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A gene encoding the major secreted fibrinolytic protein of
Bacillus amyloliquefaciens CH86-1 was cloned from genomic
DNAs. DNA sequencing showed that the gene, aprE86-1,
could direct the synthesis of a mature protein 275 amino
acids in length after processing. When aprE86-1 was
introduced into B. subtilis, a mature 27-kDa protein was
produced as expected. The fibrinolytic activity of the B,
subtilis transformant (TF) was higher than that of B.
amyloliquefaciens CH86-1, showing the possibility of
increasing the fibrinolytic activity of Bacillus strains
through genetic engineering.
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B. amyloliquefaciens CH86-1 was isolated from Cheonggukjang
prepared by traditional methods [7]. Among the strains
isolated, it showed the highest fibrinolytic activity and also
produced a large amount of sticky materials on soybeans.
Therefore, this strain would seem to be a good starter for
the production of Cheonggukjang. Detailed characterization
of its useful properties is necessary if the advantages of
this strain are to be fully utilized. B. amyloliquefaciens
CHS86-1 secretes several fibrinolytic enzymes into the
culture supernatant during growth; among them, a 27-kDa
protein is the major product. We previously purified
this enzyme, designated AprE86-1, and examined its
properties [8]. In this report, its structural gene, aprE86-1,
was cloned and successfully expressed in the heterologous
host B. subtilis WB600.
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For the cloning of aprE86-1, primers 51F (5-AGGATCC
CAAGAGAGCGATTGCGGCTGTGTAC-3', BamHI site
underlined) and 51R (5-AGAATTCTTCAGAGGGAGC
CACCCGTCGATCA-3', EcoRl site underlined) were
used. The primers were designed based on the sequence of
a tentative aprE homolog of B. amyloliquefaciens FZB42
and were used for the cloning of aprE5] from B.
amyloliquefaciens CH51 [5]. PCR was performed using
an MJ Mini gradient thermal cycler (Bio-RAD, Hercules,
CA, U.S.A)) and ExTag DNA polymerase (Takara, Shiga,
Japan). The amplification conditions were as follows: 94°C
for 5 min; 30 cycles at 94°C for 30's, 56°C for 30 s, and
72°C for 40 s; and a final extension at 72°C for 5 min. The
resulting 1.5-kb fragment was ligated into the pGEM-T
Easy vector (Promega, Madison, WL, U.S.A.). The nucleotide
sequence was determined (Fig. 1) and was deposited in
GenBank under Accession No. FI882063. DNA sequencing
confirmed that the cloned gene was indeed a homolog of
aprE from B. amyloliquefaciens and B. subtilis strains.
aprE86-1 encodes a protein of 382 amino acids. The first
codon, GTG, starts at nucleotide (nt) 214, and the
ribosome-binding site (RBS; GGAGAGGG) is located 6
nt upstream. Putative -35 (TCTACT) and -10 (TACAAT)
promoter sequences, identical to those of aprE [9], are
underlined in Fig. 1. The tentative transcription start site
(TSS) is A, located 7 nt downstream of the -10 sequence.
When translated amino acid sequences were compared,
AprE86-1 was different from AprE from B. amyloliquefaciens
FZB42 at four positions; 105 (Q in AprE86-1, K in AprE ),
168 (N in AprE86-1, Y in AprE ), 251 (S in AprE86-1, A in
AprE), and 254 (I in AprE86-1, V in AprE). AprE86-1 also
differs from AprES1 from B. amyloliquefaciens CH51 at
four positions; 26 (S in AprE86-1, T in AprE51), 27 (P in
AprE86-1, S in AprE51), 251 (S in AprE86-1, A in



CAAARACCTAATGTCCTTCCATCGGTTTTTTCCATTAARATTTAAATATTTCGGGTTCCT 60
ATTAAACGAAAGAGAGATGATATACCTAAATAGAAATAAAACAAACTGAAAAARATTGGG 120
TCTACTAARATATTATTCCATGCTATACAATTAATCCACAGAATAATCTGTCTATTGGTT 180
-35 -10 +1
MRGKKVYVWI S 9

GTTCTGCAAATGAAAAAAAGGAGAGGGTAAAGAGTGAGAGGCAAAAAGGTATGGATCAGT 240

RBS
LLFALALVFTMAFGSTSPAQ 29
TTGCTGTTTGCTTTAGCGTTAATCTTTACGATGGCGTTCGGCAGCACGTCTCCTGCCCAG 300
AAGKSNGEKKY I VGFKQTMS 49
GCGGCAGGGAAATCAAACGGGGAAAAGAAATACATTGTCGGATTTAAACAGACAATGAGC 360
TMSAAKKKDV I SEKGGKV QK 69
ACGATGAGCGCCGCTAAGAAAAAAGATGTCATTTCTGAAAAAGGCGGGAAAGTGCAAAAG 420
QFKYVDAASATLNEKAVKEL 8
CAATTCAAATATGTAGACGCAGCTTCAGCTACATTAAATGAAAAAGCCGTAAAAGAGCTG 480
KKDPSVAYVEEDHYAQAYAQ 109
AAAAAAGACCCTAGCGTCGCTTACGTTGAAGAAGATCACGTTGCACAGGCGTACGCGCAG 540
SVPYGVYSQITKAPALHSQQGFT 129
TCCGTGCCTTACGGCGTATCACAGATTAAAGCCCCTGCTCTGCACTCTCAAGGCTTCACC 600
GSNVKVAY [ DSGIDSSHPDL 149
GGATCAAATGTTAAAGTAGCGGTTATCGACAGCGGTATCGATTCTTCTCATCCTGATTTA 660
KVAGGASMVPSETNPEFEQGDNN 169
AAGGTAGCAGGCGGAGCCAGCATGGTTCCTTCTGAAACAAATCCTTTCCAAGACAACAAC 720
SHGTHVAGTVAALNNSYVGVY L 189
TCTCACGGAACTCACGT TGCCGGTACAGTTGCGGCTCTTAATAACTCAGTCGGTGTATTA 780
GVAPSASLYAVKVLGADGS SSG 209
GGCGTTGCGCCAAGCGCATCTCTTTACGCTGTAAAAGT TCTCGGCGCTGACGGTTCCGGC 840
QY SWI I NGILEWALANNMDUV I 229
CAGTACAGCTGGATCATTAACGGAATTGAGTGGGCGATCGCAAACAATATGGACGTTATT 900
NMSLGGPSGSAALKAAYVDKA 249
AACATGAGCCTCGGCGGACCTTCTGGT TCTGCAGCGTTAAAAGCGGCAGTTGACAAAGCC 960
VS§SGI VVYAAAGNEGTSGGS 269
GTTTCTTCCGGCATCGTAGTCGTTGCGGCAGCCGGTAACGAAGGCACTTCCGGCGGCTCA 1020
STVGYPGKYPSV I AV GAVNS 28
AGCACAGTGGGCTATCCTGGTAAATACCCTTCTGTCATTGCGGTAGGCGCTGTTAACAGC 1080
SNQRASFSSVGSELDVMAPG 309
AGCAACCAACGAGCATCTTTCTCAAGCGTAGGTTCTGAGCTTGATGTCATGGCACCAGGC 1140
VSIS TLPGNKYGAYNGTSM 39
GTCTCTATCCAAAGCACGCTTCCTGGAAACAAGTACGGCGCGTACAATGGTACGTCAATG 1200
ASPHVAGAAALI LSKHPNWT 349
GCATCTCCGCACGTTGCCGGAGCGGCTGCTTTGATTCTTTCTAAGCACCCGAACTGGACA 1260
NTQVRSSLENTTTKLGDATFY 36
AACACTCAAGTCCGCAGCAGT TTAGAAAACACCACTACAARACTTGGTGATGCTTTCTAC 1320
Y GKGLI NV QAAAQ =38
TACGGAAAAGGGCTGATCAACGTACAGGCGGCAGCTCAGTAAAACATAAAAAACCGGCGT 1380
CGGGCATGGCCCOGCOGGTTTTTTATATCGGTTTTTTCCATTAAAATTTAAATATTTCGG 1440
GTTCCTATTAAACGAAAGAGAGATGATATACCTAAATAGAAATAAAACAAACTGAAAAAA 1500
ATTGGGTCTACTAAAATATTATTCCATGCTATACAATTAATCCACAGAATAATCTGTCTA 1560
TTGGTTGTTCTGCAAATGAAAAAAAGGAGAGGATAAAGAGTGAGAGGCAAAAAGGTATGG 1620
ATCAGTTTGCTGTTTGCTTTAGCGTTAATCTTTACGATG 1659

Fig. 1. Nucleotide sequence of aprE86-1.

Translated amino acid sequences are also shown. The first codon, GTG,
starts at nt 214 and the RBS (GGAGAGGG) is located 6 nt upstream.
Putative -35 and -10 promoter sequences are underlined and the
presumptive transcription start site is marked as +1. The transcription
terminator is also underlined.

AprE51), and 254 (I in AprE86-1, V in AprES1) (Fig. 2).
AprE86-1, however, differs significantly (52 amino acids)
from AprE2 from B. subtilis [4]. The calculated pl and
molecular mass of AprE86-1 are 9.23 and 39,125.16 Da,
respectively. When compared with homologous proteins,
AprE86-1 is synthesized as a preproprotein. It has a leader
sequence 30 amino acids long and a prosequence 77 amino
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acids long. The mature enzyme consists of 275 amino
acids with a calculated plI and molecular mass of 6.65 and
27,476.60 Da, respectively.

For overexpression, the 1.5-kb fragment containing aprE86-1
was digested with EcoRI and BamHI and ligated into
pHY300PLK, an E. coli-Bacillus shuttle vector (Takara). The
resulting recombinant plasmid, pHY86-1, was introduced
into B. subtilis WB600 [10]. Bacillus competent cell
preparation and electroporation were performed as described
previously [4]. Luria—Bertani (LB) plates containing tetracycline
(Tc, 10 pg/ml) were used to select B. subtilis WB600
transformants (TF). Bacillus TF was cultivated in LB broth
for 24 h. The supernatant was obtained by centrifugation
and concentrated by precipitation with ammonium sulfate
[80% saturation (w/v); Amresco, Solon, OH, U.S.A.]. The
resulting pellet was resuspended in a small volume of 30
mM Tris (pH 7.4) and dialyzed against the same buffer for
24 h at 4°C. A 10 pg protein sample was analyzed ona 12%
acrylamide gel. The protein concentration was determined
using the Bradford method [1] with bovine serum albumin
(BSA) as the standard. A 27-kDa band was produced by B.
subtilis WB600 carrying pHY86-1, but not by the control
(WB600 harboring pHY300PLK) (Fig. 3). Culture supermnatants
from B. amyloliquefaciens CH51 and B. sutilis WB600
[pHY51] were also analyzed for comparision. As shown in
Fig. 3A, the same 27-kDa band was observed for B.
subtilis WB600 carrying pHY51. The profile of proteins
secreted by CH86-1 was different from that of CH51.

In terms of overall fibrinolytic activity, CH86-1 performed
better than CH51, although the difference between the two
strains was not great (see Fig. 3B and 3C). However, B.
subtilis ' WB600 [pHYS51] showed slightly higher
fibrinolytic activity than WB600 [pHY86-1], as judged by
the fibrin plate assay (see Fig. 3C). This result indicates
that other fibrinolytic enzymes contribute to the overall
fibrinolytic capacity of CH 86-1 (as well as CH51) and that
AprES51 is a more active enzyme than AprE86-1 in B. subtilis
WB600. For fibrin zymography, | pug of filtered culture
supernatant was analyzed on a fibrin-polyacrylamide gel
(12% acrylamide) prepared by mixing fibrinogen [0.12%
(w/v); Sigma, St. Louis, MO, U.S.A.], a polyacrylamide
solution, and thrombin (100 NIH; Sigma). Electrophoresis
was performed at a constant current of 12 mA. After
electrophoresis, the gel was washed with 50 mM Tris-HCl
(pH 7.4) containing 2.5% Triton X-100 to remove any SDS,
and then incubated for 12 h at 37°C with 30 mM Tris-HCl
(pH 7.4) buffer containing 0.02% sodium azide. After the
renaturation steps, the gel was stained with Coomassie
brilliant blue. Zymogram results also showed that only
B. subtilis WB600 with pHY86-1 (and pHYS51) had
fibrinolytic activity whereas B. subtilis WB600 control
cells did not; an active band, however, was not observed at
the 27-kDa position. Instead, a large smear appeared at
the top of the gel, which has often been observed for
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AprES1 MRGRKVWISL LFALALIFTN AFGST

1 AGKSNGERKY IVGFRQTNST MSAARKKDYI SEKGGEVQRQ FEKYVDAASAT
AprE2 1 BRSKKLYISL LFALTLIFTH AFS AGKSSTERKY IVGFEQTWSA NISAKKFDYI JERGGRVOK] FKYVEARALT
FZB42 1  MRGRKKVUISL LFALALIFTH AFGS QA AGKSNGEKKY IVGFRUTMST MYAAKKEDVI SERGGRVGRG FEYVDAASAT
DJ~4 1 MRGKRVWISL LFALALIFTN AFGS AGKSNGERRY IVGFROTHST MSAAKRRDVI SEKGOKWIKG FRYVDAASAT

105, . * L »
YAQS VPYGVSQIKA PALHSQGFTG SNVEVAVIDS GIDISHPDLE VAGGASHVPS
YAQS VPYGVSQIRA PALHSQGFTG SNVKVAVIDS GIDSSHPDLE VAGGASHVES
YAQS VPYGISQIKA PALHSUGYTS SNVEVAYIDS ¢IDSSHEDLY VRGGASFVRS
ATAQS VPYGVSQIKL PALHSQGFTG SNVRVAVIDS GIDSSHPDLK VAGGASNVES

YAQS VPYGVSQIEA PALHSQGFIG SNVEVAVIDS GIDISHPDLE VAGGASHVPS

ApiEGE-1 81  LREKAVRELK RDPSVAYVEE DHYV
AprES1T 81 LNERAVKELK KDPSVAYVEE DHV
AprEe 80 LDERAVKELE KDPSVAYVEE

FZB42 81 LEEKAVKELK KDPSVAYVEE DHY.
DJ-4 81 LNERAVRELK KDPSVAYVEE DHY,

» 163« . . R * &
AprESE-1 161 ETWPFQD HGTHVAGTVA ALMNSVGVLG VAPZASLYAV KVLGADGSG) YYWIINGIEW AIANNMDWIN MSLGGPBGSA
AprES) 161 ETHPFOD HGTHVAGTVA ALNNSVGYLG VAPSASLYAV RVLGADGHCO YSWITNGIEW ATAMMMDVIN MSLGGPSGSA
AprE2 160 ETHPYODGSS HGTHVAGTIA ALENSIGVLG VAPSASLYAV KVLDSTGSGU YSWITHGIEW ATSHEMDYIN MSLGGPSGST
FZB42 161 ETHPFQ HGTHVAGTVA ALENSVGVLG VAPSASLYAV KVLGADGSGQ YYWIINGIEW ALANEWDYIN MSLGGPSGSA

Dd-4 161 ETHPFQD HGTHVAGTVA ALNNSVGVLG VAP3ASLYAY RVLGADGSGY YSUIINEGIEY AIANNMDVIN MSLGGPSGEA
NN o P51 254 o .

AprEBE-1 241 ALKAAVDKAV AhA GNEGTSGGSS TVOYPERYPS VIAVGAVNGS NQRASFSSVG SELDVHAPGY sxn‘mrm

AprES1 241 ALKAAVIRAV A ARM GHEGTSGGSS TVGYPGRYPS VIAVGAVESS NQRASFSSVG SELDVMAPGY SIQSTLPGHE
AprE2 240 ALETVVDKAA SBGINVAAAA GREGSSGSSS TYGYFAKYPS TIAVGAYNSS NQRASFSSAG SELDVEAPGY SIOSTLPGGT
FZB42 241 ALEARVDRAV AhA GHEGTSGGSS TYGYPGETPS VIAVGAVESS NQRASFSSVH SELDVMARGY BIQSTLPGNR

DJ-4 241 ALEAAVDRAV Ak AkA GHEGTSGGSS TYGYRGKYPS VIAVGAVESS NORASFSSYG SELDVEAPGV SIUSTLPGEE
Lo

4prEBE-1 321 YGAYNGTSHA SPHVAGAMAL ILSKHPNWIN TUVRISLENT TTELODAFYY GHGLINWGAR AQ
AprEST 321 YGAYNGTSHA SPHVAGAAAL ILSKHPNUTN TOVRSSLENT TTKLGDAFYY GKGLINVQAA AQ
AprE2 320 YGAYNGTSHA TPHVAGAAAL ILSKHPTWIN AQVRDRLEST ATYLGHSFYY GHGLINVOAR 40
FZB42 321 YGAYNGTSMA SPHVAGAAAL ILSKHPNWTN TQVRSSLENT TTKLGDAFYY GHGLINVGAL AQ
DJ-4 321 YGAYNGTSMA SPHVAGAMAL ILSKHPNWIN TUVRSSLENT TTELGDAFYY GHGLINWOAR AQ

Fig. 2. Comparison of amino acid sequence of AprE86-1 with those of homologous proteins: AprE5S1 from B. amyloliquefaciens CHS1
(EU414203), AprE2 from B. subtilis CH3-5 (DQ997812), FZB42 from B. amyloliquefaciens FZB42 (ABS73414), and pro-subtilisin
DJ-4 (AAT45900).

Amino acids showing variation in B. amyloliquefaciens strains are marked with boxes, and amino acids showing differences in AprE2 and AprE86-1 are
marked with * at the top.

fibrinolytic proteins {3, 6]. The sample used for fibrin
zymography was not boiled in SDS sample buffer before
loading on the gel because fibrinolytic activity was
destroyed by heat treatment even for as short a time as
1 min (data not shown). Without boiling, fibrinolytic
enzymes are hardly resolved on an SDS gel according to

Awm

1.2 3 4 5 M

their molecular weight. Binding of enzymes to the fibrin in
the gel and the high pl value of an enzyme might explain
the poor resolution {2, 3].

The growth and fibrinolytic activities of B. subtilis TFs
in LB during 84 h were examined and the results are
shown in Fig. 4. No differences were observed in cell

o

Fig. 3. SDS-PAGE (A), fibrin zymography (B), and fibrin plate assay (C) of culture supernatants from B. subtilis TFs.

For SDS-PAGE (A), a 10-ug protein sample obtained by 80% ammonium sulfate precipitation of supernatant was applied to the gel after boiling in 1x
SDS-PAGE buffer. For fibrin zymography (B) and fibrin plate assay (C), a 1-ug sample obtained by filtering the supernatant from a 24-h culture in LB was
applied without heat treatment. Gels contained 12% acrylamide. Panels A and B; lanes 1, CH51; 2, CH86-1; 3, WB600 [pHY300PLK]; 4, WB600
[pHY51}; 5, WB600 [pHY86-1]; M, DokDo-MARK protein size marker (Elpisbio, Tagjeon, Korea). An arrow indicates the 27-kDa mature AprE86-1 (and
AprES51). Panel C; P, plasmin (3 mU; Sigmay; 1, WB600 [pHY300PLK]; 2, CH51; 3, CH86-1; 4, WB600 [pHY51]; 5, WB600 [pHY86-1].
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Fig. 4. Growth (A) and fibrinolytic activities (B) of B. subtilis
TFs.

Cells were cultivated for 84 h at 37°C in LB, and optical densities (600 nm)
and fibrinolytic activities were measured at the indicated intervals. @, B.
amyloliquefaciens CHR6-1; O, B. subtilis WB600 [pHY86-1]; ¥, B.
subtilis WB600 [pHY300PLK].

growth between B. subtilis TFs and B. amyloliquefaciens
CHS86-1. The fibrinolytic activity of B. subtilis carrying
pHYR86-1 was higher than that of B. amyloliquefaciens
CHB86-1. This result might reflect the difference in aprE86-
1 copy number in the two strains. The lack of extracellular
proteases in B. subtilis WB600 [10] seemed to be partially
responsible for the increased activity. The fibrinolytic activities
of B. subtilis WB600 [pHY86-1] and B. amyloliquefaciens
CHS86-1 remained at basal levels during the exponential
growth phase and then increased sharply when cultures
entered the stationary phase (after 52 h). We previously
showed that extended incubation of a B. licheniformis
culture overexpressing aprE2, a gene encoding the 29-kDa
mature fibrinolytic enzyme from B. subtilis CH3-5, caused
a sharp increase in the fibrinolytic activity and also the
degree of protein degradation in the culture supernatant
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[6]. The same phenomenon was observed in B. subtilis
WB600 harboring pHY86-1. It is suspected that extended
incubation causes increased proteolytic activity in the cell
by activation of some proteases that are less active during
the growth phase. The increase in proteolytic activity
might reflect the necessity of cells to utilize available
nitrogen sources in unfavorable environments.

The amount of AprE86-1 could be increased further if
careful modifications of an expression vector were to be
pursued. pHY300PLK is a general cloning vector, and
aprE86-1 expression was not optimized in this work.
Overproduction of AprE86-1 is critical if the protein is
intended for use as an ingredient in biofunctional foods or
materials. In this respect, development of efficient expression
vectors together with appropriate hosts will be necessary.
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