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Introduction

The most common causes for human death worldwide

are cardiovascular and cerebrovascular diseases, which are

often caused by thrombosis, a state where fibrin accumulates

in the blood vessels [1, 2]. Urokinase, streptokinase, and

tissue plasminogen activator are major thrombolytic agents

currently used for the treatment of thrombosis [3]. Although

these agents have been used widely, they suffer from

shortcomings such as short half lives, high costs, and risk

of hemorrhagic complications [4]. During the past few

decades, researchers have been looking for more safe and

economical alternatives to these thrombolytic agents [2].

Fibrinolytic enzymes secreted by some bacilli are the most

promising alternatives and extensively studied. Nattokinase,

a serine protease of the subtilisin family, is produced by

some Bacillus subtilis strains and is the most well-known

fibrinolytic enzyme. It is commercially available as a functional

ingredient for the purpose of preventing thrombosis [5].

Fibrinolytic enzymes similar to nattokinase have been

characterized from bacilli isolated from fermented soy

foods such as cheonggukjang and meju [6, 7]. Examples of

fibrinolytic enzymes recently characterized from bacilli include

AprECB1 from Bacillus amyloliquefaciens CB1 [8], AprE176

from B. subtilis HK176 [9], AprE5-41 from B. amyloliquefaciens

MJ5-41 [6], AprE51 from B. amyloliquefaciens CH51 [7], and

AprE86-1 from B. amyloliquefaciens CH86-1 [10]. These

enzymes show a high degree of similarities in amino acid

sequences and enzyme properties. However, the strength

of fibrinolytic activity of each strain is variable depending

upon the strain, and the activity profile during growth is

different from each other. These enzymes are major

fibrinolytic enzymes of AprE type and the mature enzymes

are 27-29 kDa in size. They have a strong potential as

alternatives to medically important thrombolytic agents. In

this work, as a part of our ongoing efforts to isolate bacilli

with strong fibrinolytic activities, bacilli were isolated from

doenjang (a traditional Korean fermented soy food) and
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Nine bacilli with fibrinolytic activities were isolated from doenjang, a traditional Korean

fermented soy food. Among them, RSB34 showed the strongest activity and was identified as

Bacillus amyloliquefaciens by 16S rRNA and recA gene sequencing. During growth on LB up to

96 h, RSB34 showed the highest fibrinolytic activity (83.23 mU/µl) at 48 h. Three bands of 23,

27, and 42 kDa in size were observed when the culture supernatant was analyzed by SDS-

PAGE and 27 and 42 kDa bands by fibrin zymography. The gene encoding the 27 kDa

fibrinolytic enzyme AprE34 was cloned by PCR. BLAST analyses confirmed that the gene was

a homolog to genes encoding AprE-type proteases. aprE34 was overexpressed in Escherichia coli

BL21(DE3) using pET26b(+). Recombinant AprE34 was purified and examined for its

properties. The K
m

 and V
max

 values of recombinant AprE34 were 0.131 ± 0.026 mM and

16.551 ± 0.316 µM/l/min, respectively, when measured using an artificial substrate, N-

succinyl-ala-ala-pro-phe-p-nitroanilide. aprE34 was overexpressed in B. subtilis WB600 using

pHY300PLK. B. subtilis transformants harboring pHYRSB34 (pHY300PLK with aprE34)

showed higher fibrinolytic activity than B. amyloliquefaciens RSB34. 
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screened for their fibrinolytic activities. Among 200 isolates,

B. amyloliquefaciens RSB34 showed the highest activity. A

fibrinolytic gene, aprE34, was cloned and overexpressed in

Escherichia coli and B. subtilis. Its fibrinolytic enzyme, AprE34,

was purified from recombinant E. coli cells and its properties

were studied. 

Materials and Methods

Isolation of Bacilli with Fibrinolytic Activities

Bacilli were isolated from doenjang purchased at a local market

in Jinju, Republic of Korea, in 2014. Ten grams of doenjang was

mixed with 90 ml of 0.1% peptone water, homogenized by a

Stomacher 80 (Seward, UK), and serially diluted. Diluted samples

were spread on Luria-Bertani (LB; tryptone 10 g/l, yeast extract

5 g/l, NaCl 5 g/l, pH 7.0) plates and the plates were incubated for

48 h at 37°C. Colonies showing typical Bacillus morphologies were

selected and examined for fibrinolytic activities. Colonies were

first spotted on LB plates with skim milk (1% (w/v)) and the

plates were incubated for 24 h at 37oC. Colonies with halos were

spotted again on fibrin plates (see below) and the plates were

incubated overnight at 37°C. 

Growth and Fibrinolytic Activities of Bacillus Strains Isolated

from Doenjang

Strains were cultivated in LB broth at 37°C with shaking.

Aliquots of the culture were taken out at 6 or 12 h intervals, and

the growth was checked by measuring the absorbance at 600 nm

(OD600 nm). The culture was centrifuged at 4,000 ×g for 20 min at

4°C and the supernatant was filtered using a 0.45 μm filter

(Sartorius Stedim, Germany). The fibrinolytic activity of the

filtered supernatant was assayed by the fibrin plate method [11].

In a Petri dish, 7 ml of 1.2% (w/v) fibrinogen (Sigma, USA) solution

in 1 M phosphate-buffered saline (PBS, pH 7.0) was mixed with an

equal volume of 2% (w/v) agarose solution together with 0.1 ml

of thrombin solution (100 NIH units/ml, Sigma). The Petri dish

was left at room temperature for 1 h to allow a fibrin clot layer to

form. Twenty microliters of the filtered supernatant was loaded

into each hole that had been made in a fibrin plate using a

capillary glass tube, and the plate was incubated for 12 h at 37°C.

The size of a clear zone was measured and converted into a plasmin

unit (U) by comparing it with those formed by known units of

plasmin (Sigma). A standard curve showing the relationship

between the sizes of the lysis zones and the plasmin units was

prepared in the range of 3-40 mU. 

Identification of RSB34

For identification of RSB34, a partial 16S rRNA gene was

amplified using the following primers: bac-F (5’-CGGCGTGCCTAA

TACATGCAAG-3’) and bac-R (5’-GGCATGCTG ATCCGCATTACTA-

3’) [12]. A partial recA gene was amplified using the following

primers: recA-F (5’-TGAGTGATCGTCAGGCAGCCTTAG-3’) and

recA-R (5’-CYTBRGATAAGARTACCAWGMACCGC-3’) [12].

Chromosomal DNA was prepared from RSB34 culture grown in

LB broth for 18 h by using the phenol-chloroform extraction

method [12]. The PCR was done as reported previously [13].

Nucleotide sequences of the amplified fragments were determined

and searched for homologous genes by BLAST (NCBI, USA).

SDS-PAGE and Fibrin Zymography

B. amyloliquefaciens RSB34 was cultivated in LB for 96 h at 37oC

with aeration. Aliquots of the culture were centrifuged at

12,000 ×g for 10 min at 4°C. The supernatant was analyzed by

SDS-PAGE and fibrin zymography. The supernatant was loaded

onto a 10% acrylamide gel after being boiled for 3 min in 1× SDS

sample buffer (50 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 1%

β-mercaptoethanol, 12.5 mM EDTA, 0.02 % bromophenol blue).

Fibrin zymography was done using a polyacryamide gel containing

fibrin, which was prepared by mixing fibrinogen (0.12% (w/v))

and 100 μl of thrombin (10 NIH units/ml) with acrylamide

solution. After electrophoresis at a constant current of 10 mA in a

cold room, the fibrin gel was soaked in 50 mM Tris-HCl buffer

(pH 7.4) containing 2.5% Triton X-100 for 30 min at room

temperature on a rotary shaker. The gel was washed with distilled

water for 30 min to remove the triton X-100 and soaked in

zymogram reaction buffer (30 mM Tris-HCl, pH 7.4, 0.02% of

NaN3) for 12 h at 37°C. Finally, the gel was stained with Coomassie

Blue R-250 for 1 h, and destained for 4 h. 

Gene Cloning

An aprE34 gene was amplified from the B. amyloliquefaciens RSB34

genome by using a primer pair: CH51-F (5’-AGGATCCCAAGA

GAGCGATTGCGGCTGTGTAC-3’, BamHI site underlined) and

CH51-R (5’-AGAATTCTTCAGAGGGAGCCACCCGTCGATCA-

3’, EcoRI site underlined) [7]. Amplification was done using a

thermocycler (MJ mini personal thermal cycler; BioRad, USA).

The reaction mixture (50 μl) contained 1 μl of template DNA, 1 μl

of each primer (10 μM), 5 μl of dNTPs (0.25 mM), and 0.5 μl of

ExTaq DNA polymerase (Takara, Japan). Amplification conditions

were as follows: 94°C for 5 min, 30 cycles of 94°C for 30 sec, 56°C

for 30 sec, 72°C for 40 sec, and a final extension at 72°C for 5 min.

The amplified fragment was ligated with pGEM-T Easy vector

(Promega, USA) and the ligation mixture was introduced into

E. coli DH5α competent cells by electroporation. Preparation of

E. coli DH5α competent cells and electroporation (200 Ω, 18 kV/cm)

were done according to a published method [14]. Plasmid DNA

preparation, restriction enzyme digestion, and agarose gel

electrophoresis were performed according to published methods

[15].

Overexpression of aprE34 in E. coli BL21(DE3)

The aprE34 gene without its signal sequence was amplified using

the following primer pairs: pET-F (5’-AGAGGATCCGATGGCAGG

GAAATC-3’ BamHI site underlined) and pET-R (5’-AGACTC

GAGCTGAGCTGCCGCCTG-3’ XhoI site underlined). The amplified

fragment was inserted into pET26b(+) (Merck Millipore, Germany)
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after being digested with BamHI and XhoI. E. coli BL21(DE3)

competent cells were prepared and transformed with the ligation

mixture by electroporation (200 Ω, 18 kV/cm). Transformants

(TFs) on LB Km (kanamycin 30 μg/ml) plates were examined for

the presence of a recombinant plasmid, pETRSB34. E. coli BL21

(DE3) cells harboring pETRSB34 were grown in LB (250 ml)

containing Km (30 μg/ml) with aeration until the OD600 value

reached 0.8. Isopropyl-β-D-1-thiogalactopyranoside was added at

a final concentration of 1 mM and the culture was further

incubated for 20 h at 20°C. Then, the culture was centrifuged at

4,000 ×g for 20 min at 4°C and the cell pellet was resuspended in

5 ml of PBS. Cells were disrupted by sonication (5 cycles of 1 min

each, with cooling for 2 min between cycles) using a sonicator

(UW 2070; Bandelin, Germany), and centrifuged for 15 min at

12,000 ×g. The resulting supernatant (soluble fraction) and pellet

(insoluble fraction) were examined by SDS-PAGE. The insoluble

fraction was resuspended with binding buffer (20 mM sodium

phosphate, 0.5 M NaCl, 10 mM imidazole, pH 7.4). 

Purification and Properties of AprE34

AprE34 in the soluble fraction was purified using a HiTrap

IMAC FF column (GE Healthcare, Sweden). Bound AprE34 in the

column was eluted by stepwise increase in the imidazole

concentration of the elution buffer consisting of sodium phosphate

buffer (20 mM, pH 7.4), imidazole, and 0.5 M NaCl. The concentration

of imidazole was increased stepwise, starting from 50 mM to

500 mM with an increment of 50 mM. Fractions (1 ml each) were

examined for fibrinolytic activity by the fibrin plate method.

Active fractions were pooled and dialyzed against cold sodium

phosphate buffer (20 mM, pH 7.4) for 24 h. The dialysate was

concentrated by using an Amicon filter (MWCO 12,000; Millipore)

[16]. The protein concentration was measured by the Bradford

method using bovine serum albumin as a standard [17]. 

Properties of recombinant AprE34 were examined. Fibrinolytic

activities of AprE34 at different pH values were measured by

using buffer systems (50 mM): citrate-NaOH for pH 3-5, sodium

phosphate for pH 6-8, and Tris-HCl for pH 9-11. One microgram

of recombinant AprE34 was resuspended in each buffer and

incubated for 1 h at 40°C and then the activities were measured by

the fibrin plate method. For measuring pH stability, 1 μg of

AprE34 was resuspended in each buffer and incubated at 40°C.

Activities were measured after 1, 3, and 6 h of incubation. One

microgram of AprE34 in sodium phosphate buffer (pH 8) was

incubated for 30 min at different temperatures (37-60°C) and the

remaining activities were measured. For measuring thermal

stability, 1 μg of AprE34 in sodium phosphate buffer (pH 8) was

incubated at 37-60°C and the remaining activities were measured

after 0.5, 1, 2, and 3 h. AprE34 was exposed to 5 mM metal ions or

1 mM inhibitors for 30 min at 40°C (pH 8), and then the remaining

activities were measured.

Amidolytic Activity and Kinetic Constants of AprE34 

The amidolytic activity of recombinant AprE34 was measured

by using N-succinyl-ala-ala-pro-phe-p-nitroanilide (S7388; Sigma)

as a substrate [18]. Fifty microliters of 10 mM substrate in sodium

phosphate buffer (50 mM, pH 7.0) was mixed with 10 μl of AprE34

(1 μg) and 440 μl of sodium phosphate buffer. The mixture was

incubated for 20 min at 40°C, and 500 μl of citrate-NaOH buffer

(pH 3.0) was added and put on ice immediately. The mixture was

centrifuged for 5 min at 12,000 ×g and the absorbance of the

supernatant was measured at 410 nm. The degree of hydrolysis

was calculated from the absorbance value and the molar extinction

coefficient value of p-nitroanilide (8,800 M-1 cm-1). Kinetic constants

of recombinant AprE34 were determined by measuring the release

of p-nitroaniline from N-succinyl-ala-ala-pro-phe-p-nitroanilide in

sodium phosphate buffer (100 mM, pH 7.0) containing 4% (v/v)

DMSO at 37°C. Vmax and Km were determined from measurements

at different substrate concentrations ranging from 0.03 to 0.8 mM.

kcat was obtained from the relationship, kcat = Vmax/[enzyme].

Overexpression of aprE34 in B. subtilis WB600

The aprE34 gene was amplified from the B. amyloliquefaciens

RSB34 genome by using a primer pair, CH51-F and CH51-R

described above. The 1.5 kb product was digested with BamHI

and EcoRI and inserted into an E. coli-Bacillus shuttle vector,

pHY300PLK (4,870 bp, Apr, Tcr; Takara). Preparation of B. subtilis

WB600 competent cells and electroporation (200 Ω, 18 kV/cm)

were carried out as previously described [16]. B. subtilis WB600

transformants were grown in LB containing tetracycline (15 μg/ml)

for 96 h at 37°C. Growth and fibrinolytic activities were measured

at 6 h intervals during the first 24 h and then at 12 h intervals.

B. amyloliquefaciens RSB34 and B. subtilis WB600 [pHY300PLK]

were used as controls.

Hydrolysis of Fibrinogen by Recombinant AprE34

One milligram of fibrinogen (Sigma) was mixed with recombinant

AprE34 (50 ng) and the mixture in 1 ml of 20 mM Tris-HCl (pH 8.0)

was incubated at 37°C. Aliquots were taken out at time intervals

and mixed with 5× SDS sample buffer (250 mM Tris-HCl, pH 6.8,

10% SDS, 50% glycerol, 5% β-mercaptoethanol, 62.5 mM EDTA,

0.1% bromophenol blue). After being boiled for 5 min, samples

were analyzed by SDS-PAGE using a 12% acrylamide gel.

Results and Discussion

Growth and Fibrinolytic Activities of Bacillus Strains

Isolated from Doenjang 

Among 200 bacilli isolated from doenjang, nine isolates

showed fibrinolytic activities. Their growth and fibrinolytic

activities in LB broth were examined (Fig. 1). All isolates

grew well and OD600 values reached 1.4-1.8 after 48 h,

except RSD50. RSB14 showed the highest absorbance value

of 1.72 at 60 h and the value was maintained until 96 h.

RSB34 showed the highest fibrinolytic activity (83.29 mU/μl)

at 48 h of incubation and maintained the activity until 84 h.
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At 96 h, RSB34 showed the activity of 72.22 mU/μl and

RSB18 and RSD14 showed the activity of 63.69 mU/μl. All

nine isolates showed different profiles of fibrinolytic

activities during growth in LB. RSB18, RSB34, and RSD14

showed the highest activities around 48 h and then the

activities decreased gradually until 96 h. RSC49 and RSD50

showed some activities during exponential growth (12 h)

but the activities rapidly decreased and no activities were

detected after 36 h. RSC11 showed the highest activity at

36 h and then the activity rapidly decreased and very low

activity was detected at 96 h. RSB14 and RSB31 showed the

highest activities at 48 h and then the activities decreased

rapidly. For RSC22, the activity increased gradually and

reached the highest value at 96 h. From these results, RSB34

was chosen for further studies on its fibrinolytic enzymes. 

Identification of RSB34

Almost a complete 16S rRNA gene (1,462 nucleotides) was

amplified from RSB34 and its sequence was determined.

BLAST analyses showed that the sequence had 99%

homology to those of B. amyloliquefaciens strains. A partial

recA gene (740 nucleotides) was amplified and sequenced.

The sequence showed 100% homology to recA genes from

B. amyloliquefaciens strains. The GenBank accession numbers

are KX098329 and KX098330 for the partial 16S rRNA gene

and recA gene, respectively. Randomly amplified polymorphic

DNA-PCR was done using the S30 primer (5’-GTGATC

GCAG-3’) [12]. Bands specific to B. amyloliquefaciens strains

were produced (data not shown) [12]. RSB34 was identified

as a B. amyloliquefaciens strain and accordingly named B.

amyloliquefaciens RSB34. 

SDS-PAGE and Fibrin Zymography

The supernatant of B. amyloliquefaciens RSB34 culture was

analyzed by SDS-PAGE and fibrin zymography (Fig. 2).

Three bands of 23, 27, and 42 kDa in size were observed on

the Coomassie Blue stained gel (Fig. 2A). Two bands (27

and 42 kDa) were observed on the fibrin zymogram

(Fig. 2B). The 27 kDa band was clearly observed from

culture grown for 48 h and still observed after 96 h (Fig. 2B,

lanes 4-8). The apparent intensity of the 27 kDa band was

the strongest at 36 h on the Coomassie stained gel (Fig. 2A,

lane 3). However, no active band was present on the

zymogram at the same time (Fig. 2B, lane 3). This might be

due to the presence of other proteins with similar sizes. The

fibrin zymogram results agreed with the fibrinolytic

activity measurement results in Fig. 1. Strong fibrinolytic

activities were detected from cultures of 48-96 h, and

27 kDa and 42 kDa bands were observed from cultures of

the same time periods. The apparent band intensity of the

42 kDa protein was the strongest at 36 h (Fig. 2A, lane 3)

and maintained until 96 h with a slight reduction. On the

zymogram, a 42 kDa band was observed at 24 h but the

band intensity decreased at 36 h (Fig. 2B, lane 3). Probably,

other proteins with similar sizes increased the apparent

intensity. Large fibrinolytic zones were observed at the

upper parts of lanes in addition to 27 and 42 kDa bands

(Fig. 2B, lanes 2-8). These big zones were observed in other

fibrinolytic enzymes, and are believed to be caused by

binding of fibrinolytic enzymes to fibrin in the gel [19]. 

Bacillus culture shows high fibrinolytic activity during

the late stages of growth. Some proteases are known to be

activated when cells enter into the stationary phase. It was

Fig. 1. Growth (A) and fibrinolytic activities (B) of bacilli isolated from doenjang. 

RSB14, -●-; RSB18, -○-; RSB31, -▼ -; RSB34, -△-; RSC11, -■ -; RSC22, -□ -; RSC49, -◆- ; RSD14, -◇- ; RSD50, -▲ -. 
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reported that the expression of genes encoding AprE

(subtilisin) and Bpr (bacillopeptidase) increased when

B. subtilis cells entered into the stationary phase [20]. With

the aid of activated proteases, cells might be able to utilize

available nitrogen sources more efficiently under unfavorable

conditions where nitrogen sources are limited [21].

Gene Cloning of aprE34

A 1.5 kb fragment was amplified and ligated with pGEM-T

easy vector. E. coli DH5α TFs harboring the recombinant

plasmid, pGEMRSB34 (4.5 kb, Apr), were obtained. A total

of 1,487 nucleotides were sequenced (Fig. S1) and analyzed

by BLAST. The results showed that the cloned gene was a

homolog of the aprE gene of Bacillus species. The cloned

gene was named aprE34. An ORF of 1,149 bp in size, capable

of encoding a protein of 382 amino acids, was found. The

first 30 amino acids corresponded to a signal peptide as

judged by SignalP 4.1 Server (Technical University of

Denmark), and the next 77 amino acids corresponded to a

prosequence as judged from comparison with similar

fibrinolytic enzymes (Fig. S2). For example, the first amino

acid of mature subtilisin DFE was determined to be alanine

by N-terminal sequencing [22], which was also present at

the same position of AprE34. The pI and molecular mass of

proAprE34 (352 aa) were 9.23 and 39,125.16 Da, respectively.

The first amino acid of the mature enzyme was suspected

to be alanine (108th), and the pI and molecular mass of the

mature enzyme were 7.14 and 27,476.52 Da, respectively.

The calculated size of the mature enzyme matched well

with the observed 27 kDa band on the acrylamide gel

(Fig. 2A). The nucleotide sequence of aprE34 showed 99%

identity to those of fibrinolytic genes of B. amyloliquefaciens

CB1 (KM086575, 1,146/1,149) [8], B. amyloliquefaciens CH86-1

(FJ882063, 1,143/1,149) [10], B. amyloliquefaciens MJ5-41

(JF739176, 1,142/1,149) [6], B. amyloliquefaciens DFE (DQ132806,

1,141/1,149), Bacillus sp. DJ-4 (AY627764, 1,140/1,146),

B. subtilis HK176 (KJ572414, 1,136/1,149) [9], B. licheniformis

CH3-17 (GQ337861, 1,135/1,149), and B. amyloliquefaciens

CH51 (EU414203, 1,132/1,149) [7]. The translated amino

acid sequence of AprE34 was aligned with those of other

homologous enzymes (Fig. S2). AprE34 showed high

similarities with other fibrinolytic enzymes: 100% with

AprE86-1 from B. amyloliquefaciens CH86-1 (FJ882063) and

AprE5-41 from B. amyloliquefaciens MJ5-41 (JF739176), 99.4%

with AprECB1 from B. amyloliquefaciens CB1 (KM086575)

and AprE176 from B. subtilis HK176 (KJ572414), and 98.9%

with AprE51 from B. amyloliquefaciens CH51 (ACA34903).

AprE34 is different from AprECB1 and AprE176 in two

amino acids and AprE51 in four amino acids. The 26th and

27th amino acids are S and P for AprE34, AprECB1, AprE86-1,

and AprE5-41, but T and S for AprE176 and AprE51. The

251th and 254th amino acids are S and I for AprE34, AprE86-1,

AprE5-41, and AprE176 but A and V for AprECB1 and

AprE51. After processing into a mature enzyme, active

AprE176 has the same amino acid sequence as AprE34. The

first 24 amino acids of mature AprE34 are the same as those

of subtilisin DFE produced by B. amyloliquefaciens DC-4

isolated from douchi, a traditional Chinese soybean food

[22]. Amino acids consisting of a catalytic triad (Asp32,

His64, and Ser221) are conserved in AprE34 and other

similar enzymes [23]. The GenBank accession number of

aprE34 is KX098331. 

Fig. 2. Coomassie Blue stained gel (A) and fibrin zymogram (B) of the culture supernatant of B. amyloliquefaciens RSB34. 

M1, Dokdo-Marker Broad-range (EBM-1034, Elpis-Biotech., Korea). M2, Precision plus protein standard (BioRad, USA). B. amyloliquefaciens RSB34

was grown in LB broth at 37oC up to 96 h. 1, 12 h; 2, 24 h; 3, 36 h; 4, 48 h; 5, 60 h; 6, 72 h; 7, 84 h; 8, 96 h.
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PreproAprE34 has the same amino acid sequence as

enzymes from B. amyloliquefaciens strains 86-1 and 5-41. In

addition, mature AprE34 has the same amino acid sequence

as mature AprE176 from B. subtilis HK176. These results

show that the major AprE-type active fibrinolytic enzymes

of 27-29 kDa in size among many bacilli are the same or

very similar in amino acid sequences. However, host strains,

from which these AprE-type enzymes are originated show

usually quite different fibrinolytic activity profiles. When

grown on broth media, B. amyloliquefaciens CH86-1 and

B. amyloliquefaciens MJ5-41 show different fibrinolytic activity

profiles from B. amyloliquefaciens RSB34 [6, 10]. For example,

when grown on LB, it took 48 h for B. amyloliquefaciens

RSB34 to reach the highest fibrinolytic activity (Fig. 1), but

more than 72 h and 96 h for B. amyloliquefaciens MJ5-41 and

B. amyloliquefaciens CH86-1, respectively [6, 24]. Fibrin

zymogram profiles were also different from each other. 

The fibrinolytic capacity of a strain is not determined by

a single enzyme but rather by the sum of activities of

enzymes present. Therefore, all involved enzymes must be

characterized, including the modes of gene regulation, if

the overall fibrinolytic capacity of a strain is evaluated

accurately. Some bacilli show the maximum fibrinolytic

activities during the late stationary phase, whereas some

show it during the exponential and early stationary phases.

SDS-PAGE and fibrin zymography results are useful to

compare the fibrinolytic activity profiles of bacilli strains. 

Purification of Recombinant AprE34 and Properties of

AprE34

The aprE34 gene without its presequence was amplified

and inserted at BamHI and XhoI sites, downstream of the

pelB signal sequence, in pET26b(+), resulting in pETRSB34.

In pETRSB34, aprE34 has six additional His codons at the 3’

end immediately after the last sense codon (Gln), which

facilitates purification of the recombinant enzyme. Soluble

and insoluble fractions from induced E. coli BL21 (DE3)

cells with pETRSB34 were obtained and analyzed by SDS-

PAGE. A thick 27 kDa band was observed from both fractions

(data not shown). Recombinant AprE34 was purified from

the soluble fraction by using a HiTrap IMAC FF column.

SDS-PAGE showed that AprE34 was successfully purified

and the purified protein was 27 kDa in size as expected

from the calculated size of mature AprE34 (Fig. 3).

The optimum pH for recombinant AprE34 was pH 8.0

(Fig. 4A). AprE34 maintained activity at pH 7-10. After 1 h

at 40°C, AprE34 maintained 92.68%, 100%, 95.83%, and

95.02% activities at pH 7, 8, 9, and 10, respectively. However,

AprE34 had no activity at pH 5 and below, and the activity

declined rapidly at pH above 10. AprE34 maintained

activity after 6 h at pH 7-10 (Fig. 4B). At other pH values,

activity decreased rapidly within the first hour and then

stabilized. Rapid inactivation occurred at pH 5 and below.

The effect of temperature was examined at pH 8. The

optimum temperature was 40°C (Fig. 4C). No activity

remained after 30 min incubation at 60°C and above.

AprE34 maintained most activity after 3 h at 37°C, 40°C,

and 45°C, but lost most activity within half an hour at 55°C

and above (Fig. 4D). The results showed that AprE34 has

moderate heat stability. The optimum temperature of

AprE34 is higher than that of a fibrinolytic enzyme from

Bacillus sp. nov. SK006 (30°C) [25], the same with those of

AprE51 of B. amyloliquefaciens CH51 (40°C) [7] and a

nattokinase from B. subtilis Natto B-12 (40°C) [26], but lower

than those of subtilisin DFE (48°C) of B. amyloliquefaciens

DC-4 [22], an enzyme from B. subtilis IMR-NK1 (55°C) [27],

a fibrinolytic enzyme from B. subtilis (60°C) [28], and CK

enzyme of Bacillus sp. strain CK11-4 (70°C) [29].

Mg2+ enhanced the activity by 114.2%, and Zn2+ (104.6%),

K+ (103.5%), and Fe2+ (102.5%) enhanced the activity slightly.

Mn2+ (95.7%) and Ca2+ (99.4%) inhibited the enzyme slightly

(Table 1). The activity was completely inhibited by PMSF

but not affected by EDTA, EGTA, and SDS (Table 1). The

results showed that AprE34 is a serine protease but not a

metal protease. 

Fig. 3. Purification of AprE34 by affinity column

chromatography. 

M, Dokdo-Marker broad-range (EBM-1034, Elpis-Biotech.); 1, soluble

fraction loaded onto the column; 2, AprE34 eluted from the column. A

10% acrylamide gel was used.
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Kinetics and Amidolytic Activity of AprE34

The Km and Vmax values of recombinant AprE34 were

0.131 ± 0.026 mM and 16.551 ± 0.316 μM/l/min, respectively.

kcat was 7.44 ± 0.582 s-1 and kcat/Km was 5.68 × 104 s-1·M-1. The

values were similar to those of some fibrinolytic enzymes

reported elsewhere (Table 2). The amidolytic activity of

AprE34 was similar to other fibrinolytic enzymes. Although

the Vmax value of AprE34 was lower than those of other

fibrinolytic enzymes, the Km value was also lower, resulting

in the kcat/Km (s-1·M-1) of AprE34 similar to other enzymes

(Table 2). 

Overexpression of aprE34 in B. subtilis WB600

B. subtilis WB600 is an engineered strain deficient in six

Fig. 4. The effects of pH and temperature on the fibrinolytic activity of recombinant AprE34.

Purified AprE34 was examined for the optimum pH (A) and stability against pH variation (B). -●-, pH 3; -○-, pH 4; -▼ -, pH 5; -△-, pH 6;    -■ -,

pH 7; -□ -, pH 8; -◆-, pH 9; -◇-, pH 10; -▲ -, pH 11. Purified AprE34 was examined for the optimum temperature (C) and the stability against

temperature (D). -●-, 37oC; -○-, 40oC; -▼ -, 45oC; -△-, 50oC; -■ -, 55oC; -□ -, 60oC.

Table 1. Effects of metal ions and inhibitors on the activity of

AprE34.

Metal ions 

(5 mM)a
Relative 

activity (%)

Inhibitors 

(1 mM)

Relative 

activity (%)

None 100 PMSF 0.0 ± 0.0

K+ 103.5 ±1.2 EDTA 96.5 ± 1.1

Mg2+ 114.2 ± 0.8 EGTA 90.2 ± 1.8

Ca2+   99.4 ± 0.3 SDS 93.7 ± 0.7

Fe2+ 102.5 ± 1.2

Mn2+   95.7 ± 2.2

Zn2+ 104.6 ± 0.7

aThe counterion for the tested metals was chloride.

All values are the mean ± standard deviation (n = 3).
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extracellular proteases, including subtilisin, suitable as a

host for production of heterologous proteins [30]. Growth

of B. subtilis WB600 harboring pHYRSB34 was similar to

that of B. subtilis WB600 [pHY300PLK] (Fig. 5). The highest

fibrinolytic activity (116.46 mU/μl) was observed from

culture at 48 h of incubation (Fig. 5). B. subtilis WB600

[pHYRSB34] showed 1.4-fold higher fibrinolytic activity

than B. amyloliquefaciens RSB34. The result indicated that a

multi-copy gene in a plasmid has advantage over a single-

copy gene in the chromosome for the production of AprE34.

The negative control B. subtilis WB600 [pHY300PLK] showed

no activity. When the culture supernatant of B. subtilis

WB600 TF was analyzed by SDS-PAGE using a 10%

acrylamide gel, the 27 kDa band of AprE34 was observed

(data not shown).

The result showed that the fibrinolytic activity of Bacillus

strains can be enhanced by using a plasmid carrying a

fibrinolytic gene such as aprE34. The fibrinolytic activity of

B. subtilis TF can be further increased if optimization of

aprE34 gene expression is pursued. Bacillus strains with

high fibrinolytic activities can be useful for the production

of fermented foods and functional materials. 

Hydrolysis of Fibrinogen by Recombinant AprE34

Recombinant AprE34 quickly degraded Aα and Bβ

chains of fibrinogen. The Aα chain was the most sensitive

and quickly hydrolyzed in 10 min. The Bβ chain was

degraded in 6 h, but the γ-chain was not degraded even

after 12 h (Fig. 6). This indicated that AprE34 possesses

strong α-fibrinogenase and moderate β-fibrinogenase

activities. AprE34 partially purified from a culture of

B. amyloliquefaciens RSB34 showed the same fibrinogenolytic

pattern (data not shown). The degradation pattern of AprE34

is similar to those observed in some other fibrinolytic

enzymes such as AprECB1 from B. amyloliquefaciens CB1

[8], and AprE176 from B. subtilis HK176 [9]. However, the

pattern is different from that of a fibrinolytic enzyme from

Bacillus sp. nov. SK006 [25], and that of subtilisin FS33 from

Table 2. Catalytic constants of AprE34 and other fibrinolytic enzymes from bacilli.

Enzymes Vmax (μmol·l-1·min-1) Km (mM) kcat (s
-1) kcat/Km (s-1·M-1) Reference

AprE34   16.551 ± 0.316 0.131 ± 0.026     7.44 ± 0.582 5.68 × 104 This study

AprE2 128.636 ± 2.091 0.559 ± 0.032 17.344 ± 0.990   3.1 × 104 [16]

Fibrinolytic enzyme   39.30 ± 0.50 0.45 ± 0.03 28.75 ± 0.23   6.4 × 104 [25]

Subtilisin FS33 22.2 0.21   37.04 1.76 × 105 [31]

Fibrinolytic enzyme 16.8 0.34   21.08   6.7 × 104 [27]

Subtilisin-like serine protease 79.4 0.59 39.6   6.7 × 104 [28]

Fig. 5. Growth (A) and fibrinolytic activities (B) of Bacillus subtilis transformants.

Cells were cultivated for 96 h at 37oC in tryptic soy broth (tryptone 17.0 g, soytone 3.0 g, glucose 2.5 g, sodium chloride 5.0 g, dipotassium

phosphate 2.5 g, per liter, pH 7.3) and the absorbance (600 nm) and fibrinolytic activities were measured at each time interval. -●-,

B. amyloliquefaciens RSB34; -○-, B. subtilis WB600 [pHY300PLK]; -▼ -, B. subtilis WB600 [pHYRSB34]. 
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B. subtilis DC33 [31], both of which degraded the Bβ chain

first. 

Considering its optimum temperature and pH, AprE34

seems useful as a potent agent to replace currently used

thrombolytic agents. Overproduction of AprE34 either in

E. coli or B. subtilis is possible, as shown in this work, and

this might facilitate industrial utilization of AprE34.

B. amyloliquefaciens RSB34 could be used as a starter for

fermented soy foods such as cheonggukjang and doenjang.

The functionality of fermented foods can be improved by

the fibrinolytic enzymes secreted by B. amyloliquefaciens

RSB34. Since the overall fibrinolytic activity and activity

profile are different among strains, careful comparision of

strains is necessary before their selection for soy food

fermentations. In addition to the fibrinolytic capacity of a

strain, other properties must be considered together and

these include activities of desirable enzymes (amylases,

proteases), ability to produce antimicrobial substances

inhibiting growth of spoilage organisms, and ability to

confer good flavors to fermented foods. Considering these,

the isolation of novel fibrinolytic strains and characterization

of their enzymes must be continued. Future studies should

include efforts to characterize other types of enzymes such

as bacillopeptidases and metalloenzymes, which contribute

to the overall fibrinolytic capacity of a strain. 
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