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An extracellular proteinase from Virgibacillus sp. SK33, isolated from 1 month-old fish sauce, was purified
to electrophoretic homogeneity, using hydrophobic interaction chromatography and hydroxyapatite with
purification fold of 2.5 and 7% yield. The anomalous molecular weight (MW) of 19 kDa was obtained from
SDS-PAGE, whereas a MW of 33.7 kDa was determined by MALDI-TOF. Optimum conditions for catalytic
activity were 55 °C and pH 7.5. The proteinase was strongly inhibited by phenylmethanesulfonyl fluoride
(PMSF) and preferentially hydrolysed Suc-Ala-Ala-Pro-Phe-AMC, indicating a serine proteinase with sub-
tilisin-like characteristics. Ky, and ke, of the purified proteinase were 27 uM and 12 s~!, respectively. Pro-
teinase activity, toward both synthetic and anchovy substrates, increased with NaCl up to 25%. The
proteinase exhibited high stability in both the absence and presence of NaCl up to 25%. Approximately
2.5-fold increase in activity was observed in the presence of divalent cations, including Ca%*, Mg?* and
Sr?* at 100 mM. MALDI-TOF MS and LC-ESI-MS/MS analyses, as well as N-terminal sequences, revealed
that the purified enzyme did not match microbial proteinases in the database, indicating it to be a novel

proteinase.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Most commercial proteinases are derived from mesophilic
microorganisms and exhibit activity in the neutral to alkaline pH
range, mild temperature and low ionic strength (Petersen, 1981).
Low thermal stability of these enzymes is a major limitation in
their application (Anwar & Saleemuddin, 1998). A proteinase from
B. amyloliquefaciens could not function at >50 °C, while Bacillus
licheniformis proteinase was readily inactivated near pH 4 (Adler-
Nissen, 1993). In addition, activity of Bacillus proteinases decreased
with increasing NaCl concentration (Gupta et al., 2005). Protein-
ases from mesophilic bacteria show relatively poor activity in ex-
treme conditions.

Extremophilic microorganisms are considered to be an impor-
tant source of enzymes that are able to function under harsh con-
ditions (Kumar & Takagi, 1999). Extremophiles are organisms
thriving in extreme conditions, which include thermophiles, acido-
philes, alkalophiles, psychrophiles and halophiles. Archaebacteria
can produce proteinases that are able to perform a catalytic reac-
tion at relatively high NaCl concentration (5.8-30%). A chymotryp-
sin-like proteinase was purified from arhaeon Natrialba asiatica
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172 P1 and showed optimum activity at 30% NaCl (Kamekura &
Seno, 1990), whereas optimum activity of the purified chymotryp-
sin-like proteinase from arhaeon Natrialba magadii was at 1-1.5 M
NaCl (5.8-8.8%) (Giménez, Studdert, Sanchez, & De Castro, 2000).

Moderate halophiles are microorganisms growing well at 3-
15% NaCl and proteinase activity also increases with NaCl concen-
tration (Ventosa, Nieto, & Oren, 1998). Activity of crude proteinases
from Virgibacillus sp. SK33 isolated from fish sauce fermentation
was first reported to increase with NaCl concentration up to 25%
and showed higher proteolytic activity toward anchovy than did
Alcalase and Protamex (Sinsuwan, Rodtong, & Yongsawatdigul,
2008). Virgibacillus sp. SK33 could be a good source of proteinases
hydrolysing protein at high NaCl condition. To effectively utilise
proteinases produced from Virgibacillus sp. SK33, their biochemical
characteristics must be elucidated. Therefore, our objective was to
purify and to biochemically characterise the predominant extracel-
lular proteinase from Virgibacillus sp. SK33.

2. Materials and methods
2.1. Chemicals
t-Butyloxycarbonyl(Boc)-Asp(oBzl)-Pro-Arg-7-amino-4-meth-

ylcoumarin (AMC), succinyl(Suc)-Ala-Ala-Pro-Phe-AMC and carbo-
benzoxy(Z)-Phe-Arg-AMC were purchased from Bachem A.G.
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(Dubendorf, Switzerland). Boc-GIn-Ala-Arg-AMC, Boc-Val-Leu-Lys-
AMC, Z-Arg-Arg-AMC, leupeptin, trypsin inhibitor I (soybean), N-
tosyl-L-lysine chloromethyl ketone (TLCK), N-tosyl-L.-phenylalanine
chloromethyl ketone (TPCK), phenylmethanesulfonyl fluoride
(PMSF), bestatin, pepstatin A, trans-epoxysuccinyl-L-leucylamido-
(4-guanidine)-butane (E-64), N-ethylmaleimide (NEM), iodoacetic
acid (IAA), dithiothreitol (DTT), 2-mercaptoethanol (B-ME), bovine
serum albumin, t-tyrosine and casein were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). Ethylenediaminetetraacetic acid
(EDTA), L-cysteine, imidazole and i-histidine were purchased from
Fluka (Buchs, Switzerland). All other chemicals used were of ana-
lytical grade.

2.2. Strain and growth condition

Strain SK33 was isolated from fish sauce fermentation and iden-
tified to be Virgibacillus sp. according to the 16S rRNA gene se-
quence (Accession No. DQ910838). Virgibacillus sp. SK33 was a
Gram-positive/variable, long rod of 0.6-0.7 x 3.0-6.6 pm, non-
motility and terminal or subterminal ellipsoidal spores. It grew
over a wide pH range of 4-11 and 20-45°C (Sinsuwan et al,,
2008). The purified culture of Virgibacillus sp. SK33 was cultivated
in a halobacterium salt broth supplemented with yeast extract (1%
yeast extract, 0.3% trisodium citrate, 0.2% potassium chloride, 2.5%
magnesium sulphate and 5% NaCl) at 40 °C with a shaking speed of
100 rpm for 3 days. Crude proteinase was collected by centrifuga-
tion at 8000g for 30 min at 4 °C.

2.3. Purification

All purification steps were carried out at ~4 °C, using a Purifier
10 (AKTA, GE Healthcare Bio-Sciences AB, Uppsala, Sweden).
Ammonium sulphate was slowly added to the crude proteinase
to attain a final concentration of 1 M. The crude proteinase was
subsequently centrifuged at 10,000g for 30 min and filtered
through a 0.45 pm-membrane filter. The filtrate was loaded onto
a phenyl-Sepharose (GE Healthcare Bio-Sciences AB, Uppsala, Swe-
den) column (2.6 x 6.5 cm) equilibrated with 1M (NH,4),SO4,
50 mM Tris-HCI, pH 8.0 and washed with the same buffer. Elution
was performed with a linear gradient from 1 to 0 M (NH4),SO4,
50 mM Tris-HCl, pH 8.0. Fractions of 5 ml were collected at a flow
rate of 1 ml/min. Active fractions were pooled and diafiltrated
against 50 mM Tris-HCl (pH 8.0), using a membrane with molecu-
lar weight cut-off (MWCO) of 10 kDa (Vivaspin, Sartorius AG, Goet-
tingen, Germany).

Diafiltrated sample was applied to a hydroxyapatite column
(5 ml) (Econo-Pac® CHT-II Cartridge, Bio-Rad Laboratories, Hercu-
les, CA, USA) equilibrated with 50 mM Tris—HCI (pH 8.0). The col-
umn was washed with equilibrating buffer and eluted with a
linear gradient of 0-0.3 M (NH4),SO4, 50 mM Tris-HCIl, pH 8.0.
Fractions of 2.5 ml were collected at a flow rate of 0.5 ml/min. Ac-
tive fractions were pooled. Protein content was monitored at
280 nm and proteinase activity was determined as described
below.

2.4. Activity staining

Activity staining was determined according to Garcia-Carrefio,
Dimes, and Haard (1993). The purified proteinase was mixed with
an equal volume of a sample buffer containing B-ME (125 mM
Tris—-HCI (pH 6.8), 20% glycerol, 4% SDS and 10% B-ME) and in the
absence of B-ME. The gel containing 12.5% acrylamide was run at
100V (Laemmli, 1970). Subsequently, it was immersed in 2% case-
in, 100 mM Tris-HCI, pH 8.0, at 4 °C for 30 min, and washed twice
with 100 mM Tris-HCl (pH 8.0). Proteolytic reaction was carried
out in 100 mM Tris-HCl (pH 7.5) at 55°C for 30 min. Gel was

stained in 0.1% Coomassie brilliant blue R-250, 40% methanol and
10% acetic acid for 1 h and destained in 25% ethanol and 10% acetic
acid. A clear zone indicated the presence of proteinase.

2.5. Enzymatic activity assay

Proteinase activity was assayed by the method of Barrett and
Kirschke (1981) with some modifications. A fluorogenic substrate,
Suc-Ala-Ala-Pro-Phe-AMC, was used as a substrate. The reaction
mixture (1 ml) contained 50 pl of the purified enzyme, 1 uM syn-
thetic substrate, 200 mM Tris-HCI (pH 7.5) and was incubated at
55 °C for 5 min. The reaction was stopped by adding 1.5 ml of the
stopping solution (30% butanol, 35% methanol and 35% deionised
water). Fluorescence intensity was measured at the excitation
and emission wavelengths of 380 and 460 nm, respectively (RF-
1501, Shimadzu Co., Kyoto, Japan). Units of enzymatic activity
were expressed as katal.

2.6. Biochemical characteristics

2.6.1. Estimation of molecular weight by gel filtration

The molecular weight (MW) of the native proteinase was deter-
mined using a Superose 6 (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden) column (1.6 x 85cm) equilibrated and eluted with
0.15M NaCl, 50 mM Tris-HCl, pH 8.0. Fractions of 0.85 ml were
collected at a flow rate of 0.85 ml/min. Void volume (V,) was deter-
mined using blue dextran (Sigma Chemical Co., St. Louis, MO, USA).
The ratio of elution volume (V,) to V, was calculated. The column
was calibrated using a protein standard consisting of B-amylase
(200 kDa), alcohol dehydrogenase (150 kDa), bovine serum albu-
min (66 kDa), carbonic anhydrase (29 kDa) and cytochrome C
(13 kDa) (Sigma Chemical Co., St. Louis, MO, USA).

2.6.2. Estimation of molecular weight by MALDI-TOF

The purified proteinase was dialysed twice against 100 volumes
of deionised water, using a dialysis membrane with MWCO 10 kDa
(Pierce Chemical Company, Rockford, IL, USA). The dialyzed sample
was mixed with an equal volume of matrix solution (10 mg/ml o-
cyano-4-hydroxy-cinnamic acid (4-HCCA) in acetonitrile (ACN)
and 0.1% trifluoroacetic acid (TFA) (1:2)) and subsequently the
mixture was spotted onto the MALDI holder. Mass measurement
was carried out using the MALDI-TOF (MS model reflex V, Bruker
Daltonik GmbH, Bremen, Germany) with a 2 GHz LeCroy digitiser
and 337 nm nitrogen laser.

2.6.3. Isoelectric point determination

Isoelectric point (pl) of the purified proteinase was determined
by PhastGel isoelectric focusing (IEF) with a PhastGel IEF 3-9 (GE
Healthcare Bio-Sciences AB, Uppsala, Sweden). The operating con-
dition was performed by prefocusing, sample application and
focusing steps at 2000, 100 and 2000 V, respectively. The temper-
ature was controlled at 15 °C. A broad range pl standard (3-10)
was used (GE Healthcare Bio-Sciences AB, Uppsala, Sweden). The
protein band was detected by silver staining.

2.6.4. Effect of temperature/pH and thermal stability

The optimal temperature of proteinase activity was measured
at 4, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75 and 80 °C in 200 mM
Tris-HCI (pH 8.0), which was the optimal pH of crude proteinase.
pH profile was measured at 55 °C at various pHs: pH 5.0, 5.5, 6.0,
using 100 mM sodium acetate; pH 6.5, 7.0, using 100 mM Tris-
maleate; pH 7.5, 8.0, 8.5, 9.0, using 200 mM Tris-HCl; pH 9.5,
10.0, using 100 mM borate buffer; pH 11.0, using 200 mM carbon-
ate buffer, and pH 12.0, using 200 mM phosphate buffer.

Thermal stability of the enzyme was investigated by pre-incu-
bating the purified enzyme (5 pg) in 200 mM Tris-HCI (pH 7.5)
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at 30, 35, 40, 45, 50, 55, 60, 65 and 70 °C for 30 min. When incuba-
tion time was reached, samples were immediately cooled in iced
water. The residual activity was determined at the optimal condi-
tion obtained from the above experiments.

2.6.5. Effect of NaCl on activity and stability

Effect of NaCl on proteinase activity was determined by incu-
bating the purified proteinase in 200 mM Tris-HCl (pH 7.5) at var-
ious NaCl concentrations (0-25%) at 55 °C for 5 min. Deionised
water (1.5 ml) was used instead of the stopping reagent. The reac-
tions were terminated by heating at 90 °C for 5 min. The residual
activity was calculated as the percentage of sample without NaCl
as 100%.

NacCl stability of the purified proteinase was monitored by pre-
incubating the purified enzyme (5 pg) in 5%, 10%, 15%, 20% and 25%
Nacl, in 200 mM Tris-HCI, pH 7.5 at 55 °C for 60 min. The sample
were rapidly cooled and assayed at the optimum condition,
200 mM Tris-HCI (pH 7.5), 20% Nacl, at 55 °C.

2.6.6. Effect of inhibitors and other substances

The effects of various inhibitors and other substances on pro-
teinase activity were determined. Reaction without substances
was taken as 100% activity. In addition, effects of divalent ions,
Ca?*, sr** and Mg?*, on proteinase activity were determined at var-
ious concentrations ranging from 0-100 mM.

2.6.7. Substrate specificity and kinetic constant

Activity of the purified proteinase was determined using
various synthetic substrates at 1 uM, including Boc-Asp(oBzl)-
Pro-Arg-AMC, Boc-GIn-Ala-Arg-AMC, Boc-Val-Leu-Lys-AMC, Suc-
Ala-Ala-Pro-Phe-AMC, Z-Arg-Arg-AMC and Z-Phe-Arg-AMC.
Activity was determined under the standard assay condition.
Specific activity was expressed as kat/mg protein.

Km and k¢, value of the purified proteinase were determined in
200 mM Tris-HCl (pH 7.5) at 55 °C. Suc-Ala-Ala-Pro-Phe-AMC, at
concentrations ranging from 10 to 200 uM, was used. Kinetic
parameters were determined using linear regression of the
Hanes-Wolff plot (Copeland, 2000).

2.7. Mass spectrometry for protein identification

The purified proteinase was applied on SDS-PAGE (Laemmli,
1970) and visualised by staining with Coomassie brilliant blue
R-250. The protein band was excised, placed in 96-well plates
and washed with water. Tryptic digestions were performed on an
Ettan™Spot Handing Workstation robot (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) according to the manufacturer’s
specification. The peptide sample was mixed with an equal volume
of matrix solution (10 mg/ml 4-HCCA in ACN and 0.1% TFA (1:2)),
applied onto a sample holder and dried at room temperature.
The peptide mass fingerprint (PMF) of tryptic-digested peptides
was determined by MALDI-TOF (MS model reflex V, Bruker Dalto-
nik GmbH, Bremen, Germany) equipped with a 2 GHz LeCroy dig-
itiser and 337 nm nitrogen laser. The spectrum of digested
peptides was obtained by the positive ion mode at an acceleration
voltage of 20 kV and 400 ns extraction delay. Mass data were com-
pared with the non-redundant protein sequence database (NCBInr)
of National Center for Biotechnology Information using the MAS-
COT search engine (Matrix Science, London, UK).

Further protein identification was also carried out using liquid
chromatography-electrospray ionisation tandem mass spectrome-
try (LC-ESI-MS/MS) equipped with a Finnigan LTQ linear ion trap
mass spectrometer (Thermo Electron Co., Waltham, MA, USA).
Tryptic digested peptides were acidified with 0.1% TFA in 30%
ACN and separated using a Zorbax 300SB-C18 column (5 pm,
5 x 0.3 mm) (Agilent Technologies, Inc., Palo Alto, CA, USA) with

elution gradient 2-60% buffer B (buffer A, 0.1% formic acid in
deionised water; buffer B, 0.1% formic acid in ACN) at a flow rate
of 100 pl/min. The tryptic-digested peptide ions were detected in
a survey scan from 400 to 1600 amu. LC-ESI-MS/MS data were
examined using a SEQUEST search algorithm with NCBInr. Amino
acid sequences of some peptides from de novo peptide sequencing
were searched using the Basic Local Alignment Search Tool
(BLAST).

2.8. N-terminal amino acid sequence analysis

The purified proteinase was dialyzed twice against 100 volumes
of deionised water, using a dialysis membrane with MWCO 10 kDa,
at 4 °C overnight (Pierce Chemical Company, Rockford, IL, USA).
The sample was concentrated by ultrafiltration with a membrane
of MWCO 10 kDa (Vivaspin, Sartorius AG, Goettingen, Germany).
The N-terminal amino acid sequence of the enzyme was deter-
mined, using a protein sequencer (Applied Biosystems Procise
492 HT, Applied Biosystems, Foster City, CA, USA) connected to a
reverse-phase high performance liquid chromatography (RP-HPLC)
apparatus for phenylthiohydantoin-derivative identification.

2.9. Hydrolysis of anchovy proteins

Whole anchovy (Stolephorus indicus) was homogenised in
cooled 50 mM Tris-maleate, pH 7.0, at various NaCl concentrations
(0%, 5%, 10%, 15%, 20% and 25% NacCl) at a ratio of fish to buffer of
1:5. The homogenate was stirred at 4 °C for 30 min. The homoge-
nate was centrifuged at 13,000g for 30 min. The supernatants were
used as a substrate of the purified enzyme. Protein content was
determined by a dye binding method (Bradford, 1976), using bo-
vine serum albumin as a standard.

The reaction mixture (1 ml) contained 0.5 nkat purified protein-
ase, 200 mM Tris-HCI (pH 7.5), 100 uM leupeptin and 1.5 mg/ml of
anchovy protein solubilised at various NaCl concentrations. Con-
centration of NaCl in the reaction was adjusted with respect to
NaCl concentration of the substrate. The mixture was incubated
at 55 °C for 30 min. The reaction was stopped by adding trichloro-
acetic acid (TCA) to a final concentration of 10%. The samples were
cooled at 4 °C for 1 h to allow complete protein precipitation and
then centrifuged at 10,000g for 10 min. TCA-soluble oligopeptide
contents were determined by the Lowry method (Lowry, Roseb-
rough, Farr, & Randall, 1951), using tyrosine as a standard. Blanks
were prepared in the same manner except that the heated protein-
ase (90 °C for 5 min) was used.

3. Results
3.1. Purification and biochemical characteristics

Purity of proteinase from Virgibacillus sp. SK33 increased about
2.5-fold with a yield of 7% (Table 1). The purified proteinase
showed a single band in SDS-PAGE in the absence and presence
of B-ME, with an apparent MW of ~19 kDa (Fig. 1A). In addition,
zymograms showed a single band with high activity (Fig. 1A).
MW of the purified proteinase, under native conditions as deter-
mined by gel filtration chromatography, was ~43 kDa. The MAL-
DI-TOF spectra showed two peaks at m/z of 16,881 and 33,724
(Fig. 1B). The small intensity at m/z 16,881 was likely the doubly
charged ion. Hence, the absolute MW of the proteinase was
33.7 kDa. The MW of proteinase, estimated using MALDI-TOF,
was about 2 times greater than that observed by SDS-PAGE.

pl of the purified proteinase was ~4.28 (Fig. 2). The proteinase
activity was gradually increased with temperature and reached the
maximum activity at 55 °C (Fig. 3). The proteinase also showed
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Table 1

Purification of the purified proteinase from Virgibacillus sp. SK33.

Step Total unit activity (nkat) Total protein (mg) Specific activity (nkat/mg protein) Purification (fold) Yield (%)
Crude in 1 M (NH4),SO04 9.4 3.7 2.5 1 100
Phenyl-sepharose 1.6 0.5 33 1.3 16
Hydroxyapatite 0.7 0.1 6.4 25 7
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Fig. 1. Estimation of molecular weight of the purified proteinase from Virgibacillus sp. SK33. (A) SDS-PAGE (12.5% T) of the purified proteinase visualised by silver staining
and activity staining (zymogram). S=standard molecular weight; SDS = treatment buffer containing SDS and SDS + ME = treatment buffer containing SDS and 2-

mercaptoethanol; (B) MALDI-TOF spectra.

high thermal stability at its optimal temperature, 55 °C (Fig. 3). The
purified proteinase showed high activity over a wide pH range of
6.5-8.5, with an optimum pH of 7.5 (Fig. 4).

Activity of the purified proteinase increased with NaCl and
reached a maximum at 10% NaCl and remained constant up to
25% NaCl (Fig. 5). Approximately 2.5-fold increase in activity was
observed at 25% NaCl. In addition, activity of the purified protein-
ase towards anchovy protein increased with increasing NaCl con-

centrations and attained the maximum at 20-25% NaCl (p < 0.05)
(Fig. 6). The purified proteinase activity was completely inhibited
by PMSF, whereas metallo proteinase inhibitors did not affect the
activity (Table 2). The studied metal ions had no effect on protein-
ase activity (Table 2). Divalent cations, namely Ca%*, Sr** and Mg?*,
showed activation effects up to 100 mM (Table 2 and Fig. 7).
Among various synthetic substrates tested, the purified proteinase
hydrolysed only Suc-Ala-Ala-Pro-Phe-AMC, with an activity of



Fig. 2. Isoelectric focusing of the purified proteinase. Applied voltages at 2000, 100
and 2000V were used for prefocusing, sample application and focusing steps,
respectively. Temperature was kept at 15°C. Silver staining was performed.
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Table 2

Effect of various substances on the activity of the purified proteinase.

Substances Final concentration (mM) Relative activity (%)
Control 100
EDTA 10 94
Imidazole 10 88
Dithiothreitol 10 95
2-Mercaptoethanol 10 100
L-cysteine 10 97
Metal ions

CuCl, 1 106
CdCl, 1 113
CoCl, 1 108
FeCls 1 119
MnCl, 1 108
HgCl, 1 96
ZnS0,4 1 127
Mono and divalent cations

LiCl, 10 102
Nacl 10 105
KCl 10 99
MgCl, 10 125
CaCl, 10 122
SrCi, 10 119
BaCl, 10 65
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39 nkat/mg protein. K, and k., value of the purified proteinase
from Virgibacillus sp. SK33 were 27 uM and 12 s~', respectively.

3.2. Protein identification by mass spectrometry

PMF of the Virgibacillus sp. SK33 proteinase showed 19 peptides
that did not match any proteins from microorganisms in the data-
base. Insignificant protein scores were obtained when compared
with the small-conductance mechano-sensitive channel from Pseu-
domonas entomophila 148 and the hypothetical protein
1L8106_10252 from Lyngbya sp. PCC 8106. LC-ESI-MS/MS spectra
also confirmed the nonexistence of peptides derived from the Vir-
gibacillus sp. SK33 proteinase. In addition, amino acid sequences
obtained from the de novo sequencing, namely LTVLNWR, VDVLG-
GAFR and RMDVDEVKDPLSAPRARR, showed no significant similar-
ities to the known microbial proteinases. The N-terminal sequence
of the enzyme was distinctively different from other bacterial pro-
teinases (Table 3). Based on these results, the predominant pro-
teinase from Virgibacillus sp. SK 33 seemed to be a novel
proteinase, exhibiting high activity and stability at high salt
content.

4. Discussion

The purified proteinase, in the presence and absence of B-ME,
showed the same protein pattern on SDS-PAGE (Fig. 1A). In addi-
tion, a reducing agent, DTT, had no effect on enzyme activity (Table
2). It was, therefore, postulated that the disulphide bond was unli-
kely to be the main force stabilizing the enzyme structure. The dis-
crepancy in molecular weight determination between MALDI-TOF
and SDS-PAGE suggested an anomalous electrophoretic mobility of
the enzyme. Such a phenomenon was also reported in ribonuclease
U2, a very acidic protein with the pl of 2.8-3.3 (Garcia-Ortega et al.,
2005). Part of the peptides from elastase digestion of a streptococ-
cal inhibitor protein also showed irregular electrophoretic behav-
iour under SDS-PAGE, with nearly twice its true molecular
weight (Fernie-King, Seilly, & Lachmann, 2004). Apparent molecu-
lar weight determination based on SDS-PAGE is rather erratic,
especially when a protein contains abnormally high charges and/
or amino acids impeding SDS binding.

Archaebacteria, Halobacterium mediterranei and Natrialba maga-
dii, produced proteinases with maximum activity at 55-60 °C
(Giménez et al., 2000; Stepanov et al., 1992), which was similar
to that of the purified proteinase from Virgibacillus sp. SK33. An-
other distinct characteristic of the enzyme was its high thermal
stability at the optimal temperature, 55 °C, in contrast to several
microbial proteinases, which were unstable in such a condition
(Kim & Kim, 2005). Optimum activity, at neutral pH (7.5), of Virgi-
bacillus sp. SK33 proteinase could be advantageous for food appli-
cation. It should be noted that a small shoulder at around pH 9.5-
10 was observed. This could be caused by the effect of borate buffer
used at these pH values.

Table 3
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The purified proteinase from a moderate halophile, Virgibacillus
sp. SK33, showed activity in either the absence or presence of NaCl.
In addition, activity increased with increasing NaCl concentration
with the highest 2.5-fold increase at 25% NaCl. The enhancing ef-
fect of NaCl on proteinase activity was observed in both a synthetic
and fish protein substrate (Figs. 5 and 6). Another distinct feature
of this enzyme was its high stability over a wide range of NaCl con-
centration, 0-25%. Archaebacterium proteinase from Halobacteri-
um halobium was completely and irreversibly inactivated at <2 M
NacCl (11.7% NacCl) (Izotova et al., 1983), whereas H. halobium ATCC
43214 proteinase was irreversibly inactivated at <4 M NaCl (Kim &
Dordick, 1997). On the other hand, activity of eubacterial protein-
ase was often unstable under high salt content. Activities of B. sub-
tilis JM-3 and Filobacillus sp. RF2-5 proteinases decreased to ~10%
of the original at 30% NaCl (Hiraga et al., 2005; Kim & Kim, 2005).
The low pl value of Virgibacillus sp. SK33 proteinase implied that
the surface of the enzyme contained many acidic amino acids,
which is a unique characteristic of halophilic proteinases. A nega-
tively charged surface would allow the enzyme to interact with
hydrated salt ions and water, protecting the enzyme from the salt-
ing-out effect. Thus, high thermal and NaCl stability of Virgibacillus
sp. SK33 proteinase would be a vital feature for application at high
salt content, such as in fish sauce or soy sauce fermentation.

Activity of the purified proteinase increased almost ~2 times at
100 mM Ca?*, Sr?* and Mg?* (Fig. 7). These divalent cations might
induce structural changes, leading to more flexibility of the sub-
strate-binding site. However, the effect of divalent ions varied with
strain. Proteinase from B. pumilus was also activated by Mg?* or
Ca%* (Kumar, 2002), whereas Natrialba asiatica 172 P1 proteinase
activity was not affected by Ca?*, Sr?* and Mg?* (Kamekura & Seno,
1990). Our results demonstrate that the purified proteinase from
Virgibacillus sp. SK33 was activated not only by high NaCl content,
but also by Ca?". Addition of Ca?" could be a critical means to
obtain maximum activity. The purified proteinase displayed
specificity toward Suc-Ala-Ala-Pro-Phe-AMC, indicating that
phenylalanine at the P; position and proline at the P, position,
located on the cleaved peptide bond, were preferred. Likewise, a
subtilisin preferentially hydrolyses large and non-B-branched
hydrophobic residues at P; and small neutral side chains at P,
(Graycar, Ballinger, & Wells, 2004). According to these results of
synthetic substrates and inhibitors, the purified enzyme is classi-
fied as a subtilisin-like proteinase.

Recently, MS techniques have been used for protein identifica-
tion. A 45-kDa purified proteinase from Serratia rubidaea was ana-
lysed by ESI-MS/MS and showed similar homology to a 50-kDa
proteinase of S. marcescens (Doddapaneni et al., 2007). PMF, LC-
ESI-MS/MS, and de novo sequencing results revealed that peptide
pattern and amino acid sequences of the purified proteinase from
Virgibacillus sp. SK33 did not match those in the database. In addi-
tion, N-terminal amino acid sequences of the purified enzyme
showed no homology to any bacterial proteinases. These results
suggest that the purified proteinase is a novel proteinase.

Comparison of N-terminal amino acid sequences between the purified proteinase and proteinases from non- and halophiles.

Proteinase/strain

N-terminal amino acid sequence

Reference

The proteinase from Virgibacillus sp. SK33 S Y E W -
Proteinases from extreme and moderate halophiles
Natrialba asiatica 172P1

Halobacterium mediterranei

Filobacillus sp. RF2-5

Salinivibrio sp. AF-2004

Expro-I (B. subtilis FP-133)

Expro-II (B. subtilis FP-133)
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Q Y G Q  Kamekura and Seno (1990)

K Y G S Stepanov et al. (1992)

- '\ D - Hiraga et al. (2005)

G P G G Karbalaei-Heidari, Ziaee, Schaller, and Amoozegar (2007)
G A% S B} Setyorini, Takenaka, Murakami, and Aoki (2006)
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Fig. 7. Effects of divalent ions on the purified proteinase activity.

5. Conclusions

A novel serine proteinase from Virgibacillus sp. SK33 was puri-
fied and characterised. The unique characteristic of the subtilisin
proteinase was the ability to hydrolyse fish protein in either the
absence or presence of high NaCl content (25%). The proteinase
showed high stability over a wide range of NaCl concentration of
0-25%. In addition, the enzyme was activated by Ca?*. The enzyme
can be applied to hydrolyze protein at a high salt concentration.
This could be an important processing-aid agent for protein hydro-
lysis processes involving high salt content, such as fish sauce or soy
sauce fermentation.
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