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ABSTRACT

Purification and characterization of
a novel alkaline serine protease secreted

from Vibrio metschnikovii

Park, Jae Yeong
Advisor : Prof. Lee, Jung Sup, Ph.D
Department of Biotechnology

Graduate School of Chosun university

The marine bacterium Vibrio metschnikovii (V. metschnikovii ) evokes
serious symptoms, including pneumonia, leg ulcer, and diarrheal disease when it
infects a wound. In this study, a novel extracellular alkaline serine protease was
purified from culture supernatant of V. metschnikovii ATCC700040 and its
biochemical features and effects on human blood coagulation-associated proteins
were investigated. The maximal protease activity could be obtained when the
bacterium was cultured in LB medium (pH 7.5) containing 3% NaCl at 30°C. To
purify a proteolytic enzyme, total extracellular proteins from V. metschnikovii cells
cultivated in LB medium containing 3% NaCl at 30C were precipitated by the
addition of 70% ammonium sulfate [(NH4),SO4]. The precipitated proteins were
applied onto Hiprep 16/10 Q FF, Source 15 Q 4.6/100 PE, and Superdex 75

10/300 GL columns in order, and Vm-AP (stands for V. metschnikovii alkaline



protease) could be purified at the final purification step with near homogeneity. The
purified Vm-AP seemed to be degraded by the heating step for SDS-PAGE.
However, the degradation could be inhibited by the addition of divalent cations
such as CuCl,, ZnCl,, and NiCl,. Vm-AP was composed of a single polypeptide
and its apparent molecular weight was found to be approximately 50 kDa under
reducing condition in the presence of CuCl, and about 40 kDa under non-reducing
condition on 12% SDS-polyacrylamide gel. Among synthetic chromogenic substrates
tested, Boc-VPR-pNA that is known as a typical chromogenic substrate for
thrombin was the most favorable one for the enzyme. When the chromogenic
substrate was used as a substrate, kinetic values for Vm-AP were as follows: Ky =
091 mM, ke = 0.8 s, and ke/Kv = 0.88 mM’'s”. The optimal temperature and
the pH for Vm-AP enzyme activity were 37C and pH 9.5, respectively. In
addition, the maximal protease activity could be found under alkalic condition
ranging from pH 8.0 to 12.0, suggesting that Vm-AP can be included in alkaline
protease family. Approximately 81.1% of Vm-AP activity could be inhibited by the
addition of serine protease inhibitors such as PMSF and aprotinin. These results
suggest that Vm-AP is a member of serine protease. Vm-AP could cleave various
blood coagulation-associated proteins, including plasminogen, plasmin, prothrombin,
and thrombin. In addition, the enzyme showed a powerful fibrin(ogen)olytic activity,
as it could cleave all kinds of chains of fibrinogen, even with Yy-chain of
fibrinogen, fibrin polymer, and cross-linked fibrin. Taken together, the results
obtained by the present study suggest that the pathogenic bacterium V.
metschnikovii might disturb the blood coagulation system by secreting an alkaline

Vm-AP protease during the course of bacterial infection.



I. INTRODUCTION

The bacterium in the genus Vibrio is a curved, rod-shaped, and motile
microorganism with a single flagellum. Among more than 70 Vibrio species, 11
species are known to be pathogenic to humans (Janda ef al., 1988; Miyoshi, 2006).
Alkalophilic V. metschnikovii is a member of the human pathogenic Vibrios and
shares common features of the genus Vibrio (Kwon et al., 1994). This facultative
anaerobic Gram-negative bacterium is ubiquitous in natural aquatic environments
including marine waters and sewage, as well as shellfish, birds, poultry, and
domestic ungulates (Pariente Martin et al., 2008). The first case of human
pathogenesis induced by V. metschnikovii has been reported from a 82-year-old
female who suffered from abdominal pain and cholecystitis (Jean-Jacques et al.,
1981). Later then, the bacterium was reported as a causative agent to induce
dyspneic symptoms (Hansen er al., 1993), diarrhea disecase (Magalhaes et al., 1996;
Dalsgaard et al., 1996), wound infection (Linde et al., 2004), pneumonia (Wallet et
al., 2005), and leg ulcer (Pariente Martin et al., 2008).

Human pathogenic Vibrios can use various virulent factors to induce
various symptoms, including flagellum, adhesin, polysaccharide, enterotoxin,
cytotoxin, hemolysin, protease, and several factors during the course of its infection.
Among these virulent factors, the protease(s) can act as a major factor for vibrionic
diseases. Extracellular proteases produced from V. wvulnificus, V. mimicus, and V.
cholerae can enhance vascular permeability through activation of the plasma
kallikrein-kinin system (Miyoshi et al., 1988; Chowdhury et al., 1991; Sakata et
al., 1996). An extracellular metalloprotease named VEP secreted from V. vulnificus
can affect on human blood coagulation system by prothrombin activation and
fibrinolysis (Chang et al., 2005). Collagenases secreted from V. vulnificus (Smith et
al., 1982; Miyoshi et al., 2008) and V. parahaemolyticus (Miyoshi et al., 2008)
have been reported to induce tissue-damage potentially. A protease secreted from V.

fluvialis shows haemagglutinating, haemorrhagic activities in addition to proteolytic
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activity toward oligopeptide, casein or elastin (Miyoshi et al., 2002).

Until now, four kinds of alkaline proteases secreted from V. metschnikovii
have been studied in terms of their biochemical properties. Alkaline serine proteases
named AprB, VapT, and VapK from RH530 strain show SDS-resistible activity
(Kwon et al., 1992; Kwon et al., 1994; Kwon et al., 1995; Chung et al., 2001),
and other alkaline serine protease named AprJl secreted from J1 strain exhibits a
stability toward non-ionic surfactant and oxidizing agents (Jellouli et al., 2009).

In this study, a novel alkaline protease (designated to as Vm-AP) was
purified and characterized from the culture supernatant of V. metschnikovii in terms
of its biochemical properties, including enzyme kinetics and substrate specificity
toward various human blood coagulation-associated proteins including plasminogen,
plasmin, prothrombin, thrombin, fibrinogen, fibrin polymer, and cross-linked fibrin

catalyzed by factor Xllla.



II. MATERIALS AND METHODS

II-1. Materials

V. metschnikovii ATCC700040 (KCCM 41681) was obtained from Korean
Culture Center of Microorganism (KCCM). Bacto tryptone, bacto yeast extract, and
sodium chloride were purchased from Becton Dickinson (Franklin lake, USA),
Gellix (Chungbuk, Korea), Junsei (Kyoto, Japan), and Difco (Detroit, USA).
Ammonium sulfate [(NH4),SO4] was obtained from Daejung Chemicals (Siheung,
Korea). Hiprep 16/10 Q FF, Source 15 Q 4.6/100 PE, and Superdex 75 10/300,
and PD-10 columns were from Amersham Biotech Corp. (Uppsala, Sweden). The
synthetic chromogenic substrates used in this study are listed in Table 1. EDTA
(ethylenediamintetraacetic acid), EGTA (ethylene glycol-bis (2-aminoethylether)-
N,N,N',N'-tetraacetic acid), TLCK (tosyl-L-lysine chlomethyl ketone), TPCK
(tosyl-L-phenylalanine  chloromethyl ketone), 1,10-PT  (1,10-phenanthroline), 8
-mercaptoethanol, PMSF (phenylmethanesulphonylfluoride), and DTT (dithiothreitol)
were purchased from Sigma (St. Louis, Mo, USA). Prothrombin and thrombin were
obtained from CalBiochem (Daemstadt, Germany). Plasminogen and plasmin were
from Roche Applied Science (Mannheim, Germany). Human factor Xllla was
purchased from Haematologic Technologies Inc. (Essex, USA). Human fibrinogen

and other chemicals were obtained from Sigma (St. Louis, Mo, USA).



Table 1. Synthetic chromogenic substrates used in this study.

Substrate Sequence Susceptibility

S-2222 Co-lle-Glu-(OR)Gly-Arg-pNA Factor Xa

S-2238 H-D-Phe-Pip-Arg-pNA Thrombin

S-2251 H-D-Val-Leu-Lys-pNA Plasmin and plasminogen
S-2288 H-D-Ile-Pro-Arg-pNA t-PA and broad serine proteases
S-2444 Glu-Gly-Arg-pNA Urokinase

S-2765 Z-D-Arg-Gly-Arg-pNA Factor Xa

LGR Boc-Leu-Gly-Arg-pNA Factor Xa

VPR Boc-Val-Pro-Arg-pNA Thrombin

* §-2222, S-2238, S-2251, S-2288, S-2444, and S-2765 were obtained from Chromogenix Corp. (Washington, USA), and LGR
and VPR were obtained from Seikagaku Corp. (Tokyo, Japan).



II-2. Cell growth and protease production

To determine correlation between cell growth and protease(s) production, V.
metschnikovii cells were cultivated at various growth temperatures (25, 30, or
37C). A single colony was cultivated in 5 ml of LB (pH 7.5) medium containing
3% NaCl at 30C until ODgy value reached to 1.0 and then 1 ml of the
pre-cultured cells was inoculated in 50 ml of the same fresh medium. The culture
was continued at 25, 30, or 37°C for 20 h and the cell density was monitored by
observing ODgpo value at every 2 h interval using UV visible spectrophotometer
(Shimadzu Corporation, Kyoto, Japan).

V. metschnikovii cells were also cultivated in 3 ml of various kinds of
growth media such as LB containing 1% or 3% NaCl, or 2YT media. In addition,
to examine effects of various pHs of media on protease production, the cells were
cultivated in pH 6.8, 7.5, 9.5, or 10.5 of LB media containing 3% NaCl at 30C.
The proteolytic activities contained in the culture supernatants were assayed with

azocasein as a substrate according to the method described in section II-3.

II-3. Proteolytic activity assay from culture supernatant

The culture supernatants described above were collected by centrifugation at
16,000 xg for 10 min and proteolytic activities contained in the culture supernatants
were assayed with azocasein as a substrate. Each 100 pl of reaction mixture was
contained 60 pl of the culture supernatant and 40 ul of 1% azocasein dissolved in
50 mM Tris-HCl (pH 9.0), and these mixtures were incubated at 37C for 1 h.
The reactions were terminated by the addition of 100 pl of 10% trichloroacetic
acid solution. After centrifugation at 16,000 xg for 15 min, 100 pl of the
supernatant was withdrawn and the absorbance was measured at 440 nm with

96-well plate reader (Molecular Device Corporation, California, USA).



II-4. Purification of a novel alkaline protease

V. metschnikovii ATCC700040 cells were cultivated at 30°C for 20 h in 6
liters of LB media containing 3% NaCl. The culture supernatant was collected by
centrifugation at 6,000 xg and 4C for 30 min, and ammonium sulfate was added
to 70% saturation (474 grams per 1 liter of the culture supernatant). The
precipitates were collected by centrifugation at 16,000 xg and 4C for 30 min. The
pellet was dissolved in appropriate volume of 25 mM Tris-HCl (pH 7.5) and
desalted on PD-10 columns equilibrated with the same buffer. The desalted sample
was applied onto a Hiprep 16/10 Q FF column pre-equilibrated with 25 mM
Tris-HCl (pH 7.5). The bound proteins were eluted with a linear gradient of NaCl
from 0 to 0.8 M at the flow rate of 2.0 ml/min. The fractions having proteolytic
activities on azocasein were pooled and concentrated by YM-10 membrane
(Millipore, MA, USA). The concentrated proteins were applied onto a Source 15 Q
4.6/100 PE column pre-equilibrated with 25 mM Tris-HCl (pH 7.5) and the bound
proteins were eluted with a linear gradient of NaCl from 0 to 0.5 M at the flow
rate of 1.0 ml/min. The eluted proteins were pooled and further fractionated on a
Superdex 75 10/300 GL column pre-equilibrated with 25 mM Tris-HCl (pH 7.5)
containing 200 mM NaCl. The active fractions from the final purification step were

pooled and concentrated, and used as the purified enzyme.

II-5. SDS-PAGE

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) was
performed according to the method of Laemmli (1970). Protein samples taken from
each purification step were heated at 100C for 2 min with 6x reducing sample
buffer and 1 mM of CuCl,, and then loaded onto 12% SDS-polyacrylamide gel.
After electrophoresis, the protein bands were visualized by staining with Coomassie
brilliant blue. The protein molecular weight marker was used as follows: B

-galactosidase of E. coli (116 kDa), ovalbumin of chicken egg white (45 kDa),
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lactate dehydrogenase of porcine muscle (35 kDa), restriction enzyme Bsp98I of E.
coli (25 kDa), B-lactoglobulin of bovine milk (18.4 kDa), lysozyme of chicken egg
white (14.4 kDa).

II-6. Effects of divalent cations on heat-degradation of Vm-AP

Five micrograms of the purified Vm-AP were mixed with 10 mM of various
divalent cations (CaCl,, MnCl,, MgCl,, ZnCl,, NiCl,, or CuCly) and 6x reducing
sample buffer. The enzyme samples were heated at 100C for 2 min and then

electrophoresed onto 12% SDS-polyacrylamide gel.

II-7. Zymographic assay

Total extracellular proteins (2.5 uPg) and purified Vm-AP (0.3 pg) were
loaded onto the zymographic gels containing 1% casein and 1% gelatin with
non-reducing sample buffer. These assays were proceeded on ice to abolish
proteolytic activities of the proteases during those migrations on the zymographic
gels. After the electrophoresis, SDS contained in the gels were removed by shaking
gently in 5% Triton X-100 solution for 30 min and 2 times. The proteases were
activated by incubating at 37°C for 30 min in 50 mM Tris-HCl (pH 9.0) and the

gels were stained with Coomassie brilliant blue.

II-8. Substrate specificity of Vm-AP

The substrate specificity of Vm-AP was determined in 100 pl of reaction
mixture composed of 20 mM Tris-HCl (pH 9.0) and 0.4 mM chromogenic substrate

in a 96-well plate. The synthetic chromogenic substrates were used as follows:
Boc-VPR-pNA and S-2238 for thrombin; Boc-LGR-pNA, S-2222 and S-2765 for

factor Xa; S-2251 for plasmin and plasminogen; S-2288 for t-PA and broad serine
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proteases; S-2444 for urokinase. The reaction mixtures were incubated at 37°C for
30 min and the hydrolysis of chromogenic substrates was detected by measuring

the absorbance at 405 nm with 96-well plate reader.

II-9. Effects of temperature and pH on Vm-AP enzyme activity

To determine temperature dependency of Vm-AP activity, one microgram of
purified Vm-AP was incubated with 0.4 mM Boc-VPR-pNA as a substrate in 20
mM Tris-HCl (pH 9.0) for 30 min at various temperature (4, 10, 20, 30, 37, 50,
60, and 70C). pH dependency of the enzyme was also investigated with following
various buffer systems: 20 mM Sodium acetate (pH 4.0 to 5.0); 20 mM Sodium
phosphate (pH 6.0 to 7.5); 20 mM Tris-HCl (pH 8.0 to 9.0); 20 mM
Glycine-NaOH (pH 9.5 to 11.0); 20 mM Sodium carbonate (pH 11.5 to 12.0). The
reaction mixtures were contained 1 pg of Vm-AP and 0.4 mM Boc-VPR-pNA as a
substrate in the various buffer systems, and incubated 37°C for 30 min. Vm-AP
activities were determined by measuring the increased absorbance at 405 nm

induced by hydrolysis of Boc-VPR-pNA.

1I-10. Effects of various inhibitors and divalent cations on
Vm-AP activity

One microgram of Vm-AP was pre-incubated with 1 mM of various
protease inhibitors (DFP, TLCK, TPCK, EDTA, 1,10-PT, bestatin, aprotinin, PMSF,
or EGTA), 500 mM of reducing reagents (DTT or B-mercaptoethanol), or 1 mM of
various divalent cations (CaCl,, CuCl,, MgCl,, MnCl,, NiCl,, or ZnCl;) in 20 mM
Tris-HCI (pH 9.0) at 37°C for 10 min. To determine effects of these additives on
Vm-AP enzyme activity, 0.4 mM Boc-VPR-pNA was added on the reaction
mixtures as a substrate, and then the reaction mixtures (100 pl) were incubated at

37°C for 30 min. Residual activities of Vm-AP were determined by measuring the
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absorbance at 405 nm and compared to that of control without additive.

II-11. Effects of detergents on Vm-AP activity

To analyze effects of detergents on Vm-AP activity, 1 pg of the enzyme
was pre-incubated with various concentrations of SDS (1, 5, or 10%) or urea (1,
2.5, or 5 M) in 20 mM Tris-HCI (pH 9.0) at 37C for 10 min, and then 0.4 mM
Boc-VPR-pNA was added on the reaction mixtures as a substrate. The reaction
mixtures (100 pl) were incubated at 37°C for 30 min and the residual activities of
Vm-AP in the presence of detergents were determined by measuring the absorbance

at 405 nm.

II-12. Susceptibility of Vm-AP activity to plasma proteins

To determine the effect of Vm-AP activity on plasminogen, Vm-AP (0.3 u
g) was incubated with plasminogen (5 ug) at 37°C for 0, 10, 30, and 60 min in
25 mM Tris-HCl (pH 7.5). The reaction mixtures were electrophoresed on 12%
SDS-polyacrylamide gel to visualize cleavage pattern of plasminogen. Vm-AP (0.3
Ug) was also pre-incubated with plasminogen or plasmin (each 5 pg) at 37°C for
60 min in the same buffer, and then 0.4 mM of S-2251 were added in the
reaction mixtures as a substrate for plasminogen and plasmin. The reaction mixtures
(100 ul) were incubated at 37C for 30 min and the amidolytic activities of
plasminogen and plasmin were detected by measuring the absorbance at 405 nm.

The effects of Vm-AP activity on prothrombin was investigated. Vm-AP
(0.3 pg) was incubated with prothrombin (5 pg) at 37C for 0, 0.1, and 5 min in
25 mM Tris-HCl (pH 7.5), and then the reaction mixtures were electrophoresed on
12% SDS-polyacrylamide gel. To determine effect of Vm-AP activity on thrombin,

the enzyme was pre-incubated with thrombin at 37°C for 10 min in the same
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buffer, and then 0.4 mM of S-2238 was added in the reaction mixtures as a
substrate for thrombin. The reaction mixtures were incubated at 37°C for 30 min
and the amidolytic activity of thrombin was determined by measuring hydrolysis of

S-2238 substrate at 405 nm.

II-13. Susceptibility of Vm-AP activity to fibrinogen

Vm-AP (0.0625 pg) was incubated with human fibrinogen (30 ug)
dissolved in 25 mM Tris-HC1 (pH 7.5) containing 150 mM NaCl at 37C for 0, 1,
20, and 360 min. The reaction mixtures were electrophoresed on 12% SDS-
polyacrylamide gel to examine the cleavage pattern of fibrinogen. To determine
fibrin polymerization by Vm-AP activity, Vm-AP (1 ug) was incubated with
fibrinogen (90 ug) dissolved in 25 mM Tris-HCl (pH 7.5) containing 150 mM
NaCl at 37C for 60 min. Turbidity increase of the fibrin polymer was detected by
measuring the absorbance at 350 nm every 2 min interval. Effects of wvarious
inhibitors and divalent cations on the fibrinogenolytic activity of Vm-AP were
analyzed. Vm-AP (0.01 pg) was incubated with fibrinogen (10 pg) at 37°C for 10
min in 25 mM Tris-HCl (pH 7.5) containing 1 mM of various protease inhibitors
(DFP, PMSF, aprotinin, bestatin, 1,10-PT, EDTA, or EGTA), 500 mM of reducing
reagents (DTT or B-mercaptoethanol), or 1 mM of various divalent cations (NiCl,
ZnCl,, MgCl,, CuCl,, or CaCly). The reaction mixtures were mixed with 6x

reducing sample buffer and electrophoresed on 12% SDS- polyacrylamide gel.

II-14. Susceptibility of Vm-AP activity to fibrin polymer and
cross-linked fibrin catalyzed by factor XIIla

Effect of Vm-AP activity on fibrin polymer was determined on fibrin plate.
The fibrin plate was prepared by incubating 2 ml of 2% fibrinogen dissolved in 25
mM Tris-HCl (pH 7.5), 2 ml of 1% agarose, and 100 yl of 100 U/ml thrombin.
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The plate was allowed to set for 2 h at room temperature. Vm-AP (1 pg) and
plasmin (0.5 U) were applied into 3 mm diameter of wells made on the plate, and
the fibrin plate was incubated at 37°C for 12 h. Effect of Vm-AP activity on
cross-linked fibrin was determined with 12% SDS-polyacrylamide gel. Cross-linked
fibrin was formed by incubating fibrinogen (10 ug), thrombin (0.02 U), and factor
XlIlla (0.003 U) in 25 mM Tris-HCl (pH 7.5) containing 150 mM NaCl and 1
mM CaCl, at room temperature for 2 h. Vm-AP (0.5 pg) was incubated with the
cross-linked fibrin at 37C for 5 min and then the reaction mixtures were

electrophoresed on 12% SDS-polyacrylamide gel.
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III. RESULTS AND DISCUSSION

II-1. Cell growth and protease production

It has been reported that the production of extracellular protease(s) from V.
metschnikovii is affected by both of growth temperature and pH of the culture
medium (Kwon et al., 1992; Kwon et al., 1994).

In this study, correlation of cell growth rate and protease(s) production of
V. metschnikovii ATCC700040 was investigated. The cells were cultivated in LB
medium under different temperatures (Fig. 1A) and the proteolytic activities
contained in the culture supernatants were measured using azocasein method as
described in Materials and Methods (Fig. 1B). As shown in Fig. 1. the maximal
growth rate (Fig. 1A) and protease(s) production (Fig. 1B) could be obtained when
the cells were cultivated at 30C.

Effects of various kinds of growth media for protease(s) production were
also investigated. As shown in Fig. 2A, the highest proteolytic activity could be
observed from the culture supernatant cultivated in LB medium containing 3%
NaCl at 30C (Fig. 2A). When the cells were cultivated in various pHs of media
(6.8, 7.5, 9.5, or 10.5), the culture supernatant cultivated in pH 7.5 of medium
showed the maximal proteolytic activity (Fig. 2B). These results suggest that the
optimal growth condition for protease(s) production is 30C in LB medium
containing 3% NaCl under pH 7.5 and the growth condition is similar with the
used condition for protease(s) production from V. metschnikovii J1 in a previous

report (Jellouli et al., 2009).

III-2. Purification of a novel alkaline protease

A novel extracellular alkaline protease was purified from culture supernatant

of V. metschnikovii ATCC700040 by sequential chromatographic procedures using
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Hiprep 16/10 Q FF, Source 15 Q 4.6/100 PE, and Superdex 75 10/300 GL
columns (Fig. 3). A single peak containing proteolytic activity was found in the
fractions collected from the Hiprep 16/10 Q FF column when azocasein was used
as a substrate (Fig. 3A). Further chromatography of the active fractions was
performed on the Source 15 Q 4.6/100 PE (Fig. 3B) and the fractions containing
proteolytic activities were also applied to the Superdex 75 10/300 GL (Fig. 3C).
The purified protease designated as to Vm-AP was collected by pooling and
concentrating from the active fractions obtained from the final chromatographic step.
The purification summary of Vm-AP is shown in Table 2. The proteins obtained
from each purification step were analyzed on 12% SDS-polyacrylamide gel (Fig. 4).
Vm-AP seemed to be degraded in the heating step of sampling for SDS-PAGE
(Fig. 4, lane 5), however, the addition of above 1 mM of CuCl, could protect the
enzyme from heat-degradation (Fig. 4, lane 4). The apparent molecular weights of
Vm-AP was corresponded to 50 kDa and 40 kDa under reducing condition with 1
mM CuCl, and non-reducing condition (Fig. 5). The purification yield and the
specific activity of the enzyme were 0.1% and 1,000 U/mg, respectively. Ku, keat
and kca/Km of Vm-AP were determined with Boc-VPR-pNA as a substrate and the
kinetic values were as follows: Ky = 091 mM, ket = 0.8 s’ and ke/Kv = 0.88
mM/s™ (Table 3). These kinetic values of Vm-AP were compared with those of an
extracellular alkaline serine protease named Apr]Jl secreted from J1 strain, Ky =
0158 mM, ko = 19 x 10° s and ka/Ku = 088 mM/s' with
N-succinyl-i-Ala-i-Ala-i- Pro-i-Phe-p-nitroanilide as a substrate (Jellouli er al.,

2009).
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Fig. 1. Correlation of cell growth rate and proteolytic activity from culture
supernatant of V. metschnikovii. V. metschnikovii cells were cultivated at various
growth temperatures (25, 30, or 37°C) for 20 h. Cell density was monitored by
observing ODgoo value at every 2 h interval (A) and proteolytic activity contained
in the culture supernatant was assayed with azocasein as a substrate by measuring

the absorbance at 440 nm (B).
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Fig. 2. Effects of growth media and pHs on protease production. V. metschnikovii

cells were cultivated in LB containing 1% or 3% NaCl, or in 2YT media at 25,

30, or 37C for 12 h (A). The cells were also cultivated in various pHs (6.8, 7.5,

9.5, or 10.5) of media at 30C for 12 h (B). Proteolytic activity contained in the

culture supernatant was assayed with azocasein as a substrate by measuring the

absorbance at 440 nm.
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Fig. 3. Purification profiles of a novel alkaline protease. A novel alkaline protease
was purified from total extracellular proteins of V. metschnikovii by sequential
chromatographic steps using Hiprep 16/10 Q FF (A), Source 15 Q 4.6/100 PE
(B), and Superdex 75 10/300 GL columns (C). The brackets indicate the pooled
fractions that showed proteolytic activities when the azocasein was used as a

substrate.
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Table 2. Purification summary of Vm-AP.

Step Total protein (mg)  Total activity (U) Specific activity (U/mg)  Yield (%)
Ammonium sulfate precipitation 257.4 18,412 71.5 100
Hiprep 16/10 Q FF 21.6 2,922 135.3 8.4
Source 15Q 4.6/100 PE 3.8 1,726 454.4 1.5
Superdex 75 10/300 GL 0.2 240 1,000 0.1

" One unit of Vm-AP activity was defined as the amount of enzyme that hydrolyzes 0.18 mM Boc-VPR-pNA in 20 mM

Tris-HCI (pH 9.0) at 37C for 30 min.

™ Total activity of total extracellular proteins was assigned the value of 100%.
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Fig. 4. SDS-PAGE of the active fractions obtained from each chromatographic step.
The active fractions from each chromatographic step were electrophoresed on 12%
SDS-polyacrylamide gel under reducing conditions with (lanes 1~4) or without (lane
5) CuCl,, and the gel was stained with Coomassie brilliant blue. Lanes 1, total
extracellular proteins; 2, Hiprep 16/10 Q FF; 3, Source 15 Q 4.6/100; 4, Superdex
75 10/300 GL with CuCly; 5, Superdex 75 10/300 GL without CuCl,.
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Fig. 5. SDS-PAGE of purified Vm-AP under reducing and non-reducing conditions.
Purified Vm-AP enzymes were electrophoresed on 12% SDS- polyacrylamide gel
under reducing condition (R) with 1 mM of CuCl; and non-reducing condition

(NR) without CuCl,, and stained with Coomassie brilliant blue.
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Table 3. Kinetic values of Vm-AP enzyme.

Kyv (mM) Feat (57) e / Ky (mM / s™)

0.91 0.80 0.88

" These kinetic values of Vm-AP were determined using Boc-VPR-pNA as a substrate.
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III-3. Effects of divalent cations on heat-degradation of Vm-AP

As shown in Fig. 4, the addition of CuCl, could protect Vm-AP enzyme
from heat-degradation. To determine protective effects of various divalent cations
(CaCl,, MnCl,, MgCl,, ZnCl,, NiCl,, or CuCl,) on degradation of Vm-AP, the
enzyme was heated at 100'C for 2 min in the presence of the various divalent
cations, and then electrophoresed on 12% SDS-polyacrylamide gel. As shown in
Fig. 6, Vm-AP was stable against the heating and appeared as an intact single
band on the gel by addition of 10 mM ZnCl,, NiCl,, or CuCl,. These results
suggest that Vm-AP might be unstable at high temperature around 100C and
cleaved by its own proteolytic activity. In addition, these results suggest that ZnCl,,
NiCl,, or CuCl, can inhibit the suicidal activity of Vm-AP.

This type of protease degradation induced by heating have not been
reported in previous studies about proteases, however, a similar effect of high
temperature on protease have been investigated in a study about extracellular
metalloprotease secreted from V. wvulnificus (Chang et al, 2005). The enzyme
disappeared completely on polyacrylamide gel when the enzyme was pre-incubated
at 75C for 20 min (data not shown). This result suggests that the extracellular
metalloprotease was autodegraded by incubating at 75C. However, the enzyme
could be stable on polyacrylamide gel by heating step of SDS-PAGE at 100C for

1 min (data not shown) not like Vm-AP.

I1I-4. Zymographic analysis of total extracellular proteins and
purified Vm-AP

A major and six minor gelatinolytic proteases were identified on
zymographic gels containing gelatin using total extracellular proteins secreted from
V. metschnikovii RH530 (Kwon et al., 1992).

In this study, proteolytic activities of protease(s) contained in the total

extracellular proteins were investigated using 10% SDS-polyacrylamide gel
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containing 1% casein or 1% gelatin. As shown in Fig. 7, each single proteolytic
band was appeared on the gels by both samples of total extracellular proteins and
purified Vm-AP. The sizes of proteolytic bands were corresponded to 40 kDa on
gel containing casein and 37 kDa on gel containing gelatin. Other significant
proteolytic band(s) could not be identified on the zymographic gels (Fig. 7). These
results suggest that purified Vm-AP is the major protease secreted from V.
metschnikovii having caseinolytic and gelatinolytic activities, and minor protease(s)

could not be detected from this zymographic assay.

III-5. Substrate specificity of Vm-AP

The substrate specificity of Vm-AP was determined by observing cleavage
of various synthetic chromogenic substrates listed in Table 1. As shown in Table 4,
Vm-AP showed the most strong susceptibility for Boc-VPR-pNA, thrombin specific
substrate, giving rise to 100%. However, S-2238 for thrombin was not susceptible
as below as 38%. Vm-AP could not show significant specificities for the following
substrates: Boc-LGR-pNA, S-2222, and S-2765 for factor Xa, S-2251 for plasmin
and plasminogen, S-2288 for t-PA and broad serine proteases, S-2444 for urokinase,
and S-2238 for thrombin. These results indicate that Vm-AP enzyme can hydrolyze
Boc-VPR-pNA as a specific substrate, suggesting similar proteolytic activity of the

enzyme like that of thrombin.

III-6. Effects of temperature and pH on Vm-AP activity

The effects of temperature and pH on Vm-AP activity were assayed with
Boc-VPR-pNA as a substrate. Temperature dependency of the enzyme activity was
examined at various temperatures in pH 9.0 buffer. Optimal temperature for Vm-AP
was determined to be 37C (Fig. 8A). The effect of pH on Vm-AP activity was

also determined in various pH buffer systems described in Materials and Methods.
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Optimal pH of Vm-AP was determined to be 9.5. In addition, more than 65% of
enzyme activity remained in alkalic pH ranging from pH 8.0 to 12.0 (Fig. 8B).
These results suggest that the enzyme is a member of alkaline protease family.
Microbial alkaline proteases are interested in their activities and stability at alkaline
pH to use for detergent additives, therapeutic applications, food industry, and waste
treatment as well as chemical industry (Kumar et al., 1999). Purified Vm-AP also
have high activities and stability in alkalic pH as a microbial alkaline protease,

suggesting the potential applications.

III-7. Effects of various inhibitors and divalent cations on Vm-AP

activity

The effects of various protease inhibitors and divalent cations on Vm-AP
activity were investigated with Boc-VPR-pNA as a substrate. As shown in Fig. 9,
approximately 90% and 72% of Vm-AP activities could be inhibited by the
addition of serine protease inhibitors such as aprotinin and PMSF (Fig. 9A).
However, other protease inhibitors showed no significant effect on Vm-AP activity.
These results suggest that Vm-AP might be a member of serine protease family.

Effects of divalent cations on the enzyme activity was shown in Fig. 9B. More

than 70% of Vm-AP activity could be inhibited by the addition of CuCl,.

III-8. Effects of detergents on Vm-AP activity

Two extracellular alkaline proteases secreted from V. metschnikovii RH530
retain more than 80% of their activities in the presence of 5% SDS or 8§ M urea
(Kwon et al., 1994). Several SDS-resistant proteases were also reported from V.
alginolyticus (Dean et al., 1987) and Pyrococcus furiosus (Blumental et al, 1990).

To investigate the resistancy of Vm-AP, Vm-AP activities were measured

with Boc-VPR-pNA as a substrate in the presence of detergents such as SDS and
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urea. As shown in Fig. 10, 98% of the enzyme activity was abolished by the
presence of more than 1% SDS, however, 60% of Vm-AP activity retained in the
presence of 1 urea. These results suggest that Vm-AP might be a stable in the
presence of 1 M urea. These differences of Vm-AP and the alkaline proteases
secreted from RHS530 strain on SDS-resistancy also suggest that these enzymes
share low relativities on those activities though both enzymes are extracellular

alkaline proteases secreted from V. metschnikovii strains.
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Fig. 6. Effects of various divalent cations on heat-degradation of Vm-AP. To
determine protective effects of divalent cations on heat-degradation of Vm-AP, 5 ug
of the enzyme was heated at 100°C for 2 min in the presence of CaCl,, MnCl,,
MgCl,, ZnCl,, NiCl,, or CuCl,. The enzyme samples were electrophoresed on 12%
polyacrylamide gel under reducing condition. Non, heat-treated Vm-AP without

cation.
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Fig. 7. Zymographic assays of total extracellular proteins and purified Vm-AP.
Zymographic assays were carried out using total extracellular protein (2.5 pg) and
purified Vm-AP (0.3 pg) on 10% SDS-polyacrylamide gels containing 1% casein or
1% gelatin. SDS contained in the zymographic gels was removed by incubating in
5% Triton X-100 solution and then the protease(s) were activated in pH 9.0 buffer
at 37C for 30 min. The gels were stained with Coomassie brilliant blue to

visualize proteolytic bands on the gels. Total, total extracellular proteins.
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Table 4. Substrate specificity of Vm-AP.

Substrate” Susceptibility Relative activity (%)
VPR Thrombin 100

S-2222 Factor Xa 11.3

S-2238 Thrombin 37.9

S-2251 Plasmin and plasminogen 18.0

S-2288 t-PA and broad serine proteases 12.4

S-2444 Urokinase 25.1

S-2765 Factor Xa 13.9

LGR Factor Xa 18.9

"Vm-AP was reacted with various kinds of chromogenic substrates at 37C
for 30 min in 20 mM Tris-HCI (pH 9.0).

" Relative activities were expressed as a relative value compared to that of

Boc-VPR-pNA.
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Fig. 10. Effects of detergents (SDS and urea) on Vm-AP activity. Vm-AP activities
were assayed with Boc-VPR-pNA as a substrate in the presence of various
concentrations of SDS (1, 5, or 10%) or urea (1, 2.5, or 5 M). The Vm-AP
activities were expressed as a relative value compared to that of non-treated

control.
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II-9. Susceptibility of Vm-AP to plasma proteins

Several proteases secreted from Vibrios can affect on various blood
clotting-associated proteins. Among these proteases, metalloproteases secreted from
V. vulnificus can induce cleavages of plasminogen, factor Xa, and fibrinogen as
well as activation of prothrombin (Chang et al., 2005; Kwon et al., 2007).

The effects of Vm-AP activity on plasminogen, plasmin, prothrombin, and
thrombin were investigated. As shown in Fig. 11A, Vm-AP could cleave
plasminogen, generating approximately 50, 33, and 20 kDa of fragments. To
determine effects of Vm-AP on plasminogen and plasmin activities, S-2251 was
added as a substrate in pre-incubated plasminogen or plasmin with Vm-AP. As
shown in Fig. 11B, both activities of plasminogen and plasmin decreased by
incubating with Vm-AP enzyme. Prothrombin was also cleaved by Vm-AP very
quickly (Fig. 12A) and the effect of Vm-AP on thrombin activity was determined
by the addition of S-2238 as a substrate. The activity of thrombin on S-2238
decreased by pre-incubating with Vm-AP (Fig. 12B). These results suggest that
Vm-AP can degrade various blood coagulation-associated proteins such as

plasminogen, plasmin, prothrombin, and thrombin.

IMI-10. Susceptibility of Vm-AP activity to fibrinogen, fibrin

polymer, and cross-linked fibrin catalyzed by factor XIIIa

Fibrino(geno)lytic enzymes have been reported from food bacteria
(Hwang et al, 2007; Kim et al., 2009), pathogenic bacteria (Balaraman et al.,
2006; Fricke et al., 1999; Imamura et al., 2007), and mushroom (Kim et al., 2006)
as well as snake venom (Bernardes et al, 2007, Koh et al, 2000). The
fibrinogenolytic protease secreted from V. vulnificus could rapidly digest a-chain of
fibrinogen (Miyoshi et al., 1995) and metalloprotease from V. cholerae could cleave
three major chains (a, B, and y) of fibrinogen (Vaitkevivius et al., 2007).

To determine fibrinogenolytic activity of Vm-AP, fibrinogen was incubated
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with Vm-AP at 37C in pH 7.5 buffer. As shown in Fig. 13, a- and B-chains of
fibrinogen could be degraded by Vm-AP within 1 min and 20 min, respectively. In
addition, most of y-chain of fibrinogen could be also degraded by Vm-AP for 360
min (Fig. 13A). However, the fibrinogenolytic activity of Vm-AP could not induce
the polymerization of fibrin compared to that induced by thrombin (Fig. 13B).
Effects of wvarious inhibitors (Fig. 14A) and divalent cations (Fig. 14B) on
fibrinogenolytic activity of Vm-AP were determined on 12% SDS-polyacrylamide
gel. PMSF, aprotinin, and CuCl,, the effective inhibitory additives of Vm-AP, also
inhibited fibrinogenolytic activity of the enzyme.

In addition, Vm-AP also showed significant fibrinolytic activities. When
Vm-AP was applied on fibrin plate, the enzyme could make a halo zone on the
plate like in plasmin, suggesting the degradation of fibrin polymer (Fig. 15A).
Vm-AP was also incubated with cross-linked fibrin catalyzed by factor XlIlla. The
enzyme could cleave the cross-linked fibrin including a-a and y-y chains (Fig.
15B).

As shown above, Vm-AP can cleave all kinds of chains (a, B, and y) of
fibrinogen and fibrin polymer as well as cross-linked fibrin, suggesting the powerful
fibrin(ogen)olytic activity of the enzyme. These same results have been obtained
from V. vulnificus (Chang et al., 2005; Kwon et al., 2007). Taken together, this
study suggest that the normal human blood coagulation cascade might be

interrupted by a secreted Vm-AP enzyme from V. metschnikovii.
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Fig. 11. Susceptibility of Vm-AP activity to plasminogen and plasmin. Plasminogen
(5 yg) was incubated with Vm-AP (0.3 pg) at 37C for indicated time periods in
pH 7.5 buffer. The cleavage of plasminogen by Vm-AP activity was determined on
12% SDS-polyacrylamide gel (A). Plasminogen or plasmin (each 5 pg) was
pre-incubated with Vm-AP (0.3 pg) at 37°C for 1 h in pH 7.5 buffer and 0.4 mM
of S-2251 was added as a substrate for plasminogen and plasmin. Hydrolysis of

S-2251 was detected by measuring the absorbance at 405 nm (B).
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Fig. 12. Susceptibility of Vm-AP activity to prothrombin and thrombin. Prothrombin

(5 yg) was incubated with Vm-AP (0.3 pg) at 37C for indicated time periods in

pH 7.5 buffer. The cleavage of prothrombin by Vm-AP activity was determined on

12% SDS-polyacrylamide gel (A). FXa, prothrombin treated with factor Xa (0.1 U)

at 37°C for 1 h in pH 7.5 buffer. Thrombin (5 ug) was pre-incubated with Vm-AP

(0.3 pg) at 37C for 10 min in pH 7.5 buffer and 0.4 mM of S-2238 was added

as a substrate for thrombin. Hydrolysis of S-2238 was detected by measuring the

absorbance at 405 nm (B).
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Fig. 13. Fibrinogen cleavage and formation of fibrin polymer by Vm-AP activity.
Human fibrinogen (30 pg) was incubated with Vm-AP (0.0625 ug) enzyme at 37C
for indicated time periods in pH 7.5 buffer and the resulting products were
electrophoresed on 12% SDS-polyacrylamide gel. FDP, fibrinogen degradation
products (A). Fibrinogen (90 upg) was also incubated with Vm-AP (1 pg) or
thrombin (0.1 U) in pH 7.5 buffer at 37C to induce fibrin polymerization.

Turbidity of fibrin polymer was detected by measuring the absorbance at 350 nm

(B).
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Fig. 14. Effects of various protease inhibitors and divalent cations on
fibrinogenolytic activity of Vm-AP. Vm-AP (0.01 pg) was incubated with
fibrinogen (10 ug) at 37C for 10 min in pH 7.5 buffer containing various
inhibitors (A) or divalent cations (B). Effects of the inhibitors and divalent cations
on fibrinogenolytic activity of Vm-AP were determined on 12% SDS-polyacrylamide

gel. B-ME, B-mercaptoetanol.
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Fig. 15. Susceptibility of Vm-AP activity to cross-linked fibrin. Fibrinolytic activity
of Vm-AP was assayed on fibrin plate. Vm-AP (1 pg) and plasmin (0.5 U) were
applied on the fibrin plate and the plate was incubated at 37C for 12 h (A).
Vm-AP (0.5 pg) was incubated with cross-linked fibrin catalyzed by factor XlIlla at
37C for 5 min. The samples were electrophoresed on 12% SDS-polyacrylamide gel
(B).
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