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Introduction

Bacilli secrete proteases with fibrinolytic activities, which

can directly degrade fibrin, a major cause of cardiovascular

diseases such as acute myocardial infarction and cerebral

infarction [22]. In recent years, fibrinolytic enzymes from

various sources, including microorganisms, worms, and

animals, have been the subject of active researches because

of their potential as novel agents preventing or treating

cardiovascular diseases by dissolving fibrin in blood

vessels [28, 29]. Fibrinolytic enzymes from food-grade

microorganisms such as bacilli can be promising alternatives

for t-PA or streptokinase. Latter treatments are expensive

and suffer from side effects such as bleeding [10].

Nattokinase is the most well-known fibrinolytic enzyme

produced by some B. subtilis strains [8]. Products based on

nattokinase are currently on the market as an alternative

medicine for curing or preventing cardiovascular diseases

although the efficacy is being questioned [13, 23]. Fibrinolytic

enzymes similar to nattokinase are produced by other

bacilli isolated from traditional Asian fermented foods:

doenjang [15], cheonggukjang [14], and jeot-gal [6] from

Korea, natto [2, 24] and shiokara [25] from Japan, douchi [21]

from China, and tempeh [16] from Indonesia. 

Bacilli secrete several proteases, including alkaline

protease (subtilisin, encoded by apr), neutral protease

(encoded by npr), bacillopeptidase F (encoded by bpr), Mpr

(extracellular metalloprotease, encoded by mpr), Epr

(extracellular protease, encoded by epr), and Vpr (extracellular

serine protease, encoded by vpr) [7]. Among them, the
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Bacillus amyloliquefaciens CB1 was isolated from cheonggukjang, a Korean fermented soy food.

B. amyloliquefaciens CB1 secretes proteases with fibrinolytic activities. A gene homologous to

aprE of Bacillus subtilis, aprECB1, was cloned from B. amyloliquefaciens CB1, and DNA

sequencing showed that aprECB1 can encode a prepro-type serine protease consisting of 382

amino acids. When aprECB1 was introduced into B. subtilis WB600 using an E. coli-Bacillus

shuttle vector, pHY300PLK, transformants showed fibrinolytic activity and produced a 28 kDa

protein, the size expected for the mature enzyme. The 28 kDa fibrinolytic enzyme was purified

from the culture supernatant of B. subtilis WB600 transformant. AprECB1 was completely

inhibited by phenylmethylsulfonyl fluoride and almost completely inhibited by EDTA and

EGTA, indicating that it is a serine metalloprotease. AprECB1 exhibited the highest specificity

for N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide, a known substrate for α-chymotrypsin. Aα and Bβ

chains of fibrinogen were quickly degraded by AprECB1, but the γ-chain was resistant.
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enzyme responsible for the most fibrinolytic activity is

subtilisin, a member of serine proteases [4, 5]. Many bacilli

secrete subtilisins, which are quite similar to nattokinase.

However, few studies have been done on the differences

between subtilisins with strong fibrinolytic activities and

subtilisins with weak activities. It is suspected that even a

few amino acid replacements might cause significant

differences in the fibrinolytic activity [22]. More enzymes

should be isolated and compared with other enzymes in

terms of fibrinolytic activities. Results from such studies

are useful for the improvement of subtilisins with enhanced

fibrinolytic activities. In this work, Bacillus amyloliquefaciens

CB1, showing very high fibrinolytic activity, was isolated

from cheonggukjang. aprECB1, a homolog to aprE, was cloned

and overexpressed in B. subtilis WB600 using pHY300PLK,

an E. coli-Bacillus shuttle vector. B. subtilis WB600 transformant

(TF) secreted a 28 kD a fibrinolyric protein into the culture

medium. The recombinant enzyme was purified and its

properties were examined.

Materials and Methods

Bacterial Strains and Culture Conditions

B. amyloliquefaciens CB1 was routinely cultured on brain heart

infusion (BHI), Luria-Bertani (LB), nutrient broth (NB), or tryptic

soy broth (TSB) at 37oC with vigorous shaking. For the cultivation

of cells containing pHY300PLK (4.87 kb, Apr, Tcr; Takara, Japan) or

pHYCB1 (pHY300PLK with aprECB1), tetracycline (Tc, 10 µg/ml)

was included in the growth medium.

Identification of CB1

CB1 was identified by the combined results of API kit (API 50

CH; Biomerieux, France), 16S rRNA, and recA gene sequencing.

The 16S rRNA gene was amplified by using the primer pair 27F

(5’-CCAGAGTTTGATCGTGGCTCAG-3’) and 1488R (5’-CGGT

TACCTTGTTACGACTTCACC-3’). The recA gene was amplified

by using the primer pair recA-F (5’-TGAGTGATGATCGTCAGG

CAGCCTAG-3’) and recA-R (5’-CC(or T)TG(or C or T)TGATAA

GAA(or G)TACCAA(or T)GA(or C)ACCGC-3’). Total DNA was

prepared from cells grown on LB for 12 h. The culture was

centrifuged (13,000 ×g, 5 min), and the recovered cells were

resuspended in 1 ml of 10 mM Tris-HCl (pH 8.0), 10 mM EDTA,

100 mM NaCl, 2% SDS, and 400 µg/ml proteinase K (Takara).

After a 30 min incubation at 55oC, the mixture was extracted with

phenol and chloroform. PCR was conducted using a GeneAmp

2400 PCR machine (PerkinElmer, USA). The reaction mixture

(50 µl) consisted of 1 µl of template DNA, 1 µl of each primer

(10 µM), 1 µl of dNTPs (0.25 mM), and 0.5 µl of Pfu DNA polymerase

(Promega, USA). The PCR conditions were as follows: 94oC for

5 min; 30 cycles of 94oC for 30 sec, 65oC for 30 sec, and 72oC for

1 min; and a final extension at 72oC for 4 min. DNA sequencing

for the amplified fragment was done at Cosmogenetech (Seoul,

Korea).

Assay of Fibrinolytic Activity

The fibrinolytic activity of culture supernatant or purified

enzyme was assayed by using the fibrin plate method as described

previously [11, 14]. Plasmin (P1867; Sigma, USA) was spotted on a

fibrin plate at different concentrations (1-40 mU) and the plate

was incubated for 12 h at 37oC. The size of the clear zone around

the well was measured using a Vernier caliper and a standard

curve was obtained. When necessary, culture supernatant was

ammonium sulfate precipitated (80% saturation (w/v)) to concentrate

the fibrinolytic enzymes. The ammonium sulfate pellet was obtained

by centrifugation (12,000 ×g, 30 min at 4oC) and dissolved in a

small volume of buffer A (40 mM Tris-HCl, pH 7.0). The protein

concentration was determined by the Bradford method [1] using

bovine serum albumin (BSA) as the standard. All measurements

were done in triplicates.

Two-Dimensional Gel Electrophoresis

Sample preparation for two-dimensional gel electrophoresis

(2DE) was done as described by Cho et al. [3]. Isoelectric focusing

(IEF) was carried out using 7 cm linear immobiline IPG gels with a

pH range of 3-10 (Bio-Rad, USA). The IPG gel strip was rehydrated

overnight in rehydration solution (8 M urea, 50 mM dithiothreitol

(w/v), 2% CHAPS, 0.2% Bio-Lyte 3-10 buffer, 0.2% ampholytes,

Bio-Rad) containing 5 µg of protein sample. IEF was conducted at

20oC in a IPGphor isoelectric focusing system (Bio-Rad). The

voltage was linearly increased from 250 V for 30 min, 250-4,000 V

for 1 h, and the maximum voltage ramping step of up to 20,000 Vh.

After the IEF, the strip was equilibrated for 15 min in SDS

equilibration solution (50 mM Tris-HCl (pH 6.8), 2% SDS, 30%

glycerol, and 0.05% bromophenol blue). The equilibrated strip

was loaded onto a 12% SDS-PAGE gel without stacking gel, and

then the strip was embedded on top of the gel with 1% agarose.

After electrophoresis, the gel was silver stained.

SDS-PAGE was done using Laemmli's method [18]. Fibrin

zymography was carried out as previously described [14]. For

SDS-PAGE and zymography, 5 and 1 µg of sample were applied

onto a separating gel (12% (w/v)), respectively. A gel for fibrin

zymography contained fibrinogen (0.12% (w/v)) and 100 µl of

thrombin (10 NIH unit/ml).

MALDI-TOF Mass Spectrometric Analysis of Fibrinolytic Enzymes

In-gel digestion of protein spots and MALDI-TOF-MS

spectrometric analyses were carried out as described by Lee et al.

[19]. Protein bands were excised from a silver-stained gel. Mass

spectrometric analyses were performed using a MALDI-TOF-MS

Voyager Biospectrometry Workstation (PE Biosystems, USA). The

spectra were analyzed with data explorer software (PE Biosystems)

and searched against the taxonomy of all entries in the

nonredundant NCBI database using the Mascot peptide mass

fingerprinting program (http://www.matrixscience.com).
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Cloning of aprECB1 

aprECB1 was amplified from the genomic DNA of B.

amyloliquefaciens CB1 by using a primer pair, CH51-F (5’-AGG

ATCCCAAGAGAGCGATTGCGGCTGTGTAC-3’, BamHI site

underlined) and CH51-R (5’-AGAATTCTTCAGAGGGAGCCA

CCCGTCGATCA-3’, EcoRI site underlined) [14]. The PCR was

done as described above. The amplified fragment was extracted

from the agarose gel using a gel extraction kit (ExpinTM 116 Gel

SV kit; GeneAll Biotechnology, Korea) and ligated with pHY300PLK.

E. coli DH5a and B. subtilis WB600 competent cells were transformed

by electroporation as described previously [11]. Expression of

aprECB1 in B. subtilis WB600 was examined by measuring the

fibrinolytic activity of TFs.

 

Partial Purification of AprECB1

B. subtilis WB600 TF was grown on LB (3 L) for 60 h and culture

supernatant was obtained by centrifugation (6,000 ×g, 45 min).

The supernatant was filtered through a 0.45 µm filter (Minisart,

Germany) and concentrated by ammonium sulfate precipitation

(80% saturation (w/v)). The precipitate was resuspended in 40 ml

of buffer A, dialyzed against the same buffer overnight at 4oC,

freeze-dried, and resuspended in 30 ml of buffer A. AprECB1 was

purified first by hydrophobic interaction chromatography using

Phenyl Sepharose 6 Fast Flow (Amersham Pharmacia Biotech,

Sweden) resin. The sample was loaded onto a column (2.5 ×

12 cm) preequilibrated with buffer A containing 1 M (NH4)2SO4.

Bound proteins were eluted by sequential application of 100 ml of

buffer A containing (NH4)2SO4 at a concentration of 1 to 0 M,

decreased stepwise in 0.2 M decrements. Each fraction was examined

by the fibrin plate method. Active fractions were pooled, dialyzed

against buffer A, lyophilized, and resuspended in 10 ml of buffer

A. AprECB1 was further purified by ion-exchange chromatography

using DEAE-Sephadex A-50 (Amersham Pharmacia Biotech) resin.

Proteins were eluted by sequential application of 50 ml of buffer A

containing NaCl at a concentration of 0 to 1 M, increased stepwise

in 0.2 M increments. Active fractions were pooled, freeze-dried,

and resuspended in a small volume of buffer A.

Properties of Partially Purified AprECB1

Purified AprECB1 (5 µg) was incubated for 2 h at 37oC in

either glycine-HCl buffer (pH 2.0), sodium acetate buffer (pH 3.0

to 6.0), Tris-HCl (pH 7.0 to 9.0), or glycine-NaOH buffer (pH 10.0).

The remaining activity was measured by the fibrin plate method.

To determine the optimum temperature, AprECB1 (5 µg) in sodium

acetate buffer (pH 6.0) was incubated for 30 min at 37-65oC and

then the remaining activity was measured. The effects of metal

ions and inhibitors were examined. AprECB1 (5 µg) was incubated

for 30 min at 40oC in sodium acetate buffer (pH 6.0) containing

either 5 mM metal ions (KCl, MgCl2, CaCl2, CuSO4, MnCl2, and

ZnCl2) or 1 mM inhibitors (PMSF (phenylmethylsulfonyl fluoride),

EDTA (ethylene diaminetetraacetic acid), EGTA (ethylene glycol-

bis (2-aminoethylether)-N,N,N’,N’-tetraacetic acid), SDS (sodium

dodecyl sulfate), cantharidic acid, pepstatin A, bestatin hydrochloride,

and E64). Then, the remaining activities were measured.

The amidolytic activity of AprECB1 was determined according

to the method of Jo et al. [12]. The reaction mixture (500 µl)

consisted of 50 µl of 10 mM substrate, 20 µl of partially purified

AprECB1 (1 µg), and 430 µl of 50 mM sodium acetate buffer (pH

6.0), and was incubated for 10 min at 37oC. Then 500 µl of sodium

acetate buffer (pH 3.0) was added to stop the reaction and the

mixture was put on ice immediately. After centrifugation (12,000

×g, 5 min), the optical density (410 nm) of the supernatant was

measured. The amidolytic activity was calculated from the

absorbance value and molar extinction coefficient of p-nitroanilide

(8,800 M-1 cm-1).

Hydrolysis of Fibrinogen

A 200 µg amount of fibrinogen (154165; MP Biomedicals,

USA) was mixed with purified AprECB1 (25 ng) and the mixture

in 200 µl of 40 mM Tris-HCl (pH 7.0) was incubated at 37oC up to

12 h. Aliguots (20 µg) of fibrinogen were taken out at time

intervals and mixed with 5× SDS sample buffer (12.5% 0.5 M Tris-

HCl (pH 6.8), 10% glycerol, 2% SDS, 5% β-mercaptoethanol, 0.05%

bromophenol blue). After boiling for 5 min, samples were analyzed

by SDS-PAGE using a 12% acrylamide gel. 

Results and Discussion

Isolation and Identification of Bacillus amyloliquefaciens

CB1

CB1 was isolated from cheonggukjang produced in

Chungbuk Province, Korea, in the spring of 2012. Among

bacilli isolates, CB1 showed the highest fibrinolytic activity

when assayed by the fibrin plate method. CB1 was identified

as either Bacillus subtilis or B. amyloliquefaciens by an API kit

(CH 50). A 1.4 kb 16S rRNA gene was amplified and the

nucleotide sequence was determined (GenBank Accession

No. KC355250). A BLAST (basic local alignment search

tool) search indicated that CB1 was either B. subtilis (100%

identity) or B. amyloliquefaciens (100% identity). For further

identification, an internal 758 bp recA gene was amplified

and BLAST search of the sequence indicated that CB1 was

B. amyloliquefaciens (99% identity, GenBank Accession No.

KC355251). Accordingly, CB1 was named B. amyloliquefaciens

CB1.

Fibrinolytic Activity of B. amyloliquefaciens CB1

B. amyloliquefaciens CB1 was grown on 4 different media

(BHI, LB, NB, and TSB). Each medium was inoculated with

overnight culture (1% (v/v)) and incubated up to 120 h at

37oC with vigorous shaking. B. amyloliquefaciens CB1 grew

slowly on NB medium and the absorbance value (OD600) of
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culture was 1.4 at 48 h of cultivation, whereas those of other

culture reached 1.7 at the same time (results not shown).

Culture on BHI medium showed the highest fibrinolytic

activity, 29.62 U/ml, at 60 h, and the activity decreased

thereafter. Culture on TSB showed the 2nd highest activity,

21.84 U/ml at 60 h, and culture on LB at 48 h was the third

highest (20.78 U/ml). Culture on NB showed the least

activity and its highest point, 5.54 U/ml, was reached at

24 h, and then the activity decreased. No activity was

detected after 36 h.

Except for culture on NB, the fibrinolytic activity of the

cultures reached the highest point during the stationary

phase and then decreased rapidly (results not shown). B.

amyloliquefacines MJ5-41, an isolate from meju, showed

different results. For B. amyloliquefacines MJ5-41, the best

medium for the fibrinolytic activity was LB and little

activity was detected from culture on BHI during 72 h

cultivation [12]. For B. amyloliquefaciens CH51, an isolate

from cheonggukjang, TSB was the best medium for the

fibrinolytic activity and NB was the 2nd best [14]. These

results clearly indicated that the optimum medium and

cultivation conditions for the fibrinolytic activity are variable

depending upon a specific strain. Thus, they should be

selected carefully if a fibrinolytic enzyme is intended to be

produced.

SDS-PAGE and Fibrin Zymography

B. amyloliquefaciens CB1 was grown on BHI medium

and culture supernatant at different times was analyzed by

SDS-PAGE. The intensity of three bands (37, 28, and

21 kDa) increased as the culture entered into the stationary

phase (Fig. 1). The intensity of the 28 and 21 kDa bands

reached the highest at around 60 h and then decreased

gradually up to 108 h. However, the 37 kDa band was not

observed after 84 h. The fibrinolytic activity of the culture

showed similar changes as shown by zymography. In a

fibrin zymogram, the level of fibrinolytic activity of a

sample can be estimated from the size of the clear halo at

the top of the fibrin gel. Generally, the size of a halo on a

fibrin gel reflects the strength of the fibrinolytic activity of

a protein sample. The size of the halo at the top of the gel

was maximum at 60 h, and no such halo was observed at

108 h (Fig. 1, right). Thus, the zymogram result matched

well with the band intensities on the SDS gel. Some

proteases become activated when cells enter into the

stationary phase. It was reported that the expression of

genes encoding AprE (subtilisin) and Bpr (bacillopeptidase)

increased when B. subtilis cells entered into the stationary

phase [26]. With the aid of activated proteases, host cells

might utilize available nitrogen sources more efficiently

under unfavorable conditions where nitrogen sources are

limited.

Two-Dimensional Gel Electrophoresis and MALDI-

TOF Mass Spectrometry

Two-dimensional gel electrophoresis was done for the

culture supernatant on BHI medium for 60 h (Fig. 2A). The

supernatant was ammonium sulfate precipitated to concentrate

the proteases. Ten microliters of sample (5 µg) was loaded

onto a 12% gel as described in the Methods section. A total

of 8 spots were detected when the gel was silver-stained.

All 8 spots were digested with trypsin and analyzed by

Fig. 1. SDS-PAGE (A) and fibrin zymography (B). 

Protein samples were obtained from culture supernatant of B. amyloliquefaciens CB1 on BHI media at different growth stages and used for SDS-

PAGE (5 µg) and fibrin zymography (1 µg). M, protein size marker (Sigma, S8445); 1, 12 h; 2, 36 h; 3, 60 h; 4, 84 h; 5, 108 h. Acrylamide gels (12%)

were used for the SDS-PAGE and fibrin zymography.
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MALDI-TOF-MS, but only 3 spots, NprE (37 kDa), AprE

(28 kDa), and Ggt (21 kDa), were identified. The amino

acids identified were shown with their corresponding

positions in the homologous proteins (Fig. 2B). For comparision,

pro-subtilisin from Bacillus sp. DJ-4 (AY627764.1), the

neutral protease precursor from B. subtilis (ABC49679.1),

and gamma-glutamyltransferase (Ggt) from B. amyloliquefaciens

were used. Sufficient numbers of amino acids from each

protein were correctly identified by tandem mass analyses,

which positively identified them.

Subtilisin (AprE) and neutral protease (NprE) are the

most important secreted proteases responsible for more

than 90% of the total extracellular protease activities of

Bacillus sp. [4]. Gamma-glutamyltransferase (Ggt) is an

enzyme that transfers gamma-glutamyl functional groups,

and is involved in the transfer of amino acids across the

cellular membrane, leukotriene metabolism, and glutathione

metabolism by transferring the glutamyl moiety [20]. It is

unknown what function(s) the enzyme plays during the

stationary phase of B. amyloliquefaciens CB1. 

Cloning of aprECB1

A gene encoding the 28 kDa protease of B. amyloliquefaciens

CB1 was cloned by PCR (result not shown). The 1.5 kb PCR

fragment was ligated with pHY300PLK and the ligation

mixture was introduced into E. coli DH5α competent cells

by electroporation. Cells harboring the recombinant plasmid

were selected and the recombinant plasmid was named

pHYCB1 (6.4 kb, Apr, Tcr). A total of 1,569 nucleotides were

sequenced (Fig. 3) and BLAST analyses showed that the

cloned gene was a homolog of aprE of many bacilli. The

gene was named aprECB1. The ORF of aprECB1 was 1,149 bp

in size, encoding a preproprotein of 382 amino acids. The

first 30 amino acids correspond to the signal peptide as

judged by SignalP 4.1 Server (Technical University of

Denmark) and the next 77 amino acids correspond to the

prosequence as judged from similar fibrinolytic enzymes

(Fig. 3). The first amino acid of mature subtilisin DFE was

determined to be alanine [21]. The molecular mass and pI

of AprECB1 proenzyme (352 aa) were 35,856.19 Da and

8.93, respectively. The first amino acid of the active enzyme

is suspected to be alanine (108th) and the molecular mass

and pI of the mature enzyme are 27,446.57 and 6.65,

respectively. The calculated size matched well with the

28 kDa band on a SDS-PAGE gel.

AprECB1 has a catalytic triad made up of three amino

acids (Ser221, His64, and Asp32), important for catalytic

activity and conserved among almost all fibrinolytic enzymes

including nattokinase [26]. The amino acid sequence

translated from the nucleotide sequence of aprECB1 was

highly similar to those of other fibrinolytic enzymes

(Fig. 4): 100% with prosubtilisn DJ-4 from Bacillus sp. DJ-4

(AAT45900.1), and 99% with the subtilisin DFE precursor

from B. amyloliquefaciens (AAZ66858.1), AprE51 from B.

amyloliquefaciens CH51 (ACA34903.1), alkaline protease

from B. subtilis (ABY83469.1), and AprE3-17 from B.

licheniformis CH3-17 (ACU32756.1). AprECB1 differed from

subtilisin DFE in 7 amino acids: P27S, Q105H, F128Y,

V186I, G268S, N288D, S301P, and A367S (amino acid of

AprECB1 shown first). AprECB1 showed 85% similarity with

nattokinase from B. subtilis from douche (ACJ48969.1), 86%

with serine kinase-nattokinase from B. subtilis (AAK54130.1),

Fig. 2. 2-D gel of extracellular proteins of B. amyloliquefaciens

CB1.

(A) Proteins in the culture supernatant of B. amyloliquefaciens CB1 on

BHI medium for 60 h (5 µg) were separated using a IPG strip (pH 3-

10) and a 7 cm gel (12% acrylamide). Peptides were identified by

tandem mass analyses and marked with the name. (B) Amino acids

identified by tandem mass analyses are shown together with their

corresponding locations in homologous proteins. Amino acids different

from those of NprE in the database are underlined.
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and AprE2 from B. subtilis (ABJ98765.1). Although bacilli

proteases share highly similar amino acid sequences with

one another in many cases, the efficacy of each enzyme for

fibrin hydrolysis is variable. It has been known that even a

few changes in the amino acid sequence can cause a

significant difference in the efficiency for fibrin hydrolysis

[22]. It is still unknown whether specific amino acids or

certain structural features are critical for the efficient fibrin

hydrolysis of a protease. Factors determining the efficiency

of the fibrin hydrolysis of a protease should be investigated.

Such efforts eventually will be rewarded by the successful

improvement of fibrinolytic enzymes, including AprECB1.

Overexpression of aprECB1 in B. subtilis WB600

pHYCB1 was introduced into B. subtilis WB600 by

electroporation. The growth and fibrinolytic activity of

transformants (TFs) were examined on 4 different media

for 120 h. As B. amyloliquefaciens CB1 did, B. subtilis TF

grew slowly on NB. At 48 h of cultivation, the OD600 value

of culture on NB was 1.2, whereas those of culture on other

media were 1.5-1.6 (results not shown). When culture

entered into the stationary phase, the fibrinolytic activity

increased rapidly in all 4 media. Except for the culture on

NB, fibrinolytic activity increased continuously during the

120 h of cultivation. Cultures on NB showed the highest

activity at 72 h and then decreased gradually. Cultures on

BHI showed the highest fibrinolytic activity (82.48 U/ml)

at 108 h. For B. amyloliquefaciens CB1, the highest activity

(29.62 U/ml) was observed at 60 h and then activity

decreased. The activity increased 2.78-fold and the peak

hour was extended for B. subtilis TF. These differences

might be caused by the multiple copies of aprECB1 in B.

subtilis. Production of AprECB1 was confirmed by SDS-

PAGE and zymography (results not shown). TF harboring

Fig. 3. Nucleotide sequence of aprECB1. 

The nucleotide sequence and deduced amino acid sequence are shown. Tentative promoter sequences (-35 and -10) and RBS are underlined. A

possible transcription terminator is also underlined. The ends of the pre (▼ ) and pro sequences (▽) are marked. The first amino acid of the

proenzyme and mature enzyme are marked in bold character, respectively. 
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pHYCB1 produced the 28 kDa protein. Thus, the preproenzyme

of AprECB1 from B. amyloliquefaciens CB1 was properly

processed in a heterologous host, B. subtilis.

Partial Purification of AprECB1 and Its Properties 

AprECB1 was purified from supernatant (3 L) of the 60 h

culture on LB. Phenyl-Sepharose and DEAE-Sephadex A-

50 column chromatographies were used after ammonium

sulfate precipitation of culture supernatant. The purification

results are summarized in Table 1. The overall purification

fold was 9.0 and the yield was 1.63%. After DEAE-Sephadex

A-50 column chromatography, most other proteins were

removed except two bands (66 and 21 kDa in size) (Fig. 5).

Although SDS-PAGE showed that the 28 kDa protein

became the major band, fibrin zymography failed to resolve

the active AprECB1 into a separate band on the fibrin gel.

Instead of a distinct 28 kDa band, a big clear smear appeared

at the top of the gel, indicating that AprECB1 remained at

the upper region of the gel (Fig. 5B). This so-called “a

binding mode” phenomenon is suspected to be caused by

Fig. 4. Alignment of amino acid sequences of AprECB1 and homologous enzymes. 

Amino acid sequence of AprECB1 was aligned with homologous enzymes. Bacillus sp. DJ-4 (prosubtilisin, AAT45900.1), B. amyloliquefaciens DSM7

(subtilisin DFE precursor, AAZ66858.1), B. licheniformis CH3-17 (AprE3-17, ACU32756.1), B. amyloliquefaciens CH51 (AprE51, ACA34903.1), B.

subtilis CH3-5 (AprE2, ABJ98765.1), and B. subtilis LSSE-22 (nattokinase, AEV91244.1).
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either tight binding of an enzyme to fibrin in the gel or a

high pI value of the enzyme [5]. The same phenomena were

observed for AprE51 [14] and other fibrinolytic enzymes

[5,11]. Because the calculated pI value of mature AprECB1

was 6.65, a binding mode seemed to be caused by tight

binding of AprECB1 to fibrin in the gel. AprECB1 was

located in the pI range of 6.5-7.0 on a 2-D gel (Fig. 2),

roughly matched with the calculated value. 

Partially purified AprECB1 showed the highest fibrinolytic

activity at pH 6.0 (results not shown), and the activity

decreased at pH above 7.0. Only 36.48% of activity remained

at pH 7.0. The fibrinolytic activity decreased even more

rapidly at the acidic pH. Only 32.45% of activity remained

at pH 4.0 and no activity remained at pH 3.0. AprECB1 is

different from other closely related fibrinolytic proteases in

respect to activities at alkaline pH. Partially purified

AprECB1 showed the highest activity at 40oC (pH 6.0) and

68.61% of activity remained at 45oC. However, the activity

decreased rapidly above 50oC and 23.85% of activity remained

after 30 min at 50oC (results not shown). No activity

remained at 55oC. It is expected that the fibrinolytic activity

will be lost if a product containing B. amyloliquefaciens CB1

cells or AprECB1 is exposed to heat treatment above 50oC.

Ca2+ increased the fibrinolytic activity at 5 mM

concentration, but K+, Mg2+, Mn2+, Zn2+, and Cu2+ ions

Table 1. Purification of AprECB1.

Step
Total activity

(U)

Total protein 

(mg)

Specific activity 

(U/mg)

Fold

(x-fold)

Recovery 

(%)

Culture supernatant 28,120.11 159.73   176.05 1.00 100

80% Ammonium sulfate precipitation 20,315.90  41.63   487.98 2.77 72.25

Phenyl-Sepharose  4,831.52   4.94   978.04 5.56 17.18

DEAE-Sephadex A-50   459.31   0.29  1,583.84 9.00  1.63

Fig. 5. Purification of AprECB1.

(A) Elution profile of AprECB1 through a DEAE-Sephadex A-50

column. A line indicates the OD280 value of each fraction (1 ml) and a

dotted line indicates fibrinolytic activity. (B) SDS-PAGE (left) and

fibrin zymography (right). 1, Supernatant; 2, 80% ammonium sulfate

precipitation; 3, active fraction after Phenyl-Sepharose 6 Fast Flow

column; 4, active fraction after DEAE-Sepadex A-50 column; M,

protein size marker (wide range, Sigma, S8445-IVL). For SDS-PAGE,

5 µg of sample (in 1× SDS buffer) was loaded after being boiled for

5 min, and 1 µg was loaded without boiling for fibrin zymography. A

12% acrylamide gel was used.

Table 2.  Effects of metal ions and inhibitors on the activity of

AprECB1.

Metal ions (5 mM)/inhibitors (1 mM)    Activity (%)

None     100

KCl    98.29 ± 2.57

MgCl    90.18 ± 3.84

CaCl2   118.15 ± 3.12

CuSO4     3.83 ± 0.14

MnCl2     93.32 ± 2.43

ZnCl2     25.92 ± 1.17

PMSF      0

EDTA      3.35 ± 0.07

EGTA      3.49 ± 0.07

SDS      5.31 ± 0.18

Cantharidic acid     90.18 ± 3.84

Pepstastin A     98.29 ± 2.55

Bestatin hydrochloride      85.65 ± 3.63

E-64      41.78 ± 1.34
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reduced the activity at the same concentration (Table 2).

Zn2+ and Cu2+ ions caused 74.08% and 96.17% inhibition,

respectively. PMSF, a well known inhibitor of serine proteases,

destroyed the activity completely at 1 mM concentration.

EDTA and EGTA also inhibited the activity greatly by

96.65% and 96.51%, respectively. Inhibitors of different types

were examined: cantharidic acid (an inhibitor of protein

phosphatases), pepstatin A (an inhibitor of acid proteases),

bestatin hydrochloride (an inhibitor of aminopeptidases),

and E64 (an inhibitor of cysteine proteases). These

compounds inhibited the activity by 9.82%, 1.71%, 14.35%,

and 58.22%, respectively. These results indicated that

AprECB1 was a serine metalloprotease and different from

AprE5-41 [12] and AprE51 [14]. 

Among the synthetic substrates, AprECB1 degraded

most efficiently N-succinyl-Ala-Ala-Pro-Phe-pNA, a substrate

for subtilisin and chymotrypsin (Table 3). The same results

were reported for an enzyme of B. subtilis isolated from douchi

[27] and an enzyme from Bacillus sp. nov. SK006 isolated

from shrimp paste [9]. Kinetic constants of AprECB1 are

calculated by using N-succinyl-Ala-Ala-Pro-Phe-pNA as

the substrate. The Km of AprECB1, 0.34 ± 0.01 mM, was

similar to that of a fibrinolytic enzyme from B. subtilis IMR-

NK1, but the Kcat of AprECB1 (1.03 ± 0.03 s-1) was lower

than that of an enzyme from B. subtilis IMR-NK1 [2]. The

catalytic efficiency (Kcat/Km) of AprECB1 was 3.06 ±

0.08 mM-1s-1, lower than that of the fibrinolytic enzyme

from B. subtilis IMR-NK1. The Kcat/Km of AprECB1 was

higher than that of QK-1 but lower than that of QK-2, two

fibrinolytic enzymes isolated from Bacillus subtilis QK02 [17].

Purified AprECB1 quickly degraded the Aα and Bβ

chains of fibrinogen (Fig. 6). The Aα chain was the most

sensitive and quickly hydrolyzed in 30 min. The Bβ chain

was degraded in 1 h, but the γ-chain was not degraded even

after 12 h. The pattern was different from that reported for

recombinant subtilisin DJ-4, where the γ-chain was degraded

[4]. Degradation patterns for fibrinogen seem to be different

among similar fibrinolytic enzymes and thus each enzyme

should be checked individually.

Fibrinolytic proteases secreted by bacilli can be utilized

as useful sources for developing treatments by which fibrin

in the blood vessels is efficiently removed. Currently, not

enough clinical data are available on their efficacies in vivo

and thus more in vivo studies should be done in the future.

If Bacillus strains with very strong fibrinolytic activity are

isolated from natural environments, including fermented

foods, the strains can be used for the production of fermented

foods, which confer fibrinolysis upon consumption. Efforts

to search such organisms should be continued, since many

microorganisms in nature are still undiscovered. Protein

engineering for the enzymes will be the next step to

construct highly fibrinolytic and stable enzymes, where

extensive research efforts are also needed in the future. 
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