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Abstract Bacillus subtilis DC33 producing a novel fibri-
nolytic enzyme was isolated from Ba-bao Douchi, a
traditional soybean-fermented food in China. The
strong fibrin-specific enzyme subtilisin FS33 was purified
to electrophoretic homogeneity using the combination
of various chromatographic steps. The optimum tem-
perature, pH value, and p/ of subtilisin FS33 were 55°C,
8.0, and 8.7, respectively. The molecular weight was
30 kDa measured by SDS-PAGE under both reducing
and non-reducing conditions. The enzyme showed a le-
vel of fibrinolytic activity that was about six times higher
than that of subtilisin Carlsberg. The first 15 amino acid
residues of N-terminal sequence of the enzyme were
A-Q-S-V-P-Y-G-I-P-Q-I-K-A-P-A, which are different
from that of other known fibrinolytic enzymes. The
amidolytic activities of subtilisin FS33 were inhibited
completely by 5 mM phenylmethanesulfonyl fluoride
(PMSF) and 1 mM soybean trypsin inhibitor (SBTI),
but 1,4-dithiothreitol (DTT), S-mercaptoethanol, and
p-hydroxymercuribenzoate (PHMB) did not affect the
enzyme activity; serine and tryptophan are thus essential
in the active site of the enzyme. The highest affinity of
subtilisin FS33 was towards N-Succ-Ala-Ala-Pro-Phe-
pNA. Therefore, the enzyme was considered to be a
subtilisin-like serine protease. The fibrinolytic enzyme
had a high degrading activity for the Bf-chains and
Aua-chain of fibrin(ogen), and also acted on thrombotic
and fibrinolytic factors of blood, such as plasminogen,
urokinase, thrombin, and kallikrein. So subtilisin FS33
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was able to degrade fibrin clots in two ways, i.e., (a) by
forming active plasmin from plasminogen and (b) by
direct fibrinolysis.
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Introduction

Cardiovascular diseases such as acute myocardial
infarction, ischemic heart disease, and high blood
pressure are the leading causes of death in the world
[1]. Among the different types of cardiovascular dis-
eases, thrombosis is one of the most widely occurring
diseases in modern life. Drugs using fibrinolytic en-
zymes are the most effective methods in the treatment
of thrombosis. A variety of fibrinolytic enzymes such as
tissue plasminogen activator (t-PA), urokinase (u-PA,
EC 3.4.21.31), and bacterial plasminogen activator
streptokinase (EC 3.2.1.35) have been extensively
studied and used as thrombolytic agents [2]. However,
these agents cause excessive bleeding and recurrence at
the site of the residual thrombosis [3]. They have a
short half-life and are very costly to produce. There-
fore, several lines of investigation are presently being
pursued to enhance the efficacy and specificity of
fibrinolytic therapy.

Over the last 10 years, several effective thrombolytic
agents have been identified and characterized from
microorganisms [4—6], earthworms [7], snake venoms [8,
9], centipede venoms [10], insects [11], and leeches [12].
The agents are of interest as useful tools for under-
standing fibrinolytic mechanism and as potential thera-
peutic drugs. Their major functions have been described
as plasminogen activators or plasmin-like proteases, e.g.,
lumbrokinase (EC 3.4.17.13) [7], which can directly de-
grade fibrin or fibrinogen, thereby dissolving thrombi
rapidly and completely. Nattokinase, which was purified
from natto, a traditional Japanese fermented food, not



only directly lyses thrombi in vivo [13-15], but can also
enhance fibrinolytic activity in plasma and increase the
amount of t-PA by oral administration [4, 14, 16].

Douchi is a traditional and popular soybean-fer-
mented food in China. Some fibrinolytic activities had
been found in Douchi, and Bacillus subtilis DC33 pro-
ducing a strong fibrinolytic enzyme has been isolated
from Ba-bao Douchi [17]. In this study, the enzyme was
purified and characterized, and its physiological func-
tion related to the thrombotic and fibrinolytic factors
was investigated.

Materials and methods
Materials

DEAE-Sepharose fast flow, Phenyl Sepharose 6 fast
flow, Sephadex G-50, Protein standard markers and IEF
markers were purchased from Pharmacia Co. (Amer-
sham Bioscienses, Sweden). Chromogenic substrates,
such as N-Succ-Ala-Ala-Pro-Phe-pNA (S7388; Succ:
succinyl; pNA: p-nitroaniline), D-Val-Leu-Lys-pNA
(V7127), D-Val-Leu-Arg—pNA (V6258), and D-Phe-Pip-
Arg-Pna (P7027; Pip: L-pipecoly) were procured from
Sigma-Aldrich (St Louis, MO, USA). Human fibrinogen
(F9754), fibrin (F5386), plasminogen (P5661), urokinase
(U0633), p-nitroaniline (pNA, Fluka, 72681), Na-ben-
zoyl-L-arginine ethyl ester hydrochloride (BAEE,
B4500), subtilisin Carlsberg (EC 3.4.21.14, P5380),
phenylmethanesulfonyl fluoride (PMSF, P7626), ethyl-
ene glycol-0,0’-bis-[2-amino-ethyl]-N, N, N’, N’-tetra-
acetic acid (EGTA, E6263), dimethyl sulfoxide (DMSO,
D35878), p-hydroxymercuribenzoate (PHMB, H0642),
pepstatin A (P4265), and leupeptin (L2884) were also
purchased from Sigma-Aldrich. 1,4-dithiothreitol
(DTT), soybean trypsin inhibitor (SBTI), aminobenz-
amidine ethyl acetimidate (EAM), and PEG20000 were
from Merck Co. (Beijing, China). Thrombin (EC
3.4.21.5), kallikrein (EC 3.4.4.21), and tissue-type plas-
minogen activator (t-PA) were obtained from the Chi-
nese Medicine Testing Institute (Beijing). The other
chemicals used were of analytical grade.

Bacterial strain and culture condition

Previously, 85 bacterial colonies with different fibrino-
lytic activities had been isolated from fermented food.
Among these colonies, strain DC33 isolated from Ba-
bao Douchi had the highest fibrinolytic activity,
approximately 418 U (urokinase unit) ml~' LB medium
(10 g 1"" tryptone, 3 g 17" beef powder, 5 g1~' NaCl,
pH 7.4). Based on its metabolic properties, the strain
DC33 was identified as B. subtilis using API 50 CH
(BioMerieux, Marcy I’Etoile, France) and the Vitek
BACIL card through the criteria database of species and
Bergey’s Manual of Systematic Bacteriology [18] (data
not shown).
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Strain DC33 was incubated in a shaking water bath
in an optimized medium [17] [14 g 17! tryptone (Oxoid
Ltd., UK), 2 g1" galactose, 1 g1™' KH,PO4, 2 g 17"
Na,HPO,, 0.2 g 17! MgSO,, 3 g 17! CaCOs, 0.01 g17!
FeCls, and 0.01 g 17! LiSO,, pH 7.2]. Optimum culture
conditions for B. subtilis DC33 were 37°C, 140 rpm for
72 h.

Determination of enzyme concentration and fibrinolytic
activity

Protein (enzyme) concentration was determined by the
method of Bradford [19] using BSA fraction V as a
standard, measuring the absorbance at 595 nm. Fibri-
nolytic activity of each solution was determined by both
the plasminogen-free fibrin plate method and the plas-
minogen-rich fibrin plate method [20]. Plasminogen-free
fibrin plates consisted of the fibrinogen solution [5 mg of
human fibrinogen in 7 ml of 0.1 M barbital buffer (pH
7.8), 10 U of thrombin solution, and 7 ml of 10 g 17!
agarose] in petridishes (9 cm in diameter). Fibrin plates
were heated at 80°C for 30 min to destroy other fibri-
nolytic factors. Plasminogen-rich fibrin plates contained
5 U plasminogen, in addition, and were not heated. To
observe the fibrinolytic activity, 10 pl of enzyme solution
was carefully dropped onto a fibrin plate and was
incubated at 37°C for 18 h. The activity of fibrinolytic
enzyme was estimated by measuring the dimension of
the clear zone on the fibrin plate and plotting a cali-
bration curve based on urokinase standard solutions.

Amidolytic activity and kinetic constants of the
fibrinolytic enzyme were measured spectrophotometri-
cally using synthetic substrates S7388, V7127, V6258,
P7021. The mixture (100 pl, pH 8.0) containing different
concentrations of synthetic substrate (ranging from 0.02
to 0.15 mM) and 5 pl of enzyme solution was incubated
in a microplate at 37°C, respectively. At various time
intervals of the reaction course, the absorbance of re-
leased pNA at 405 nm was measured (Model 550,
Thermo Electron Co., Italy). The kinetic constants were
determined using Hanes—Woolf plots based on the initial
reaction rates [21].

Substrate specificity of the enzyme was assayed by a
procedure according to Peng [22] using casein, fibrin,
fibrinogen, and serum albumin as substrates, respec-
tively. One unit of proteolytic activity (U) was defined as
the amount of enzyme releasing 1 pmol of tyrosine
equivalent per minute per milliliter. BAEE activity of the
fibrinolytic enzyme was determined according to the
method of Glazer [23].

Purification of a fibrinolytic enzyme

The fibrinolytic enzyme was purified by chromatographic
procedures including hydrophobic chromatography,
anion exchange, and gel filtration chromatography. All
purification steps were performed at 4°C. The crude
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enzyme was precipitated at 30-65% saturation of
(NH4),S0,, and the protein was collected by centrifu-
gation (10,000 g, 15 min) and dissolved in 20 mM
Tris—HCI buffer (pH 7.8, Buffer A) with 1 M (NH4),SOy,.
The crude enzyme solution was agplied to a Phenyl
Sepharose 6 FF column (1.5x20 cm”). Elution was car-
ried out with a linear gradient of 0.5-0.0 M (NH,4),SO4
in the buffer A. Next, this diluted enzyme solution was
loaded on a DEAE-Sepharose FF column (1.5x20 cm?).
The column was washed with Buffer B (20 mM Tris—-HCI
buffer pH 9.4). Active fractions were passed through a
Sephadex G-50 column (2.5%100 cm?) using buffer
A. Finally, active fractions were pooled and concentrated
by lyophilization or PEG 20000.

SDS-PAGE and IEF electrophoresis

Sodium dodecylsulphate polyacrylamide gel electro-
phoresis (SDS-PAGE) [24] was carried out on 120 g 17!
resolving and 50 g I'' stacking gels in a mini-electro-
phoresis equipment (ATTO Co., Japan) along with the
standard proteins (Pharmacia Co., Sweden). To deter-
mine fibrinolytic activity of purified enzyme, enzyme
solution was heated in 50°C for 8 min and was centri-
fuged at 12,000 g for 10 min. The treated supernatants
were subjected to activated SDS-PAGE. Polyacrylamide
gel was washed with 20 mM Tris—HCI (pH 8.0) buffer
containing 20 g "' Triton X100 to remove SDS, and the
band was detected in a fibrin plate.

Isoelectric focusing electrophoresis (IEF) was per-
formed in the Phast System using PhastGel IEF 3-9
(homogenous polyacrylamide gels containing Pharma-
lyte carrier ampholytes). Broad pl/ calibration Kkits
(proteins p/ 3.50-9.30) were used as markers in the p/
value determinations.

Effect of metal ions and reagents

To determine the class to which the fibrinolytic enzyme
belonged, the effect of different reagents and metal ions
on the fibrinolytic activity was investigated in detail.
Different reagents and metal ions (final concentration
0.1 mM) were incubated with chromogenic substrate
S7388 (1.0x10"*mg) and the enzyme (2.0x107° mg) in
100 wl of reaction solution (20 mM Tris—HCI, pH 8.0)
at room temperature (21°C) for 3 min, and the absor-
bance of released pNA was measured at 405 nm in a
microplate.

Degradation of fibrinogen and fibrin

Fibrinogenolytic activity was tested by incubating
0.5 mg of human purified fibrinogen (fibrin) in 1 ml of
Tris-HCI1 (20 mM, pH 8.0) containing subtilisin FS33
(0.5 mg ml™") at 37°C. At various time intervals, aliquots
were taken from the reaction mixture and mixed with an

equal volume of sample buffer containing f-mercapto-
ethanol, boiled and centrifuged at 12,000 g for 10 min.
Supernatants were electrophoresed by SDS-PAGE in
120 g I'' polyacrylamide gels to determine the time se-
quence of fibrinogen chain cleavage.

Effect on partial thrombotic and fibrinolytic factors
of blood

In order to determine whether the fibrinolytic enzyme
affected body blood system, partial thrombotic, and
fibrinolytic factors of blood were selected to the exper-
iments. At different time intervals (0, 2, 5, 10, and
15 min), hydrolysis of plasminogen, thrombin, kallik-
rein, and urokinase by subtilisin FS33 (0.2 mg/ml dis-
solved in 20 mM pH 8.0 Tris—HCI buffer) were carried
out on 12% gel under non-reducing conditions in SDS—
PAGE, respectively.

Results
Purification and active confirmation of the Enzyme

Following the purification protocol as shown in Table 1,
the fibrinolytic enzyme from B. subtilis DC33 was
purified to electrophoretic homogeneity. After the
combination of various chromatographic steps, the fi-
nally eluted proteins were subjected to SDS-PAGE and
IEF. Only one band was observed in the purified sample
under reducing or non-reducing conditions (SDS—
PAGE; Fig. 1, lanes 1, 2). The molecular weight of the
enzyme was approximately 30 kDa, and p/ of the en-
zyme was 8.7. With urokinase as a standard, the final
specific activity of the fibrinolytic enzyme increased
more than 34.6-fold with a 13.0% recovery based on the
initial culture supernatant. After activated SDS-PAGE,
strong fibrinolytic activity of the purified enzyme band
were observed in both plasminogen-free and plasmino-
gen-rich fibrin plates (photographs not shown), and
enhanced the activity in plasminogen-rich fibrin plates
with about 6% compared to that on plasminogen-free
fibrin plates. The enzyme had much higher fibrinolytic
activity than the typical fibrinolytic enzyme urokinase,
and six times higher than subtilisin Carlsberg.

Substrate specificity of the enzyme

Proteolytic activity of the enzyme was measured using
0.5% fibrin, fibrinogen, casein, serum albumin, and
BAEE as substrates. When the activity using fibrin as
substrate was taken as 100, the relative activities of the
enzyme to fibrinogen, casein, serum albumin, BAEE
were 132, 110, 12, 5, respectively. Specific activity of the
enzyme (F/C, the ratio of fibrinolytic activity to ca-
seinolytic activity) was 3.5 times higher than those of
subtilisin Carlsberg.
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Table 1 Purification stages of the fibrinolytic enzyme of Bacillus subtilis DC33

Steps Total protein Total activity® Specific activity Fold purification Recovery
(mg) L) (Umg™) (x fold) (%)
Cell-free supernatant 935.0 418,300 447.4 1.00 100
(NH4)>SO4 precipitation 625.0 401,562 642.5 1.4 96.0
Phenyl Sepharose 6FF 34.85 221,125 6,345.1 14.2 52.9
DEAE-Sepharose FF 9.43 143,000 15,164.4 33.9 342
Sephadex G50 gel filtration 3.52 54,542 15,494.9 34.6 13.0

“Fibrinolytic activity was determined by the plasminogen-free fibrin plate method

Chromogenic assay of amidolytic activity using
synthetic substrate

The enzyme had strong amidolytic activities on various
chromogenic substrates as summarized in Table 2.

- — 66.0
- < 450

subtilisin FS33
> — e g 300
— 201
— 144

Fig. 1 SDS-PAGE patterns of the purified enzyme. SDS-PAGE
was done on 12% gel under reducing (/ane 1) and non-reducing
conditions (lane 2), protein molecular mass markers (lane M):
phophorylase b (97.0 kDa), albumin (67.0 kDa), ovalbumin
(45.0 kDa), carbonic anhydrase (30.0 kDa), soybean trypsin
inhibitor (20.1 kDa) and a-lactalbumin (14.4 kDa)

Table 2 Amidolytic activity and kinetic parameters of the fibrino-
lytic enzyme on four chromogenic substrates

Chromogenic K, K., KCeit /Krln Amidolytic

substrates (mM) (S (S M) activity
(umol/min/1)

S7388 0.21 37.04 1.76x10° 22.2

V7127 7.41 1.4 1.89x10* 0.84

V6258 -2 - - -

P7021 47.7 0.12 2.52 0.03

“The activity was not detectable under the assay conditions
S7388 (N-Succ-Ala-Ala-Pro-Phe-pNA) specific substrate for
subtilisin and chymotrypsin

V7127 (D-Val-Leu-Lys-pNA) specific substrate for plasmin
V6258 (D-Val-Leu-Arg—pNA) specific substrate for kallikrein
P7021 (D-Phe-Pip-Arg-pNA) specific substrate for thrombin

N-Succ-Ala-Ala-Pro-Phe-pNA, a synthetic substrate for
subtilisin and chymotrypsin, was most effectively
hydrolyzed with K, of 0.21 mM, k., /K, of 1.76x10°
S M, and amidolytic activity of 22.2 pmol min™ 1,
respectively. The enzyme also degraded D-Val-Leu-Lys-
pNA and D-Phe-Pip-Arg-pNA, but it did not degrade
D-Val-Leu-Arg-pNA, a high affinity substrate for kal-
likrein.

Effects of temperature and pH on the fibrinolytic
enzyme activity and stability

When the enzyme activities were measured at various
temperatures and pH values for the chromogenic sub-
strate N-Succ-Ala-Ala-Pro-Phe-pNA, amidolytic activ-
ity of the enzyme was stable at below 60°C over a wide
range of pH 5-12, with a maximum activity at pH 8.0. In
addition, the optimum temperature of the enzyme was
found to be 55°C for the hydrolysis of fibrin, which was
comparable to those of CK, but higher than those of
NK and KA38 [25]. The activity completely disappeared
after heating at >65°C for 10 min. When the enzyme
was lyophilized and stored at 4°C, its activity had not
changed after 3 months. After freezing and thawing for
five times, 95% of the fibrinolytic activity remained.

Effect of chemical reagents on the fibrinolytic enzyme

Table 3 shows the effects of various defined enzyme
inhibitors on the amidolytic activity using N-Succ-Ala-
Ala-Pro-Phe-pNA as a substrate. Amidolytic activity
was completely inhibited by 5 mM PMSF and 1 mM
SBTI, which are well-known inhibitors of serine prote-
ases. The activity was also strongly inhibited by Pepst-
atin A. However, -mercaptoethanol, DTT, and DMSO
did not affect the activity. In fact, DMSO even had a
significant enhancing effect on the protease activity.
EDTA and EGTA did not affect the enzyme activity.
These results indicate that the enzyme is a serine pro-
tease with a single chain (having no -S-S- bond), and is
not a metalloprotease. Mercaptide-forming agents
(PHMB and EAM) did not affect the enzyme activity.
Consequently, we propose that hydroxy (serine) and
indole (tryptophan) groups are located at, or nearby the
active site of the enzyme.
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Table 3 Effect of defined inhibitors on amidolytic activity of the purified fibrinolytic enzyme of B. subtilis DC33

Inhibitors Concentration (mM)  Relative activity (%)  Inhibitors Concentration (mM)  Relative activity (%)

None (control) 100 DTT 10 100

PMSF 2.0 43.0 50 98
5.0 0 p-mercaptoethanol 10 102

SBTI 0.05 53.0 50 97
0.25 329 DMSO 10 108.6
1 0 EDTA 10 100

Pepstatin A 0.02 14.8 EGTA 10 100
0.05 0 EAM 20 98

Leupeption 0.02 78.8 PHMB 2 106
0.05 74.6

The effect of metal ions such as Ca’>", Co>", Cu*™,
F62+, Fe’”, Mg2+, Zn“, Mn2+, Li2+, Sn2+’ Ag+,
and Ti’" on the amidolytic activity was also investi-
gated. None of these ions activated the activity; Mg® ",
Li2", Mn?>", Ca®>", and Co®" ions did not decrease the
enzyme activity, but Fe’> ", and Zn>" ions inhibited the
fibrinolytic enzyme by 28 and 69%, respectively,
whereas Cu®", Fe’', Sn*", Ag", and Ti*" fully
inhibited the enzyme.

N-terminal amino acid sequencing of the fibrinolytic
enzyme

N-terminal amino acid sequence of the fibrinolytic
enzyme was determined by automated Edman method
using a gas-phase protein sequencer (Model 476A, Ap-
plied Biosystems, USA) at Peking University (Beijing,
China). As shown in Table 4, the first 15 amino acid
residues of N-terminal sequence of the enzyme were A-Q-
S-V-P-Y-G-I-P-Q-I-K-A-P-A. The first 15 amino acid
residues of the enzyme showed high homology with that
of subtilisin NAT (formerly designated Nattokinase) and
subtilisin E (EC 3.4.21.62) [26]. However, no other
known fibrinolytic enzyme was homologous to the

30 kDa protein with regard to N-terminal amino acid
sequence. Amino acids A-Q (nrs. 1-2) and I-K-A (nrs.
11-13) are almost constant amino acid residues of
N-terminal sequence of these subtilisins from Bacillus
spp. The overall results relating to substrate specificity,
effect of inhibitors and the N-terminal amino acid
sequences, indicate that the fibrinolytic enzyme of
B. subtilis DC33 is a subtilisin-like serine protease
occurring as a monomer. We therefore named it subtili-
sin FS33.

Blood clots dissolved with subtilisin FS33 in vitro

Blood clots (male Wistar rat, clots blotted with filter
paper) were divided into two groups. One was heated at
80°C for 30 min to inactivate endogenous fibrinolytic
factors (such as plasmin, plasminogen, and t-PA),
whereas the other group remained untreated. 0.5 g of
the heated and unheated blood clots were incubated with
subtilisin FS33 in micro-tubes at 37°C. It was observed
that the non-heated blood clots gradually dissolved
within 45 min, whereas the heated blood clots dissolved
within 2 h. This indicates that the enzyme is able to

Table 4 N-terminal amino acid sequence of fibrinolytic subtilisin FS33, compared with other fibrinolytic enzymes in literature data

Fibrinolytic enzyme N-terminal amino Homology® (%)  Molecular Enzymes Authors

acid sequencing weight (kDa)  from strains
Subtilisin FS33 AQSVPYGIPQIKAPA 100 30.0 B. subtilus DC33 This work
Nattokinase (NK) AQSVPYGISQ IKAPALHS 93 27.7 B. subtilus natto Fujita et al. [31]
Subtilisin E AQSVPYGISQIKA PA HS 93 55.8 B. subtilis sp. Wong et al. [26]
Subtilisin DFE AQSVPYGVSQIKAPALHS 86 28.0 B. amyloliquefaciens Peng et al. [22]
SMCE AQTVPYGIPQIKAD 86 30.0 B. pumilus TYO-67 Takahashi [32]
CK AQTVPYGIPLIKADD 80 28.2 Bacillus sp. CK 11-4 Kim et al. [5]
Subtilisin Carlsberg AQTVPYGIPLIKAD 80 20.0 B. licheniformis Smith et al. [36]
Subtilisin IMR-NK1 ~ AQPVPNGRTAIKA 67 31.5 B. subtilus IMR-NK1  Chang et al. [33]
KA38 VYPFPGPIPN 30(-P- - -IP-) 41.0 B. subtilus KA38 Kim et al. [25]
Metalloprotease DPYEEPGPCENLQVA No 18.0 Bacillus sp. Mine et al. [1]
Katsuwokinase(KK) IVGGYEQZAHSQPHQ No 38.0 B. firmus NA-1 Seo et al. [34]
Jerdofibrase VIGGDECNINEHPFLVLV  No 55.0 Trimeresurus jerdonii Jia et al. [8]

“The first 15 amino acid residues of subtilisin FS33 compared with that of other fibrinolytic enzymes (the percent of Identical amino acid

residues and sequence to total numbers of amino acid residues)



degrade blood clots in the absence of endogenous fibri-
nolytic factors.

Mode of hydrolysis of fibrinogen and fibrin by subtilisin
FS33

To elucidate the mode of reaction of subtilisin FS33,
degradation products were separated with SDS-PAGE.
During the degradation of fibrinogen with subtilisin
FS33, Bp-chains of fibrinogen were cleaved first, fol-
lowed by slower release of the Aa- and y-chains, pro-
ducing many products with lower molecular masses
within the experimental period (Fig. 2a). The enzyme
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Fig. 2 a Hydrolysis of fibrinogen by subtilisin FS33. The hydro-
lytic products from fibrinogen were separated in 12% SDS-PAGE.
Lanes 1-11 represent hydrolyzed aliquots at 0, 5, 10, 30, 60 min
after 1.5, 2, 3, 6, 12, 24 h reaction periods, respectively; F: a, ¢, d, e
and f represent the digested fragments, respectively; b represents
subtilisin FS33; Aa, Bf5, and y represent the corresponding chains
of fibrinogen; lane M represents protein molecular mass markers. b
Hydrolysis of fibrin by subtilisin FS33. The hydrolytic products
from fibrin were separated in 12% SDS-PAGE. Lanes 1-8
represent hydrolyzed aliquots after 0, 0.5, 1, 2, 4, 8, 12 and 24 h
reaction periods, respectively; F: a, ¢, d, e and f represent the
digested fragments, respectively; b represents subtilisin FS33; o, 8
and y—y represent the corresponding chains of fibrin; lane M
represents protein molecular mass markers

755

decomposed Bf-chains and also the Aa- and y-chain to a
large extent. This indicates that the proteolytic action of
subtilisin FS33 differs from the typical blood clotting
enzyme, thrombin, because fibrinogen was hydrolyzed,
and no fibrin clot formation was observed.

Similarly, when fibrin was incubated with subtilisin
FS33, the f-chain of fibrin was hydrolyzed faster than
o- and y-y chain within the experimental period
(Fig. 2b). Thus, we conclude that subtilisin FS33 has
fibrinolytic activity with a relatively high substrate
specificity to fibrin (ogen). The enzyme thus could be
classified as a p-fibrinogenase [27].

Degradation of plasminogen

The digestion fragments of plasminogen produced by
incubation with subtilisin FS33 were analyzed using
SDS-PAGE as shown in Fig. 3. Six fragments from
plasminogen were obtained after hydrolysis, with dif-
ferent apparent molecular weights of 43 (P1), 36 (P2), 34
(P3), 27 (P4), 15 (P5), and 12 (P6) kDa, respectively. No
further fragments were found when hydrolysis was
prolonged for longer than 30 min under the same con-
ditions. Interestingly, the degradation fragment P4 of
27 kDa exhibited fibrinolytic activity in the fibrin plate.
The first 8 amino acid residues of N-terminal sequence
of the fragment P4 were V-V-G-G-C-V-A-H, which were
identical with that of plasmin. With reference to the
complete primary structure of human plasminogen [28],
we deduce that the significant cleavage site was at R561—
1-V562, similar to t-PA [29] and staphylokinase [30],
and that this cleavage site produced the catalytic domain
(P4) of the activated plasmin. When human plasminogen
was incubated with subtilisin Carlsberg, at least ten

fragments from plasminogen were separated by
M 1 2 3 4 5
(KDa)
L7/ G—
660 — » -
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Fig. 3 Degradation of plasminogen by subtilisin FS33. The
hydrolytic products from plasminogen were separated in 12%
SDS-PAGE. Lanes 1-5 represent hydrolyzed aliquots after 0, 2, 5,
10 and 15 min reaction periods, respectively; Pl, 2, 3, 4, 5 and 6
represent the digestion fragments, respectively; b represents the
subtilisin FS33; lane M represents protein molecular mass markers
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SDS-PAGE (photographs not shown), but these frag-
ments had no fibrinolytic activity in the fibrin plate.

Densitometric analysis of the SDS-PAGE bands of
the hydrolysis fragments indicated that approximately
5% of plasminogen was converted into the active frag-
ment and that 80% was degraded into smaller inactive
peptides by subtilisin FS33. Meanwhile, 18% of initial
plasminogen activity remained according to light scat-
tering assay. The amidolytic activity of subtilisin FS33
increased about 1.5 times at the start of the reaction
when the enzyme was added to a mixture of plasmino-
gen and substrate (H-D-Val-Leu-Lys-pNA). These
results concur with our results obtained on plasminogen-
free and plasminogen-rich fibrin plates. We conclude
that subtilisin FS33 can transform inactive plasminogen
into active plasmin. Therefore, we suggest that the
fibrinolytic enzyme is able to degrade fibrin clots in two
ways: (a) by forming active plasmin from plasminogen
(plasminogen activator type) and (b) without plasmin
(direct fibrinolysis type), the latter being a major way to
the dissolution of fibrin clots as mentioned above.

Degradation of thrombin, kallikrein, and urokinase

In order to determine whether the fibrinolytic enzyme
affected thrombotic, and fibrinolytic factors of blood,
thrombin, kallikrein, and urokinase were incabated with
subtilisin FS33 in micro-tubes (20 mM Tris—HCI buffer,
pH 8.0) at 37°C for 30 min, respectively, and then their
digestion products were separated by SDS-PAGE. As
shown in Fig. 4, at least four fragments from thrombin
were obtained after hydrolysis, with different apparent
molecular weights of 34 (T1), 32 (T2), 28 (T3), and 12
(T4) kDa, respectively. These fragments of thrombin
had no thrombin activity anymore. From kallikrein,
lower molecular weight polypeptides were obtained,
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Fig. 4 Degradation of thrombin, kallikrein and urokinase by
subtilisin FS33. The hydrolytic products were separated in 12%
SDS-PAGE. Lanes 1, 3, 5, 7 represent thrombin, urokinase,
kallikrein and subtilisin FS33, respectively; lanes 2, 4, 6 represent
the digestion fragments of thrombin, urokinase and kallikrein by
subtilisin FS33, respectively; lane M represents protein molecular
weight markers

which had no activity. Two kinds of urokinase were also
hydrolyzed to three fragments.

Discussion

Many fibrinolytic enzymes were found from Asian
traditional fermented foods, such as Japanese Natto
[4, 13-16], Tofuyo [34], Korean Chungkook-Jang soy
sauce [5], edible honey mushroom [35], Chinese DouChi
and Sufu [17, 22], as well as fermented shrimp paste [1].
DouChi is a typical and popular flavor-rich fermented
soybean food in China and has a history dating back to
more than 2,000 years. We previously discovered that
fibrinolytic activity exists in DouChi and Sufu [17], and
from Ba-bao DouChi we isolated the fibrinolytic
B. subtilis strain DC33, which differed from other fibri-
nolytic enzyme producing strains previously reported.

We purified the extracellular fibrinolytic enzyme of
B. subtilus DC-33 to electrophoretic homogeneity by a
combination of chromatographic stages. As shown in
Fig. 1, the molecular weight of subtilisin FS33 was
estimated to be 30 kDa by SDS-PAGE. This is similar
as reported by Takahashi [32] for SMCE (30.0 kDa) of
B. pumilus TYO-67, but lower than published for sub-
tilisin E (55.8 kDa), subtilisin IMR-NK1 (31.5 kDa)
[33], KK (38 kDa) [34], and KA38 (41 kDa) [25] and
higher than for subtilisin NAT (27.7 kDa, formerly
designated nattokinase, NK), CK (28.2 kDa), and sub-
tilisin DFE (28.0 kDa). In spite of the strong homology
of N-terminal sequences of subtilisin FS33, NK, and
subtilisin E, they exhibit different molecular weights
and amidolytic activities. Amino acids A-Q (nrs. 1-2)
and I-K-A (nrs. 11-13) are almost constant amino acid
residues in the N-terminal sequence of the known
subtilisins from Bacillus spp.

Inhibition studies can provide a first insight into the
nature of the enzyme, its cofactor requirements, and the
nature of the active center [31]. The amidolytic activity
of subtilisin FS33 was inhibited completely by PMSF
and SBTI, but the enzyme activity was not affected by
DTT, f-mercaptoethanol, ions, and metalloprotease
inhibitors (EDTA and EGTA). These results indicated
that the enzyme is a monomeric serine protease (having
no -S-S-), and is not a metalloprotease. Mercaptide-
forming agents (PHMB and EAM) had no effect on the
activity of the enzyme. Serine and tryptophan therefore
are essential in the active site of the enzyme.

As shown in Table 2, subtilisin FS33 had the highest
affinity for N-Succ-Ala-Ala-Pro-Phe-pNA; the studies
achieved almost the same level of NK and subtilisin
IMR-NK1 [33], their amidolytic activities for the sub-
strate were 14.2 and 16.8 pmol min~' 17!, respectively.
However, subtilisin FS33, NK, and CK react very dif-
ferently with D-Val-Leu-Lys-pNA, with amidolytic
activities of 0.84, 285.6, and 424 pmol min~ ' 171,
respectively. Subtilisin FS33 degraded D-Phe-Pip-Arg-
pNA, but not D-Val-Leu-Arg-pNA, which distinguishes
it also from other known subtilisins.



Subtilisin FS33 had a very strong activity for
decomposing the Bf-chains and Aw-chain of fibrin
(ogen), and the enzyme thus can be termed a f-fibrino-
genase [27]. Subtilisin FS33 can form a clear lysis zone
on plasminogen-rich and plasminogen-free fibrin plates.
After incubation with subtilisin FS33, plasminogen was
decomposed into the active fragment P4. These results
indicate that the fibrinolytic enzyme is able to degrade
fibrin clots in two ways, namely by forming active
plasmin from plasminogen (plasminogen activator type),
and by direct fibrinolysis. Subtilisin FS33 is a proteolytic
enzyme and differs from typical blood clotting enzymes
such as thrombin, because fibrinogen was hydrolyzed,
but no fibrin clot formed.

The overall results relating to substrate specificity,
effect of inhibitors, the molecular weight, the N-terminal
amino acid sequences, action on thrombotic, and fibri-
nolytic factors of blood, indicate that subtilisin FS33
differs from other known fibrinolytic enzymes. This
novel protease had much higher fibrinolytic activity than
urokinase and subtilisin Carlsberg. The analysis of the
cleavage site of BS-chain, which showed a preference for
hydrophilic amino acids, is presently under investiga-
tion. The safety of the purified fibrinolytic enzyme, as an
orally administered thrombolytic agent, its induction of
in vivo lysis of the thrombi, and potential side effects
need further research.
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