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Abstract A novel nonionic surfactant- and hydrophilic
solvent-stable alkaline serine protease was purified from
the culture supernatant of Serratia sp. SYBC H with duck-
weed as nitrogen source. The molecular mass of the puri-
fied protease is about 59 kDa as assayed via SDS-PAGE.
The protease is highly active over the pH range between 5.0
and 11.0, with the maximum activity at pH 8.0. It is also
fairly active over the temperature range between 30 and
80°C, with the maximum activity at 40°C. The protease
activity was substantially stimulated by Mn** and Na*
(5 mM), up to 837.9 and 134.5% at 40°C, respectively. In
addition, Mn?* enhanced the thermostability of the protease
significantly at 60°C. Over 90% of its initial activity
remained even after incubating for 60 min at 40°C in 50%
(v/v) hydrophilic organic solvents such as DMF, DMSO,
acetone and MeOH. The protease retained 81.7, 83.6 and
76.2% of its initial activity in the presence of nonionic sur-
factants 20% (v/v) Tween 80, 25% (v/v) glycerol and Tri-
ton X-100, respectively. The protease is strongly inhibited
by PMSF, suggesting that it is a serine protease. Washing
experiments revealed that the protease has an excellent
ability to remove blood stains.
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Introduction

Alkaline proteases are an important category of enzymes that
hydrolyze protein peptide bonds under alkaline conditions.
They are widely used in detergents, leather processing, silk
processing, medicine, food, animal feed, environment protec-
tion, chemical processing, and (as an alternative for protease
K) in DNA isolation [1-5]. Non-aqueous catalytic reactions,
e.g., oligo-peptide synthesis, require that proteases, as cata-
lysts in the presence of organic solvents, must be stable.
However, most enzymes are either inactivated or very low in
activity in non-aqueous media [6, 7]. Various methods (phys-
ical and chemical) have been developed for stabilizing
enzymes in the presence of organic solvents [8—10]. For
synthetic reactions, it is more efficient to possess a protease
that is naturally stable and exhibits high activity in organic
solvents, thus bypassing all protease-stabilizing procedures.
Several solvent-stable proteases have been reported from
solvent-tolerant Pseudomonas sp. [6, 11, 12] and Bacillus
sp. [13]. Their production has conventionally been induced
using glucose or starch coupled with expensive nitrogen
sources such as yeast extract, peptone or casamino acids
[14, 15]. Recent efforts have been directed towards using
cost-effective feedstock or agricultural by-products as sub-
strates for protease production [16, 17]. The current study
introduced cost-free duckweed as nitrogen source for Ser-
ratia sp. SYBC H to produce an organic solvent-stable
alkaline protease. Duckweed is a floating water plant rich in
crude proteins and minerals, and is often used as feed for
fish, plankton and poultry. Because of its over 90% water
content and anti-nutritional ingredients (e.g., tannin and
phytic acid), fresh duckweed is neither easily utilized nor
fully absorbed [18, 19]. It is of great significance to explore
an alternative and more efficient way to use duckweed.
Research has been conducted in this laboratory on using
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wind-dried duckweed as nitrogen source for Serratia sp.
SYBC H fermentation. The protease, a high-value end
product, was found to be highly productive, tolerant of
alkaline and various organic solvents and surfactants.

In this report we present, for the first time, the produc-
tion, purification, characteristics and washing application of
a water-miscible solvent- and nonionic surfactant-stable
alkaline serine protease by Serratia sp. SYBC H fermenta-
tion with duckweed as nitrogen source.

Materials and methods
Bacterial strain

The strain Serratia sp. SYBC H was obtained from decayed
Cyanobacteria in Taihu Lake, China. The stock culture was
maintained on LB slants at 4°C and as a glycerol stock at
—20°C.

Duckweed

The duckweed used in this study was collected from Taihu
Lake (China), wind dried and foreign objects were
removed; it was crushed into powder and filtrated through a
200-mesh sieve.

Assay of protease activity

The protease activity was determined using a slightly modi-
fied method reported by Bhosale et al. [20]; 100 pl of the pro-
tease sample was mixed with 500 pl of pre-incubated
1% (w/v) azocasein (Sigma) dissolved in Tris-HCI buffer
(50 mM, pH 7.8). After incubating at 37°C for 10 min, the
reaction was terminated by adding 1.9 ml of 10% trichloro-
acetic acid (TCA). The supernatant was then obtained by cen-
trifugation at 8,000g for 15 min and colored by adding 2 ml of
I M NaOH. The absorption (A, ) was then determined.
A unit (U) of protease activity was defined as the amount of
enzymes required to increase 0.01 of A 4, ., per minute.

Protease production

Activated plate strain Serratia sp. SYBC H was scratched
in one or two loops into 35 ml of LB medium followed by
incubation at 30°C and 200 rpm for 10 h. The grown cul-
ture was then used as a 5% inoculum and transferred into
50 ml of the sterilized fermentation medium in a 250-ml
Erlenmeyer flask containing (g/1): wheat flour 10, duck-
weed powder 20, Tween80 6.0 and NaCl 5.0, and incubated
at 30°C and 200 rpm for 18 h. The initial pH of the fermen-
tation medium was adjusted to 7-7.2 with 50 mM NaOH
and HCI. After cultivation, the culture was centrifuged at
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8,000g and 4°C for 15 min. The supernatant obtained was
used for protease purification.

Purification of the protease

The crude protease was purified in three steps involving
(NH,),SO, salt precipitation, DEAE-cellulose anion-
exchange chromatography and Sephadex G-75 gel filtra-
tion. At first, the culture supernatant was concentrated by
adding ammonium sulfate to 20% saturation. After 24 h
incubation at 4°C, the solution was centrifuged at
8,000¢ for 20 min to remove the precipitated hybrid pro-
teins. Ammonium sulfate was then added to the supernatant
up to 60% saturation, and the solution was incubated at 4°C
for 24 h. Precipitate was obtained by centrifugation and dis-
solved in a small volume of Tris-HCI buffer (50 mM, pH
7.8). The sample was dialyzed against the same buffer for
24 h at 4°C, filtrated through a microporous membrane
(pore size 0.22 um), loaded onto a pre-equilibrated DEAE-
cellulose anion exchange column and eluted with Tris-HCl
buffer (50 mM, pH 7.8) at a flow rate of 1 ml/min until the
A,g reading was less than 0.02. The column was then
eluted with a linear salt gradient (0—1 M NaCl) at a flow
rate of 1 ml/min. The fractions with proteolytic activity
were collected, dialyzed against Tris-HCI buffer (50 mM,
pH 7.8), concentrated with polyethylene glycol 20,000 and
loaded onto a pre-equilibrated Sephadex G-75 gel column
for further purification. The gel column was eluted
with Tris-HCI buffer (50 mM, pH 7.8) at a flow rate of
0.5 ml/min. The active fraction as a single peak from the
column was collected, concentrated by lyophilization and
further checked on native and non-natural PAGE, and used
for enzymatic characterization study.

SDS-PAGE and zymography with azocasein

Zymography activity staining was performed with azocasein
on native PAGE according to the method of Davis [21] with
some slight modifications. A solution of azocasein (1%) was
incorporated into 12% separating gel before polymerization.
After electrophoresis, the gel was incubated in Tris-HCl
buffer (50 mM, pH 7.8) at 40°C for 60 min. Finally, the gel
was stained with Coomassie brilliant blue R-250 in methanol-
acetic acid-water solution (3:1:6, v/v/v), and then destained
with methanol-acetic acid-water solution (1:1:8, v/v/v).

The homogeneity and molecular mass of the purified
protease were determined by SDS-PAGE using 5% stack-
ing gel and 12% separating gel (mass fractions) as
described by Laemmli [22]. The molecular weight was esti-
mated with the following proteins as molecular markers:
phosphorylase b (97 kDa), bovine serum albumin (66 kDa),
ovalbumin (43 kDa), carbonic anhydrase (29 kDa), soy-
bean trypsin inhibitor (20 kDa) and lysozyme (14 kDa).
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Effect of temperature on protease activity

The effect of temperature on the protease activity was exam-
ined by incubating the enzyme reaction mixtures at different
temperatures ranging from 20 to 80°C, using 1% (w/v) azoc-
asein in 50 mM buffer (pH 7.8) as substrate. The protease
activity was measured according to the method described
above. The maximum activity was used as 100% of the rela-
tive activity. All data were the mean of three parallel experi-
ments, with each experiment repeated two times.

Effect of MnCl, and CaCl, on thermostability
of the protease at high temperature

To study the effect of MnCl, and CaCl, on the thermosta-
bility of the protease at high temperatures, the purified pro-
tease was incubated with 5 mM MnCl, and CaCl, at 60°C
and in 50 mM buffer (pH 7.8), respectively. Aliquots were
withdrawn at desired time intervals to test the residual pro-
tease activity under standard conditions as described above
(37°C). The purified protease in the absence of an additive
was considered to be the control. All the results presented
were the mean of three parallel experiments, with each
experiment repeated two times.

Effect of pH on protease activity and stability

The purified protease was adjusted to different pH values (pH
3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0 and 11.0), and azocasein
solution 1% (w/v) was prepared with an equivalent pH. The
pH was adjusted using one of the following buffers (0.05 M):
glycine-HCI (pH 3.0-5.0), phosphate (pH 6.0-7.0), Tris-HCl
(pH 8.0) and glycine-NaOH (pH 9.0-11.0). The protease
activity was measured under normal assay conditions
described above (37°C), and the maximum activity was
regarded as control (100% of the relative activity). All the
results presented were the mean of three parallel experi-
ments, with each experiment repeated two times.

The pH stability was determined by incubating the puri-
fied protease dissolved in buffers of pH 4.0, pH 8.0 or pH
11.0 for 7 days at 4°C, then incubating at 40°C for 30 min.
The residual activity was then assayed according to the nor-
mal assay procedure described above. All the results pre-
sented were the mean of three parallel experiments, with
each experiment repeated two times.

Effect of organic solvents on protease activity

The effect of various hydrophilic organic solvents (50%; v/v)
on the protease activity was tested. An aliquot of 50 pl
protease solution and 50 pl organic solvent was shaking
incubated at 40°C for 60 min, after which the residual pro-
tease activity was measured according to the normal assay

procedure described above. The results were compared
with the control tests in which no organic solvent was
added. All the results presented were the mean of three paral-
lel experiments, with each experiment repeated two times.

Effect of various metal ions on protease activity

The effect of metal ions on the protease activity was investi-
gated by individually adding Ca**, Mg?*, Fe**, Na*, Co**,
Ni*, Mn?*, Zn** or Cu?* into the purified protease to a 5-mM
final concentration and incubating at 40°C for 30 min. The
residual protease activity was then measured according to the
normal assay procedure described above. The results were
compared with control tests in which no metal was added.
All the results presented were the mean of three parallel
experiments, with each experiment repeated two times.

Effect of protease inhibitors and surfactants
on protease activity

The effect of various protease inhibitors and surfactants,
such as serine inhibitor [phenylmethyl sulphonylfluoride
(PMSF)] and metalloproteinase inhibitor [ethylene diamine
tetra acetic acid (EDTA)], SDS, glycerol, Tween 80 and
Triton X-100, was studied by adding them individually into
the purified protease solution and incubating for 30 min at
40°C. The residual activity was then measured according to
the method described above and compared with the control
tests with neither inhibitors nor surfactants. All data repre-
sented the mean of three parallel experiments, with each
experiment repeated two times.

Blood-stain washing experiments

The primary applications of alkaline proteases are as cleaning
additives for the detergent industry. In order to investigate the
ability of this Serratia sp. SYBC H alkaline protease to
remove blood stains, washing experiments were conducted. A
gauze was stained with blood drops obtained from a slaugh-
terhouse and baked dry at 65°C. The blood-stained gauze was
then treated with several drops of purified protease solution
(with protease activity greater than 500 U/ml) and incubated
at 40°C for half an hour, then rinsed and bake dried.

Results

SDS-PAGE and zymogram with azocasein

The protease from culture supernatant was purified by the
three-step procedure described above. The purified protease

and crude protease sample from culture supernatant were
evaluated using zymogram activity staining with the
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Fig. 1 a Zymography activity staining of Serratia sp. SYBC H prote-
ase with native PAGE. Samples were electrophoresed under non-dena-
turing conditions in a 12% separating gel containing 1% (w/v)
azocasein. Parallel lane I: purified protease; parallel lane 2: crude
protease from fermentation supernatant. b SDS-PAGE analysis of Ser-
ratia sp. SYBC H protease. Lane M: standard protein markers of differ-
ent molecular weights. Lane I: purified protease. Lane 2: crude
protease from culture supernatant

modified native PAGE. As shown in Fig. 1a, a clear zone of
proteolytic activity against the blue background for the
purified sample, essentially similar to that for the crude pro-
tease sample obtained from the fermentation supernatant,
indicated the homogeneity of the purified protease.

SDS-PAGE of the crude and purified protease prepara-
tions is shown in Fig. 1b. The purified protease was homog-
enous and showed a single band on the SDS-PAGE, with
an estimated molecular mass of 59 kDa.

Effect of temperature on protease activity

The effect of temperature on the protease activity is shown in
Fig. 2. The protease was active over a fairly wide range of
temperature from 30 to 80°C. The maximum activity was
observed at 40°C. The protease exhibited low activity below
20°C, with the activity less than 20% of the maximum activ-
ity (at 40°C). At 30°C, the protease activity was 44.2% of the
maximum value at 40°C. Above 30°C, the protease activity
increased rapidly with increasing temperature and reached a
peak value at 40°C, then decreased slowly with further
increase in temperature. At 50, 60, 70 and 80°C, the protease
retained 95.3, 79.0, 44.8 and 20.7% of its maximum activity
(at 40°C), respectively, which indicated that the protease was
fairly active at high temperatures.

Effect of MnCl, and CaCl, on thermostability
of the protease at high temperature

The effect of CaCl, and MnCl, on the thermostability of the
purified protease was examined by incubating the protease
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Fig. 2 Effect of temperature on the activity of purified serine protease
from Serratia sp. SYBC H. The activity at 40°C is taken as 100%

in the presence of 5 mM CaCl, or MnCl, at 60°C before
measuring the residual activity at 37°C from 0 to 90 min at
15-min intervals (Fig. 3). The purified protease appeared to
be highly stable and retained its full activity even after
incubation for 90 min at 60°C in the presence of 5 mM
MnCl,. However, in the case of CaCl,, the protease
retained only 38.2% of its initial activity after incubation
for 90 min at 60°C, which was less than the control test
with no metal added (55.3%).

All the results showed that the thermostability of the pro-
tease from Serratia sp. SYBC H against thermal inactivation
was significantly enhanced in the presence of Mn?*, whereas
CaCl, decreased the thermostability of the protease.

Effect of pH on protease activity and stability
The protease activity at various pH levels is shown in

Fig. 4. The maximum activity was assayed at pH 8.0. At pH
9.0, 10.0 and 11.0, the protease activity was 92.3, 80.4 and

100
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Fig. 3 Effect of Ca** and Mn?* on the thermostability of purified
serine protease from Serratia sp. SYBC H. The protease was incubated
at 60°C in 50 mM buffer, pH 7.8, in the absence of additive (control)
(filled circle), in the presence of Mn?* (5 m M) (filled square) and in
the presence of Ca>* (5 mM) (filled triangle)
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Fig. 4 Effect of pH on the activity of purified serine protease from
Serratia sp. SYBC H. The activity of the protease at pH 8.0 is taken as
100%

74% of the maximum value (at pH 8.0), respectively. At a
pH level of 4.0, 5.0, 6.0 and 7.0, the protease activity was
20, 38.5, 64.8 and 72.5% of the maximum activity value (at
pH 8.0), respectively. Based on these results, it is clear that
the protease was fairly active over a wide pH range
between 5.0 and 11.0 at 37°C with the optimal pH of 8.0 for
hydrolysis of azocasein.

For the pH stability study, the purified protease in buffers
of pH 4.0, 8.0 or 11.0 was incubated at 4°C for 7 days, fol-
lowed by incubation at 40°C for 30 min; the residual prote-
ase activity was then determined. The results showed that at
pH 11.0, 8.0 and 4.0, the residual protease activity was
76.0, 94.6 and 23.5% of its initial activity value, respec-
tively. This indicates that the protease was stable under
alkaline conditions as high as pH 11.0 and exhibited appre-
ciable activity at acid conditions of pH 4.0.

Effect of organic solvents on protease activity

Enzymes are usually inactivated or show low activity in the
presence of organic solvents, especially in water-miscible
solvents. The protease in this study was not only stable and
active in the presence of hydrophobic solvents such as iso-
octane, decane, dodecane and hexadecane (unpublished
results), but also stable and active in the presence of various
hydrophilic solvents. In order to study the protease activity
in the presence of hydrophilic solvents, the protease was
incubated with 50% (v/v) hydrophilic solvents for 60 min
at 40°C before the residual activity was determined. The
results are shown in Table 1. The protease retained more
than 80% activity in the presence of the water-miscible sol-
vents ethanol, ethyl acetate and acetonitrile. More remark-
ably, the protease retained more than 90% activity after

Table 1 Effect of organic solvents on purified protease activity

Organic solvent (50% v/v) Relative protease activity* (%)

Control 100

DMF 90.8 £ 1.82
DMSO 92.1 £ 1.38
Ethanol 82.6 + 1.72
Acetone 97.2 + 1.26
Methanol 94.1 + 1.51
Ethyl acetate 81.3+£2.03
Acetonitrile 83.9 +£0.92
Isopropanol 72.4 £ 1.16
THF 69.3 £+ 0.62

4 Mean + SD (n = 6)

exposure to water-miscible solvents DMF, DMSO, Ace-
tone and MeOH, except that relatively great loss in the pro-
tease activity was observed in the case of isopropanol and
THF, in which the protease activity was reduced by 27.6
and 30.7%, respectively.

Effect of metal ions on protease activity

The effect of various metal ions at 5 mM concentration on
the protease activity has been studied at 40°C. It was
observed that Na* and Mn** increased the protease activity
to 134.5 and 837.9% of the control value, respectively.
However, Co**, Ni**, Cu**, Fe** and Zn** significantly
decreased the activity to 0, 15.3, 20.3, 22 and 45.8% of the
control value, respectively (Table 2). Unlike most reported
alkaline serine proteases, which were activated by Ca®* and
Mg?*, the protease in this study was inhibited by Ca’* and
Mg?*, and reduced to 87 and 89.8% of the control activity
value, respectively. These results indicated that Mn?* is the
best activator for this Serratia sp. SYBC H protease.

Table 2 Effect of metal ions on purified protease activity

Metal ion (5 mM) Relative protease activity® (%)

Control 100

Fe? 22.0 4 0.42
Na* 134.5 4+ 2.02
K* 90.4 + 1.81
Mg** 89.8 £ 1.44
Mn? 837.9 £9.01
Ca2* 87.0 + 1.48
Cu?* 20.340.18
Zn** 45.8 & 0.60
Co* 0.0

NiZ 1534 0.24

4 Mean =+ SD (n = 6)
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Effect of protease inhibitors and surfactants
on protease activity

The effect of inhibitors and surfactants on the protease
activity was measured, as shown in Table 3. The protease
was strongly inhibited by serine protease inhibitor (PMSF)
at 5mM concentration, indicating that the Serratia sp.
SYBC H protease in this study is a serine protease. Thiol
reagent (DTT) had a weak influence on the activity of the
purified protease, with 13.1% of protease activity lost, indi-
cating that the disulfide bond of the protease plays a role in
stabilizing the protease structure or activity. Metal-chelat-
ing agents such as EDTA at 5 mM concentration did not
inactivate the protease, with the proteolytic activity up to
116.4% of the control value, confirming that this protease is
not a metalloprotease.

As shown in Table 3, the protease was highly stable and
active in the presence of non-ionic surfactants such as
Tween 80, glycerol and Triton X-100. The protease
retained 81.7, 83.6 and 76.2% activity after incubating
for 30 min at 40°C in the presence of 20% (v/v) Tween
80, 25% (v/v) glycerol and Triton X-100, respectively (no

Table 3 Effect of inhibitors and surfactants on purified protease
activity

Inhibitor/ Concentration Relative protease
surfactant activity® (%)
Control - 100
PMSF 5mM 38.3+£0.34
DTT 5 mM 86.9 £ 1.09
EDTA 5 mM 116.4 £ 1.10
Glycerol 25% vIv 83.6 = 1.34
Tween 80 20% viv 81.7 £ 0.65
Triton X-100 25% viv 76.2 £ 1.05
SDS 1% wiv 49.1 £ 0.54
% Mean =+ SD (n = 6)

Fig. 5 Washing performance of A
protease from Serratia sp. ¥
SYBC H. a Blood-stained
gauze. b Blood-stained gauze
washed with distilled water.

¢ Blood-stained gauze washed
with Serratia sp. SYBC H
protease
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previous report can be found that used such a large concen-
tration of non-ionic surfactants). There was a 50.9% reduc-
tion in protease activity in the presence of the anionic
surfactant SDS at 1% (w/v) concentration.

Blood-stain washing performance

Alkaline proteases added to laundry detergents enable the
release of proteinaceous materials such as blood, milk,
whey and sweat from stains. A comparison of the blood-
stained gauze before and after treatment by this protease is
shown in Fig. 5. The results demonstrated effective blood-
stain removal ability of the alkaline protease produced by
Serratia sp. SYBC H with duckweed, indicating its promis-
ing potential application in the detergent industry.

Discussion

This report has provided the first study on a nonionic sur-
factant- and solvent-stable alkaline serine protease by Ser-
ratia sp. SYBC H fermentation with duckweed as nitrogen
source. The biotechnological applications of the microbial
fermentation of duckweed to produce proteases have not
been explored prior to this study.

Several studies have been reported previously by other
researchers on investigating proteases from different
strains of Serratia; among them, Serratia marcescens
strains have been the most studied [23-27]. When Serra-
tia sp. SYBC H was grown in a simple optimized medium
with duckweed as nitrogen source, it secreted a single
protease into the medium, as observed from SDS-PAGE
and native PAGE. This is distinctively different from the
most studied Serratia marcescens strains, for which two
types of proteases are produced, a major metalloprotease
and a minor serine protease [23, 26, 27]. These differences
are attributed to differences in the proteinaceous sub-
strates and strains.
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Most Serratia proteases normally have high molecular
mass. The molecular mass of the protease from Serratia sp.
SYBC H is about 59 KDa, similar to that of Serratia mar-
cescens AP3801 metalloprotease (58 kDa) [28] and Serra-
tia marcescens HR-3 metalloprotease (61 kDa) [25], and
lower than that of Serratia marcescens ATCC 25419 serine
protease (66.5 kDa) [23] and Serratia rubidaea metallopro-
tease CP-1 (97 kDa) [29], and higher than that of Serratia
marcescens metalloprotease (50 kDa) [30], Serratia mar-
cescens NRRLB-23112 metalloprotease (50.9 kDa) [24],
and Serratia marcescens CCEB 415 proteases I and II (both
37 kDa) [31]. Thus, in terms of molecular mass, the Serra-
tia sp. SYBC H protease is within the range of reported
Serratia proteases.

The optimum temperature of this protease is around
40°C. Serratia proteases that had the same optimum tem-
perature as this protease included Serratia rubidaea prote-
ase [29], Serratia ureilytica proteases P1 and P2 [32], and
Serratia marcescens AP3801 metalloprotease [28], but
were lower than that of Serratia marcescens ATCC 25419
serine protease (48°C) [23], and Serratia marcescens
CCEB 415 proteases I and II (both 50°C) [31]. With an
approximate 20% activity at 80°C, this protease is more
active at high temperatures than most of the reported Serra-
tia proteases such as Serratia rubidaea protease metallo-
protease [29], Serratia marcescens NRRLB-23112
metalloprotease [24], Serratia marcescens ATCC25419
serine protease [23], Serratia ureilytica metalloproteases
P1 and P2 [32], Serratia marcescens AP3801 metallopro-
tease [28], Serratia marcescens CCEB 415 proteases I and
II [31], all of which were completely inactivated at temper-
atures higher than 60 or 65°C.

The optimal pH of this protease is 8.0, similar to that of
Serratia rubidaea protease CP-2 [29], Serratia marcescens
AP 3801 metalloprotease [28] and Serratia marcescens
ATCC 25419 metalloprotease [23], but lower than that of
Serratia marcescens ATCC 25419 serine protease (pH 9.5)
[23]. The protease exhibits considerable activity and stabil-
ity at a pH level of 11.0, similar to Serratia rubidaea prote-
ase CP-1 [29], Serratia ureilytica metalloproteases P1 and
P2 [32], and Serratia marcescens CCEB 415 serine prote-
ase [31], and better than Serratia rubidaea serine protease
CP-2 [29] and Serratia marcescens NRRLB-23112 metal-
loprotease [24], which are dramatically inactivated at pH
values over 10.0.

When a protease is used for kinetic- and equilibrium-
controlled synthesis, it is generally preferred that a small to
moderate amount of highly solvating organic media such as
DMF, DMSO, acetonitrile or MeOH be used with homoge-
neous aqueous-organic mixtures [33]. Most of the reported
solvent-stable proteases are produced by Pseudomonas sp.
[6, 11, 12] and Bacillus sp. [13]. In this study, a novel Ser-
ratia alkaline serine protease with strong hydrophilic sol-

vent-stable properties was introduced, which was produced
by Serratia sp. SYBC H with duckweed as nitrogen source.
To date, very limited reports can be found on Serratia pro-
teases that are stable and active in the presence of 50%
(v/v) hydrophilic solvents. Recently, Wan et al. [34] reported
Serratia marcescens MH6 metalloprotease retained 50, 24
and 10% activity in 50% (v/v) DMSO, DMF and isopropa-
nol, respectively. In comparison, the protease from Serratia
sp. SYBC H in the current study retained 92.1, 90.8 and
72.4% activity in 50% (v/v) corresponding solvents,
namely, DMSO, DMF and isopropanol, respectively. In
addition, it should be pointed out that no similar experiment
has been done on Serratia marcescens MH6 metallopro-
tease in 50% (v/v) hydrophilic solvents of acetonitrile,
methanol, acetone, ethanol and THF. Thus, this is the first
report on a Serratia alkaline serine protease with strong
hydrophilic solvent-stable properties. The Serratia sp.
SYBC H protease in this study retained more than 90%
activity after incubation with 50% (v/v) water-miscible sol-
vents DMF, DMSO, acetone and MeOH for 60 min at
40°C. With these distinctive properties, this protease has
successfully catalyzed sucrose ester synthesis in hydro-
philic organic solvents DMF, DMSO and pyridine as media
(results not published).

Considering nonionic surfactants stability of Serratia
proteases, to the best of our knowledge, the nonionic sur-
factant concentrations reported in previous studies were
negligible when compared with that of 20 or 25% (v/v)
used in the current study. These low nonionic surfactant
concentrations reported in previous studies are listed as
follows: the maximum concentration of 0.5% (v/v) Triton
X-100 and Tween 80 to study Serratia rubidaea proteases
CP-1 and CP-2 [29], 1% (w/v) Tween 20, 1% (w/v) Triton
X-100, 5% (v/v) ethanol and 0.5% (v/v) 2-mercaptoethanol
to study Serratia marcescens NRRLB-23112 metallopro-
tease [24], 1% (v/v) Tween 80 and Triton X-100 to study
Serratia marcescens MH6 metalloprotease [34], and 2%
nonionic surfactants of Tween 20, Tween 40 and Triton
X-100 to study Serratia sp. TKUO16 protease [35]. The
Serratia sp. SYBC H protease in this study retained 81.7,
83.6 and 76.2% activity in the presence of 20% (v/v)
Tween 80, 25% (v/v) glycerol and Triton X-100, respec-
tively, indicating its strong nonionic surfactant stability,
which is distinct from other Serratia proteases.

The protease activity is reduced by 50.9% in the pres-
ence of anionic surfactant SDS (1.0%, w/v). Compared
with the reported Serratia proteases, the stability of Serra-
tia sp. SYBC H protease against SDS is higher than that of
some Serratia proteases such as Serratia ureilytica
TKUO13 proteases P1 and P2 (95 and 93% activity loss
with 2 mM SDS, respectively) [32]; Serratia rubidaea pro-
tease CP-1 (67% activity loss with 0.5% (w/v) SDS) [29];
Serratia marcescens MH6 protease (100% activity loss
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with 1% (w/v) SDS) [34]. However, the stability of Serra-
tia sp. SYBC H protease against SDS is lower than Serratia
marcescens NRRLB-23112 protease [only 5% activity loss
with 1% (w/v) SDS] [24]. The results indicate that the pro-
tease from Serratia sp. SYBC H is relatively sensitive to
anionic surfactant SDS.

Serine proteases are normally activated by Mn?>*, Ca®*
and Mg?*. In particular, most reported serine proteases,
such as subtilisin, are activated by Ca* [36, 37]. Both the
activity and the thermostability of this Serratia sp. SYBC H
protease with 5 mM Mn?* were increased by more than one
fold compared to the control, suggesting it to be a Mn?*-
dependent serine protease. By contrast, Ca’* not only
reduced Serratia sp. SYBC H serine protease activity, but
also significantly decreased its thermostability. This is sig-
nificantly different from most other serine proteases, for
which the protease activity and stability were reported to
increase dramatically with Ca**, and/or their thermal stabil-
ity significantly reduced when Ca** was removed from the
strong binding site [36-38]; except for Mn?*, which stimu-
lated Serratia sp. SYBC H serine protease activity, all other
tested divalent heavy metal ions (Co**, Ni**, Cu®*, Fe** and
Zn?*) strongly inhibited the protease activity, causing more
than 50% inactivation. In particular, Co** completely inhib-
ited the protease activity. This phenomenon suggests that
these mental ions might correlate with the active center of
the protease and/or with the toxic effects on the protease
directly. The mechanism remains to be clarified. The prop-
erty of strong inhibition by heavy metal ions except Mn** is
also different from some other serine proteases, such as
alkaline serine protease from Bacillus mojavensis A21,
which retained 84.4% activity in the presence of 5 mM
Cu?* [36]; alkaline serine protease from Bacillus sp. SSR1,
which retained 83.4 and 113.4% activity in the presence of
10 mM Zn?** and Cu?*, respectively [37]; alkaline serine
protease from Aspergillus parasiticus, which retained
100% activity in the presence of 5 mM Co**" and Cu** [38].
Therefore, the protease of Serratia sp. SYBC H in the cur-
rent study might be considered as a distinctive serine prote-
ase with respect to the metal ion requirement.

In summary, this study has introduced a novel solvent-
and nonionic surfactant-stable serine protease of Serratia
sp. SYBC H, unlike most other reported solvent-stable pro-
teases that are produced from Pseudomonas sp. and Bacil-
lus sp. The Serratia sp. SYBC H alkaline serine protease
shares some similar characteristics with some other Serra-
tia proteases such as molecular weight, optimum tempera-
ture (40°C), optimum pH (8.0), stability and activity at pH
levels over 10.0. It also possesses unique characteristics
such as its appreciable activity at high temperature of 80°C,
and more distinctively, its tolerance and stability in the
presence of non-ionic surfactants such as Tween 80, glyc-
erol and Triton X-100, its activity and stability in the pres-

@ Springer

ence of various hydrophilic organic solvents, and its high
activity and thermostability in the presence of Mn?*. With
these special properties, this protease could find its poten-
tial industrial applications in laundry detergents, textile pro-
cessing and synthetic reactions in organic solvent media.
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