direct inter-
action where urea molecules get access to the polar groups of
the peptide, thus providing a better peptide solvation than pure
water.

3.9. Effect of osmolytes, inhibitors, metal ions, oxidizing and
reducing agents and surfactants

The effect of different concentrations of various osmolytes: NaCl,
KCl, glycerol, mannitol, trehalsoe, sucrose and Na-glutamate on the
activity of purified enzyme in the absence of NaCl was examined
(Fig. 7a). The enzyme had varying levels of activities at different
concentrations of osmolytes. Among the osmolytes, Na-glutamate
(30%) enhanced the activity by 132.43% whereas; sucrose (20%),
trehalose (20%) and glycerol (5%) enhanced the activity by 5%,
77% and 20%, respectively. The activity in the presence of Na-
glutamate increased with increasing concentrations indicating that
osmotic pressure or reduced water activity was important. The
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Fig. 6. Denaturation of alkaline protease in presence of urea (a) and guanidine hydrochloride (b)at 0 M (¢),2 M (B),4 M (a) and 8 M (x ) concentration up to 5 h of incubation.
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and (e) surfactants: SDS (¢), CTAB (B), Tween 80 (a), Triton X-100 ( x) up to 2% concentration.

activity reduced to 25% in 10 mM PMSF, a serine protease inhibitor.
On the other hand, no significant effect on enzyme activity was
observed by EDTA and DTT indicating the serine nature of the
enzyme (Fig. 7b). The results corresponded with the alkaline serine
proteases from halophilic and haloalkaliphilic Bacillus sp. as well as
alkaliphilic Streptomyces clvuligens strain Mit-1 [11,26]. The results
are also in agreement with an alkaline protease from alkaliphilic
Thermoactinomycetes sp. HS682 and S. clvuligens [12]. None of the
metal ions had significant effect on enzyme activity except Hg2*,
Cu?* and Cd?* where major loss in activity was evident (Fig. 7c).
Hg?* led to the total activity loss of protease activity, a finding which
was in the line of a report on two novel halotolerant extracellular
proteases form B. subtilis strain FP-133 [37]. The effect of H,0, and
[3-mercaptoethanol was studied on purified protease at 0-50 mM
concentrations. The % maximal activity increased to 232 and 175%,
even in 50 mM H;0, and 10 mM [-mercaptoethanol, respectively
(Fig. 7d). The results indicated that H-bond and disulfide bonds are
not directly involved with protein activity or stability [12]. Joo and
Chang [37] reported the existence of oxidant stable alkaline pro-
tease in a halo-tolerant Bacillus clausii 1-52. The enzyme had high %
maximal activity in different surfactants; SDS (155%), CTAB (134%),
Tween 80 (136%) and Triton X-100 (180%) at 0.2% (Fig. 7e). Haddar

etal. [23] reported surfactant stable alkaline serine-protease from a
newly isolated Bacillus mojavensis A21. The high activity in presence
of oxidizing agent, reducing agent as well as different surfactants
would be attractive features for its applications in detergent and
other areas.

4. Conclusion

It was significant to focus on protease purification from rarely
explored group of halo tolerant alkaliphilic actinomycetes. The
work aimed at the biochemical, thermodynamic and kinetic
properties of extracellular protease. Detailed characterization of
protease from actinomycetes has not been conducted till date and
to the best of our knowledge this would be the first report on the
thermodynamic and kinetic parameters of protease from salt toler-
ant alkaliphilic actinomycetes. Besides, the enzyme had quite high
level of activity with significant stability at higher salt, temperature,
pH and a range of metal ions. The enzyme also displayed extreme
resistance against urea denaturation, oxidizing and reducing agents
as well as surfactants. Hence, the findings would provide a base to
design the strategies for rational improvements of extremozymes
from actinomycets.
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