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Abstract— Bacillus licheniformis 3C5, isolated as mesophilic bacterium, exhibited tolerance towards a wide
range of non-polar and polar organic solvents at 45°C. It produced an extracellular organic solvent-stable
protease with an apparent molecular mass of approximately 32 kDa. The inhibitory effect of PMSF and
EDTA suggested it is likely to be an alkaline serine protease. The protease was active over a broad range of
temperatures (45—70°C) and pH (8—10) range with an optimum activity at pH 10 and 65°C. It was compar-
atively stable in the presence of a relatively high concentration (35% (v/v)) of organic solvents and various
types of detergents even at a relatively high temperature (45°C). The protease production by B. licheniformis
3C5 was growth-dependent. The optimization of carbon and nitrogen sources for cell growth and protease
production revealed that yeast extract was an important medium component to support both cell growth and
the protease production. The overall properties of the protease produced by B. licheniformis 3C5 suggested
that this thermo-stable, solvent-stable, detergent-stable alkaline protease is a promising potential biocatalyst
for industrial and environmental applications.
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INTRODUCTION

In recent years, important roles for organic solvent
tolerant bacteria have been recognized in both indus-
trial and environmental applications because the
microorganisms, as well as their prominent enzymes,
can actively function as biocatalysts in reactions where
toxic organic solvents are present [1]. Numerous
investigations have been conducted on not only the
characterization of the organic-solvent tolerant bacte-
ria, but also on the characteristics and the production
of their enzymes. These microbial enzymes, which act
in both biphasic aqueous-organic system and non-
aqueous solvents [2], offer new possibilities and
expand their potential use in chemical synthesis as well
as in waste treatment applications.

Microbial proteases are one of the most important
commercial hydrolytic enzymes and they are widely
used in several industrial sectors, such as the food,
pharmaceutical and detergent industries. In addition,
solvent-stable proteases have been used as biocatalysts
in non-aqueous media for various synthesis reactions.

! The article is published in the original.
Corresponding author; e-mail: alisa.v@chula.ac.th

Due to the advantages of solvent-stable proteases, sev-
eral attempts to improve regular enzymes for their
activity and stability in the presence of organic sol-
vents have been based on physical, chemical and pro-
tein engineering techniques. The stability of the mod-
ified enzymes in the organic media, however, has not
yet been fully satisfied [2]. Therefore, an extensive
search for naturally solvent-stable proteases has been
carried out. Although Gram-positive bacteria, espe-
cially Bacillus sp., have been recognized as the pre-
dominant protease-producing bacteria, extensive
studies on solvent-stable proteases have so far oly been
carried out in Gram-negative, organic solvent-toler-
ant Pseudomonas sp. [3]. Only a few studies on sol-
vent-stable enzymes from organic solvent-tolerant
Gram-positive bacteria have been reported [4, 5].

In view of this, a group of mesophilic, organic sol-
vent-tolerant Gram-positive bacteria, previously iso-
lated in our laboratory, were expected to be prominent
sources of organic solvent-stable proteases and so were
screened. In this present study, an extracellular sol-
vent-stable protease produced by the organic solvent-
tolerant B. licheniformis 3C5 strain is reported. The
enzyme characterization and the parameters affecting
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both bacterial growth and extracellular protease pro-
duction are delineated.

MATERIALS AND METHODS

Bacterial type-strain and chemicals. The type strain
of B. licheniformis ATCC 14580 was purchased from
the BIOTEC culture collection, Thailand. All culture
medium components were from Scharlau Chemie
(Barcelona, Spain). Organic solvents were from Lab-
Scan (Bangkok, Thailand). All chemicals used were of
analytical grade.

Bacterial enrichment, isolation, identification and
cultivation. The bacterial isolates were obtained from
soil acclimatized with cyclohexane vapors in a sealed
container at 45°C. The procedure of pure bacterial
culture isolation was as described by Kongpol et al. [6]
using either minimal salt basal medium (MSB) or
MSB supplemented with 0.5% (w/v) yeast extract
(MSBY) at pH 7.2. In addition to morphometric and
biochemical classification (not shown) the likely spe-
cies identity of the selected bacterial isolates were eval-
uated by comparison of the 16S rRNA sequence.
Genomic DNA from each strain was extracted using a
standard method [7], and the PCR mixture and the
thermocycling conditions for amplification of a partial
fragment of the 16S rRNA gene were carried out as
previously described [6]. PCR products were cloned
into the pGEM-T Easy vector (Promega, Madison,
USA) and sequenced (Macrogen, Seoul, Korea). The
partial 16S rRNA gene sequences were aligned and
compared with the sequences placed in GenBank
using BLASTN searches. As a result, a preliminary
identification of the novel isolates was deduced by
sequence similarity.

Determination of the organic solvent tolerance of
the selected strain. The ability of the selected bacterial
strain to survive in the presence of organic solvents was
investigated by an overlay technique [6]. Briefly, the
culture was streaked onto an agar slant and allowed to
dry, and then the test solvent was added directly on top so
that the solvent layer was approximately 5 mm-thick. The
slant was incubated in a slanted position, so as to
maintain the test solvent as an even 5 mm thick cover-
ing, at 45°C for 5 days. The colony formation on the
slant surface overlaid with solvent was observed and
used to indicate the tolerance when the growth was
compared to that seen without the addition of any test
solvent. The level of growth shown by the colony for-
mation was expressed as — for no growth, +, ++ and
+++ for enhanced growth after 3 days in comparison
to that of bacterial colonies formed without organic
solvent, and +/— for cell growth observed at a slower
rate after 5 days.

Screening and selection of organic solvent-tolerant
protease producers. The organic-solvent tolerant bac-
teria were examined for protease production. Cells
were grown on skimmed milk agar at pH 7.0, 8.0 or
9.0, with and without cyclohexane overlay, and incu-
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bated at 45°C for 24 h. The diameter of each bacterial
colony and the clear zone around the colony were
measured and the ratio of the clear-zone diameter over
the colony diameter was compared for at least four
independent measurements. The bacterial strain that
exhibited the highest ratio was then chosen for further
studies.

Determination of protease activity and protein con-
centration. Protease activity was determined as
caseinolytic activity. The crude enzyme solution was
mixed with a 1% (w/v) casein solution in 100 mM
Tris-HCI buffer, pH 8.0, at an enzyme:substrate solu-
tion (v/v) ratio of either 1:9 or 1:4.5. The reaction vol-
ume was always adjusted to 550 pl using 100 mM Tris-
HCI buffer, pH 8.0. This reaction mixture was then
incubated at 45°C for 30 min, whereupon the reaction
was stopped by immediately mixing with 450 ul of a
5% (w/v) TCA solution, incubating at 30°C for 15 min
and removal of the precipitate by centrifugation at
6339 g for 15 min. The supernatant was harvested and
assayed for absorbance at 280 nm, with the absorbance
being used to estimate the amount of tyrosine liberated
by comparison with a tyrosine standard curve pro-
duced from tyrosine concentrations in the range of 0—
100 g ml~!. Controls, one without casein substrate and
another without enzyme, were always carried out and
the amount of tyrosine generated by the controls, if
any, was subtracted from the experimental value. One
unit of enzyme activity was defined as the amount of
enzyme that liberated 1 g of tyrosine per min under the
assay conditions. Protein concentration was deter-
mined by the method of Lowry [8]. Under some
growth conditions, as later indicated, where a red pig-
ment was formed, a slight modification of the assay
protocol was performed [9] to avoid absorbance inter-
ference of the pigment at 242 and 280 nm. Briefly, after
TCA addition, 350 pl of supernatant was mixed with
750 plof a 500 mM Na,COj; solution. The mixture was
incubated in the dark at 37°C for 10 min, and then
150 pl Folin’s reagent was added prior to incubation in
the dark at 37°C for another 30 min. The mixture was
then centrifuged at 12000 g for 5 min. An absorbance
of the supernatant was then determined at 660 nm.

SDS-Polyacrylamide gel electrophoresis (PAGE) and
zymogram analysis. Extracellular proteins in the cell
supernatant were analyzed by SDS-PAGE followed by
silver staining. The relative molecular mass of protein
was estimated using a low-molecular weight (LMW)
protein marker (GE Life Sciences, Singapore). For
the zymogram analysis, the proteins were separated
and the protease activity was analyzed simultaneously
on a skimmed-milk SDS-PAGE, as previously
described [10]. In brief, a 100 pg of the crude superna-
tant protein obtained from each stage of growth was
loaded into the gel without heating. After gel electro-
phoresis, the gel was soaked in developer buffer (2.5%
(v/v) Tritron X-100 in 50 mM Tris- HCl buffer, pH 8.0)
to remove SDS and allow renaturation of proteins, and
then the gel was incubated at 45°C for 1 h in the same
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buffer to allow the reaction to occur, followed by stain-
ing and de-stainining of the gel, respectively. The zone
of proteolytic activity appeared as a cleared band on
the gel. In separate gels run on aliquots from the same
protein samples, phenylmethylsulphonyl fluoride
(PMSF) (1 mM) was included in the develop buffer to
investigate whether there was an inhibition of the
enzyme activity by PMSE

Parameters affecting protease activity and stability.
The effect of organic solvents and detergents on the
enzyme activity and stability were investigated as fol-
lows. The crude enzyme was mixed with either the test
organic solvents at 35% (v/v) or detergents (0.5% or
1%, v/v or w/v as indicated). The control enzyme
activity observed without solvent or detergent expo-
sure under the same standard conditions was set as
100% activity and all other activities related to this as
a relative %. The activity upon solvent or detergent
mixing was used to represent the enzyme’s sensitivity
to the solvent, expressed as the percentage activity
observed relative to that of the control. The stability of
the enzyme to the test organic solvent or detergent was
evaluated after incubation for 1 h and 6 h at 45°C in the
presence of the organic solvent and for 6 h and 12 h at
45°C in the presence of the detergent. The residual
activity was determined and expressed as a percentage
relative to the activity of the enzyme without chemical
addition as above.

The effect of metal ions (5 mM) and inhibitors
(1 mM of PMSF and ethylene-diaminetetraacetic
acid (EDTA)) on the protease activity were examined
as follows. The crude enzyme was pre-incubated with
the indicated metal ion or an inhibitor for 30 min at
45°C and the activity was then determined in compar-
ison to that of the control without the pre-incubation.

An optimum pH for the crude protease was deter-
mined over the pH range of 4—12 using the following
buffers (all at 0.1 M): acetate buffer (pH 4—6), phos-
phate buffer (pH 6—7), Tris buffer (pH 8—9), glycine-
NaOH (pH 10—11), and carbonate buffer (pH 11—
12). The pH stability of the enzyme was investigated by
pre-incubating the enzyme in the appropriate buffer at
45°C and determining the residual enzyme activity
after 12 h and 24 h under the standard assay conditions
and expressed as a percentage relative to the activity of
the enzyme without the pre-incubation, as above.

The optimum temperature of the crude enzyme
was studied by monitoring the enzyme activity over
temperature range of 25—80°C at pH 8.0 and pH 10.
The temperature stability was determined by pre-
incubating the enzyme for 12 h and 24 h at the various
indicated temperatures and then determining the
residual enzyme activity under standard conditions as
a percentage relative to the activity of the enzyme
without the pre-incubation, as above.

Parameters affecting cell growth and protease pro-
duction. The effect of nutrient components on the
growth and the protease production of the selected
protease-producing strain were examined as follows.
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The selected strain was grown in Luria-Bertani (LB),
MSB, MSBY medium or MSBY supplemented with
one of the following carbon sources (10 g17'): glucose,
fructose, lactose, xylose, sorbitol, soluble starch,
sucrose, glycerol or crude glycerol (a by-product from
the biodiesel production process). Then, the best car-
bon source among these in terms of yielding the great-
est protease production was selected for further evalu-
ation with the following nitrogen sources (10 g 17'):
peptone, tryptone, casein, (NH,),SO,, NH,CI,
NH,NO;, NaNO; and urea. Cells were incubated at
45°C with shaking at 200 rpm. Cell growth was deter-
mined spectrophotometrically by measuring the
absorbance at 600 nm (DU800, Beckman Coulter,
Inc., USA) and the cell supernatant was assayed for
the protease activity. The time course of the protease
production by the selected strain was then examined
by collecting cell culture at each stage of growth,
removal of the bacteria by centrifugation and assaying
the cell supernatant for the level of protease produc-
tion, as above.

RESULTS AND DISCUSSIONS

Selection of organic solvent-stable protease producing
bacterial isolates. Twenty four strains of mesophilic
organic-solvent tolerant bacteria, previously isolated
at 45°C from cyclohexane enriched-soil in our labora-
tory, were examined for their ability to produce any
extracellular caseinolytic protease. All of the strains
tested were able to produce protease with different
extent, yielding a clear zone around their colonies on
the skim-milk agar plate. The result varied in extent
between the different bacterial isolates (Fig. 1). The
phylogenetic position of the studied strains, deter-
mined by 16S rRNA gene comparison, indicated that
they are all affiliated with the genus Bacillus, which is
well known for its protease producing representatives.
Nevertheless, when the colony on plate was sub-
merged with cyclohexane and incubated at 45°C for
24 h, the protease from only eight strains, i.e. strains
4/1,5/1,21,24,24/1,45,46 and 3C5, remained active
and was able to hydrolyze the skimmed milk generat-
ing a significant clear zone. This result suggested that
the enzymes produced by the organic solvent-tolerant
bacteria does not necessarily exhibit natural resistance
to organic solvents as previously presumed [5]. In this
study, the protease from strain 3C5 remained highly
active in the presence of cyclohexane; therefore, strain
3C5 was selected as the most potent protease producer
for further study. The strain was identified from the
16S rRNA sequence analysis as Bacillus licheniformis
3Cs.

In addition to the cell tolerance to cyclohexane,
B. licheniformis 3C5 demonstrated tolerance ability
towards other organic solvents with a broad range of
log P, values, that is partition coefficients of the sol-
vent from a water phase into an octanol phase, as
shown in table. When a similar test was performed with
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Fig. 1. Screening of organic-solvent tolerant bacterial strains for their ability to produce extracellular organic-solvent stablepro-
tease. The ratio of the clear-zone diameter and the bacterial colony diameter on a skimmed milk agar plate in the absence (1)
and in the presence (M) of cyclohexane overlaid on the plate. The diameters of clear zone and bacterial colony were evaluzted after
incubation for 24 h at 45°C. A minus symbol (-) indicates no detectable clear zone on the plate in the presence of overlaid cyclo-
hexane. Data are shown for each bacterial isolate (isolate code on the X axis) as the mean + 1SD, derived from at least four inde-

pendent experiments.

a type-strain B. licheniformis ATCC 14580, it tolerated
only some of the organic solvents with a log P,,, greater
than 4.66 which, theoretically, are non-toxic for
microorganisms [1]. The result clearly indicated that
the organic solvent tolerance was, in fact, strain-spe-
cific. However, it should be noted that the tolerance
level derived from the growth on agar medium overlaid
with the organic solvent could be different from that
in a two-liquid phase fermentation system in which
additional parameters, such as aeration, may be
involved [1].

SDS-PAGE and zymogram analysis of the B. licheni-
Jormis 3C5 protease. Previous reports have shown that
a bacterium can produce not only a number of pro-
teases simultaneously, but their characteristics can also
be largely varied. Molecular masses of previously
reported proteases from Bacillus spp. vary from 28 kDa
for B. pumilus MK6-5 [11] up to 55 kDa for that from
B. licheniformis RSP-09-37 [5]. In this study, the zymo-
gram analysis of the extracellular proteins of the cell
supernatant using a skimmed-milk-SDS-PAGE
revealed that B. licheniformis 3C5 produced only one
type of active extracellular protease, as defined by
SDS-PAGE estimated size and inhibitor sensitivity;,
under the growth and assay conditions provided
(Figs. 2a and 2b). The protease appeared as a mono-
meric protein with an apparent molecular mass of
approximately 32 kDa (Fig. 2b). Its activity was com-
pletely inhibited by 1 mM PMSF (Fig. 2¢) suggesting
a type of serine protease.

Effect of organic solvents and detergents on the pro-
tease activity and stability. Since our interest originated
from the fact that B. licheniformis 3C5 protease could
actively function in the presence of cyclohexane, the
enzyme activity and stability towards various organic
solvents was investigated prior to further characteriza-
tion. Generally, organic solvents adversely affect
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enzyme activity because they interact directly with the
essential water surrounding the enzyme molecule [2].
The enzymatic activity is generally high in a non-polar
organic solvent with log P, > 4, moderate in solvents
with log P,, 2—4, and a low activity in a polar organic
solvent with log P, <2 [1]. Nevertheless, the protease
activity of B. licheniformis 3C5 was increased by up to
20% when initially exposed to most of the organic sol-
vents tested, although it was partially inactivated (by
4—20%) upon the exposure to diethyl ether, DMF, and

(a) (b) (©)
kDa M Sp
97.0 — =
66.0 — W=

45.0 —

M 2 3 M 4
30.0 —
20.1 —
44—

Fig. 2. Analysis of a protein profile (a) and the proteolytic
activity (b) of the extracellular protease from B. lichenifor-
mis 3C5. (a) SDS-PAGE of 100 pg extracellular cell super-
natant protein (Sp) next to 5 pl of a low-molecular weight
(LMW) protein marker (M), and visualized by silver stain-
ing. (b) Skimmed-milk SDS-PAGE zymogram of 100 pg
extracellular cell supernatant protein from 15-h (Lanes / & 4),
18-h (Lane 2), and 24-h (Lane 3) cultures and developed
in buffer (lane /—3) alone or with | mM PMSF (Lane 4).
The arrows represent the protein band with the proteolytic
activity. Gels shown are representative of at least three
independent repeats.
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Organic solvent tolerance of B. licheniformis 3C5 and B. licheniformis ATCC 14580 type-strain

bBacterial growth
Organic solvent logP,,,
B. licheniformis 3C5 B. licheniformis ATCC 14580
None - ++++ ++++
n-Octane 5.18 ++ ++
n-Decane 5.01 +++ +++
n-Heptane 4.66 ++ ++
n-Decanol 4.57 + _
Cyclohexane 3.44 +++ —
Ethylbenzene 3.15 + _
n-Octanol 3.00 +/— -
Toluene 2.73 + +/—
n-Heptanol 2.62 — +/—
Benzene 2.13 + —
Trichloromethane (Chloroform) 1.97 + -
Butyl acetate 1.78 ++ _
Methyl butyl ketone 1.38 + —
Dichloromethane 1.25 + _
Diethyl ether 0.89 — _
n-Butanol 0.88 4 _
Ethyl acetate 0.73 +/— —
iso-Butanol 0.61 ++ _
Methyl ethyl ketone 0.29 +/— _
Acetone —0.24 +/— _
Acetonitrile —0.34 — —
Dimethylformamide —1.01 — -
Dimethylsulfoxide —-1.35 ++ +

Notes: 2 log P, values were obtained from KOWWIN v.1.67 (2000) (US EPA, USA).

bp licheniformis 3C5 and B. licheniformis ATCC 14580 type-strain were grown at 45°C and 37°C, respectively, on an MSBY agar
slant overlaid with each organic solvent. The symbols, +++, ++, and + represent the relative cell growth to that without organic sol-
vent exposure observed after 3 days of incubation, +/— represents a relative cell growth observed at a slower rate (at 5 days of incuba-

tion) and — means no relative cell growth.

DMSO (Fig. 3). Overall, the protease was well stable
towards various types of non-polar and polar organic
solvents at a relatively high temperature in that it
retained more than 80% of its initial activity after sol-
vent exposure for 1-h, while the activity was only
slightly further decreased (20—25%) after incubation
for 6 hours.

Given that bacterial proteases have their main bio-
technology-based applications in the wastewater
treatment and laundry detergent industries, the deter-
gent-stability of the protease was determined. The
three non-ionic surfactants, Triton X-100, Tween80,
and Tween20, and the strong anionic surfactant, SDS,

were selected for this study. The protease activity was
slightly increased when either the non-ionic or
anionic surfactant was initially added (Fig. 4). Its
activity was stable and remained relatively high after a
6 h (295% of the original activity) and 12 h (~70—85%
of the original activity) incubation period at 45°C,
while the activity of the solvent-stable protease from
B. licheniformis RSP-09-37 dropped by 20% and 30%
when it was incubated for 1 h with 1% (v/v) Triton X-
100 or 1% (w/v) SDS, respectively [5]. The relatively
good stability of the protease produced by B. lichenifor-
mis 3C5 in the presence of surfactants or organic sol-
vents over a certain period of time (6 h) at a relatively

MICROBIOLOGY Wl.79 No.5 2010



AN ORGANIC SOLVENT-, DETERGENT-, AND THERMOSTABLE ALKALINE PROTEASE

—
N
o

—_
=

S O o o o o

ALTLLLLLLLLLLRR LR RN

o]

o0
ALLLLLLLL LR LA L L

N

[\®}
ALLLLLLLL L LR R LSRR LR

ALTLTLLLLLLLRRR LR LR
ALTLLLLTLLLLLLL LWL :
\\\\\\\\\\\\’\‘\\'.\\\\\' L
ALLTLLTLLLR LR R L LR LN
ALLTALTLLLL L LVL RV LY,
ALTLLLLTLLLLSLSLS LSRR LR

[\)_:

ALLLLLLLLLL LR L L

% Relative/residual activity
N

@)
p—
(%)
N
(9]
)}
~
co
\O

— AR OSSR NAN

0111213141

ARLRLLLLLLLR LR LR LR

625

— RASSSSSSSSSSSSASNS

o\—

ALLTLLAALLLALLLA L LR LA LY
ALLLLLLLLLL LR LR R LR
ALTLLLLLLL LR LR LR LR
AATLR LR R LR

I ————————

ALLRRR LSRR R

N B

S A AL LLLLLL LR R R R R
NN RS RRRARRNSNNRSNY

e ———————
O

[\®) SARAARSASSSSASSANSS
O

e R e ——

— AR SSSRNSNRS

R e ————

— R S S SN SN NNN N NSS

[ R e ——————————————

B AARRLLLLLL L LSRR
[ Y

[\
w

Organic solvents

Fig. 3. Effect of organic solvents on the activity and stability of the B. licheniformis3C5 extracellular protease. Each organic solvent
was mixed with the crude enzyme solution to 35% (v/v) and incubated at 45°C. The relative enzyme activity was determined after
mixing (&), and the residual activity was measured after 1-h ([@) and 6-h (@ ) incubation and compared to that (100%) of a non-
solvent containing control (C). The organic solvents, in order of Log P, (in parenthesis), were; 1, n-octane (5.18); 2, n-decane
(5.01); 3, n-heptane (4.66); 4, n-decanol (4.57); 5, cyclohexane (3.44); 6, ethylbenzene (3.15); 7, n-octanol (3.00); 8, toluene
(2.73); 9, n-heptanol (2.62); 10, benzene (2.13); 11, chloroform (1.97); 12, butyl acetate (1.78); 13, methyl butyl ketone (1.38);
14, dichloromethane (1.25); 15, diethyl ether (0.89); 16, n-butanol (0.88); 17, ethyl acetate (0.73); 18, isobutanol (0.61); 19,
methyl ethyl ketone (0.29); 20, acetone (—0.24); 21, acetonitrile (—0.34); 22, dimethyl formamide (—1.01); 23, demethyl sulfoxide
(—1.35). Data are shown as the mean * 1SD and are derived from at least three experiments. Log P, values were obtained from

KOWWIN v.1.67 (2000) (US Environmental Protection Agency, USA).

high temperature suggests its potential application in
the detergent industries, as well as in municipal and
industrial wastewater treatment systems, where toxic
organic solvents and/or surfactants are accumulated
[12].

Effect of metal ions and inhibitors on protease activity.
The addition of Ca?* or Mg?* resulted in an increase in
the enzyme activity of up to 131+ 12% and 108 £ 7% of
the initial activity, respectively. On the other hand, the
addition of Cu®**, Mn?* or Ni** decreased the activity
almost two-fold to 58 £ 10 %, 45 + 6%, and 48 £+ 5%,
respectively. These results are in agreement with a pre-
vious report which indicated a role for Ca in the stabi-
lization of an enzyme in its active conformation [13].
Subsequently, the addition of EDTA (1 mM), a potent
inhibitor of metalloprotease, caused a drop in the
enzyme activity by 15% as a result of Ca’* chelation,
while the protease activity was completely inhibited by
PMSF (1 mM). These results support that the protease
of B. licheniformis 3C5 is an alkaline serine protease,
where Ca?* plays a role in enzyme stabilization leading
to the slight increase in the overall activity under the
conditions used.

Effect of pH and temperature on the protease activity
and stability. The protease appeared to maintain its activ-
ity across the broad pH range of 5—12 with an optimum
pH at pH 10 and minimum with this tested range at
pH 4.0 (Fig. 5a). Likewise, it exhibited a relatively high
activity within the temperature range of 30—70°C, when
tested at pH 8.0 and pH 10.0, increasing in activity with
increasing temperature up to a maximum at 65—70°C,
and then the enzyme activity declines at temperatures
higher than 70°C (Fig. 5b). When the enzyme stability to-
wards a range of pH values was determined, the residual
2010

MICROBIOLOGY Wl. 79 No. 5

activity was found to still be higher than 75% after the in-
cubation for 12 h and 24 h within the pH range of 5—11
(Fig. 5¢). As to the enzyme’s thermo-stability, when de-
termined at pH 8.0, the remaining activity was higher
than 75% after incubation at 30—45°C, while it gradually
decreased with incubation at temperatures higher than

120 1
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% Relative/residual activity

NN
BRSNS

g
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C 1 2 3 4 5 6
Detergent

Fig. 4. Effect of detergents on the activity and stability of
the B. licheniformis 3C5 extracellular protease. The deter-
gent was mixed with the crude enzyme solution and incu-
bated at 45°C. The relative activity was determined after
mixing (F4), and the residual activity was measured after
6-h (@) and 12-h (@) incubation and compared to that
(100%) of a non-solvent containing control (C). The
detergents evaluated were the non-ionic detergents (1) 1%
(v/v) Triton X-100, (2) 1% (v/v) Tween 80, (3) 1% (v/v)
Tween 20 and (4) 1% (v/v) Brij 35; as well as the anionic
detergent (5) 0.2% (w/v) SDS and (6) 1% (w/v) SDS. Data
are shown as the mean = 1SD and are derived from at least
three experiments.
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Fig. 5. Effect of pH (a), (c) and temperature (b), (d) on the activity (a), (b) and stability (c), (d) of the B. licheniformis 3C5 extra-
cellular protease. The protease activity was assayed at 45°C for (A) different pH values using the following buffers (all 0.1 M):
sodium acetate (pH 4-6), phosphate buffer (pH 6—7), Tris buffer (pH 8-9), glycine-NaOH (pH 10-11), and carbonate buffer
(pH 11-12) and for (b) different temperature at either pH 8.0 (ll) or pH 10.0 ([0) The pH and temperature stability of the pro-
tease was determined by pre-incubating the enzyme in the buffer with (c) different pH values or (d) with different temperatures
at pH 8.0 for either 12 h (@) or 24 h (@), and then evaluating the residual enzyme activity according to the standard assay con-
ditions. Data are shown as the mean *+ 1SD and are derived from at least three experiments.

that and was inactivated at 80°C (Fig. 5d). The apparent
pH optimum of 10 for the protease produced by B. /i-
cheniformis 3C5 is similar to that of other previously re-
ported alkaline proteases [5, 13]. However, it has a com-
paratively higher optimal temperature (65°C) than other
alkaline proteases produced by Bacillus species, including
the two solvent-stable proteases from B. licheniformis
strains RSP-09-37 [5] and YPI1A [14].

Effect of carbon and nitrogen sources on cell growth and
protease production. The protease produced by
B. licheniformis 3C5 is active and stable under harsh
conditions, suggesting its potential use not only in
chemical industries, but also in wastewater treatment.
However, such applications would require a plentiful
and cheap supply of enzyme. Therefore, the optimiza-
tion of growth conditions by way of increasing active
extracellular protease yield was carried out. B. licheni-
Jformis 3C5 grown on MSBY medium generally exhib-
ited a specific growth rate of 0.126 + 0.012 h™! and
yielded the highest protease activity of 5.6 + 1.2 U ml~..
Variation of carbon and nitrogen sources clearly influ-
enced both the bacterial growth rate and the protease
production. Since the addition of yeast extract was
shown to be necessary to support cell growth, the

effect of an additional carbon source supplemented
into the MSBY medium was evaluated in terms of both
the cell growth rate and active protease production
(Figs. 6a and 6b). Medium containing different sugars
(10 g I'") showed an enhancement of cell growth,
ranging from 14—80%, while those supplemented with
glycerol or crude glycerol reduced the cell growth by
approximately 25%. Contrary to the cell growth
enhancement, the addition of a supplement carbon
source not only caused the pH to drop by 1—2 units,
but also substantially reduced the protease yield, prob-
ably due to the presence of a readily utilizable carbon
source. Although a similar phenomenon has been
reported by several other groups of researcher [15—
18], it can not be taken for granted as in a few cases the
addition of a readily utilizable carbon source was
reported to actually enhance the protease production
[19—21]. The addition of sugar also caused the forma-
tion of an extracellular, water-insoluble red pigment
which was clearly observed upon the addition of most
of the carbon sources, whereas the formation of such
was at negligibly low level when cells were grown in
MSBY, MSBY-lactose and MSBY-glycerol (data not
shown). Further investigations indicated that this red
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Fig. 6. Effect of carbon and nitrogen sources on the (a), (c) cell growth, and (b), (d) protease production, of B. licheniformis strain
3CS5. B. licheniformis strain 3C5 were grown at 45°C in Luria-Bertani medium (LB) or minimal salt basal medium (MSB) as base

references, and compared to that when grown in MSB supplemented with yeast extract (5 g.L_l) (MSBY) with or without various

carbon source (10 g.L’l) and nitrogen source (10 g.L’l) sources, before (a), (c) the cell growth and (b), (d) extracellular protease
activity levels were determined at 0 h ((J), 15h (@), 18 h (M), and 24 h (M) culture. Supplemented carbon sources (a), (b) were:
glucose (G), fructose (F), lactose (L), xylose (X), sorbitol (So), soluble starch (SS), sucrose (Su), glycerol (Gl), crude glycerol
(CGI). Supplemented nitrogen sources (c), (d) were: peptone (P), tryptone (T), casein (C), ammonium sulfate (As), ammonium
chloride (Ac), ammonium nitrate (An), sodium nitrate (Sn), urea (U). The pH of the medium after 15 h of culture is shown above.
Data are shown as the mean = 1SD and are derived from at least three experiments.

pigment was pulcherrimin [22] and its formation was
significant only when the additional sugars were pro-
vided (data not shown).

B. licheniformis 3C5 grew to a much lower extent in
the absence of yeast extract, even if yeast extract was
replaced with another organic nitrogen source (data
not shown). Nevertheless, when the organic nitrogen
(except urea) was individually combined to MSBY
medium, cell growth was significantly enhanced
(Fig. 6¢). On the other hand, the addition of inorganic
nitrogen, apart from (NH,),SO, and NH,CI, was
observed to adversely affect cell growth. As has been
observed in the production of several other proteases
[17, 20, 23, 24], protease production by B. subtilis 3C5
was stimulated in the presence of complex organic
nitrogen sources (Fig. 6d). In this study, the highest
protease production was obtained when using MSB-Y
supplemented with peptone. The addition of inor-
2010
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ganic nitrogen sources, such as (NH,),SO, and
NH,CI, provided readily utilizable nitrogen for the
microorganism and thus resulted in a lower protease
production. That a higher cell growth was observed
when using complex organic nitrogen sources
(Fig. 6¢) might be a result of the additional carbons
that are also supplied by organic nitrogen sources.

The highest protease productivity was obtained
from cells grown in MSBY supplemented with pep-
tone (Fig. 6d). Therefore, a time course study was per-
formed with cells grown in MSBY-peptone medium to
investigate the correlation between cell growth and
extracellular protease production. During the cultiva-
tion, the pH of culture medium continuously
increased until it reached a final pH of 7.8 £ 0.5. The
protease production reached a maximum yield of 8.0
2.4 U ml™! in the mid-late exponential growth phase
(~15 h) and then dramatically decreased thereafter
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with ca. 70% of the protease activity remaining in the
medium after 24 h. During this period, no spore for-
mation was observed. The dramatic decrease in the
enzyme activity when cells enter the stationary phase
has been widely reported and is perhaps was caused by
an enzymatic degradation [21].

In conclusion, B. licheniformis 3C5 was isolated as a
mesophilic, organic-solvent tolerant bacterium. It has
the indigenous property of being tolerant to a wide
range of non-polar and polar organic solvents at a rel-
atively high temperature (45°C) and produced an
extracellular thermo-stable, solvent-stable alkaline
serine protease with a molecular mass of approxi-
mately 32 kDa. The protease was active over a broad
temperature (45—70°C) and pH (8—10) range with an
optimum activity at pH 10 and 65°C. Its activity was
comparatively stable in the presence of a high concen-
tration (35% (v/v)) of organic solvents, and both non-
ionic and ionic detergents (1%) (v/v) or (w/v)), at a
relatively high temperature (45°C). The growth and
the protease production by this bacterium required
only minimal medium components which is practical
for commercial practice. The overall properties of the
protease produced by B. licheniformis 3C5 suggest that
this thermo-stable, solvent-stable, detergent stable
alkaline protease is potentially a promising biocata-
lysts for industrial and environmental applications.
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