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The gene encoding kumamolysin, a thermostable pepstatin-insensitive carboxyl protein-
ase, was cloned and expressed, (i) Kumamolysin was synthesized as a large precursor
consisting of two regions: ammo-terminal prepro (188 amino acids) and mature pro-
teins (384 amino acids), (ii) The deduced amino acid sequence of the mature region
exhibited high similarity to those of such bacterial pepstatin-insensitive enzymes as
Pseudomonas carboxyl proteinase (PSCP; EC 3.4.23.37, identity = 37%), Xanthomonas
carboxyl proteinase (XCP; EC 3.4.23.33, identity = 36%), and human CLN2 gene product
(identity = 36%), which is related to a fatal neurodegenerative disease, (iii) The pre-
sumed catalytic triad, Glu78, Asp82, Ser278 [three-dimensional structure of PSCP:
Wlodawer, A. et al. (2001) Nature Struct BioL, 8, 442-446], was found to be conserved in
the amino acid sequence of kumamolysin. (iv) Kumamolysin was inactivated by such
aldehyde-type inhibitors as Ac-Ile-Pro-Phe-CHO (^ = 0.7 ± 0.14 jiM). In PSCP, it has been
clarified that these inhibitors form a hemiacetal linkage with the catalytic serine resi-
due and inactivate the enzyme, (v) Mutational analysis of the Ser278 residue revealed
that the mutant lost both auto-processing activity and proteolytic activity. These results
strongly suggest that kumamolysin has a unique catalytic triad consisting of Glu78,
Asp82, and Ser278 residues, as previously observed for PSCP.

Key words: catalytic triad, kumamolysin, pepstatin-insensitive carboxyl proteinase,
serine-carboxyl proteinase, thermostable proteinase.

Carboxyl proteinases, which have their optimal pH in the only carboxyl proteinase B (11). Carboxyl proteinases hav-
acidic region, are classified into two groups on the basis of ing similar properties to those of Scytalidium-type protein-
their sensitivity to inhibitors, pepstatin-sensitive and pep- ases have been found to be widely distributed among fungi
statin-insensitive (1-3). Pepstatin-sensitive carboxyl pro- (12,13) and bacteria (14-20).
teinases, called aspartic proteinases, are inhibited by such In 1997, the CLN2 gene encoding a pepstatin-insensitive
affinity labeling reagents as diazoacetyl-DL-norleucine lysosomal peptidase was found in human brain (21). The
methyl ester (DAN) (4) and l,2-epoxy-3-(p-nitrophenoxy)- primary structure of the CLN2 gene product (CLN2 pro-
propane (EPNP) (5). The consensus catalytic site sequence tein) snowed high sequence similarity to those of such pep-
(-Asp*-Thr-Gly-, Asp*: catalytic residue) is well conserved statin-insensitive carboxyl proteinases from prokaryotes as
among the enzymes belonging to this group (6). Pseudomonas carboxyl proteinase (PSCP/PCP) (22) and

In 1972, pepstatin-insensitive carboxyl proteinases, A, B, Xanthomonas carboxyl proteinase (XCP) (23). The human
and C, were found in the culture filtrate of Scytalidium CLN2 protein, which was identical to tripeptidyl peptidase
lignicolum (7, 8). Pepstatin (9), acetyl-pepstatin (10), and I (24), is related to a fatal neurodegenerative disease, clas-
DAN did not inhibit these enzymes, and EPNP inhibited sical late-infantile neuronal ceroid lipofuscinosis (LINCL).

Rawlings and Barrett pointed out in 1999 that PSCP, XCP,
"This work was supported by a Grant-in-Aid for Scientific Research and the CLN2 protein might be serine proteinases based on
(No. 13460043) from the Ministry of Education, Culture, Sports, Sci- their conserved Gly-Thr-Ser sequence (catalytic motif of
ence, and Technology of Japan to K.O., and by NIH grant DK 18865 serine proteinases) (25). However, a conserved histidine, ex-
to B.M.D. The nucleotide sequence data reported in this paper will pected for the catalytic triad of serine proteinases, was not
appear in the DDBJ/EMBIVGenBank nucleotide sequence data- observed
bases with the accession number AB070740 T , ' , . . ,, r. , n c , •, , • , ,
'To whom correspondence should be addressed. Phone: +81-75-724- Kumamolysin is the first example of thermostable and
7763, Fax: +81-75-724-7760, E-mail: bika@ipc.kit.ac.jp pepstatin-insensitive carboxyl proteinase from a thenno-

phile, Bacillus novosp. MN-32 (16). It shows its maximum
© 2002 by The Japanese Biochemical Society. proteolytic activity at 70°C and pH 3.0, and a pair of car-
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boxyl groups is involved in its catalytic function (17). Its
substrate specificity is notably different from those of PSCP
and XCP (26). Kumamolysin preferentially hydrolyzes pep-
tides having an Ala or Pro residue in the P2 position. In
contrast, PSCP and XCP preferentially hydrolyze peptides
having a Leu or Ala residue in the P2 position (27). This is
one of the reasons why kumamolysin is insensitive to tyro-
statin (N-isovaleryl-tyrosyl-leucyl-tyrosinal), a naturally-
occurring inhibitor of PSCP (28).

To further our understanding of the structure-function
relationship of bacterial pepstatdn-insensitdve carboxyl pro-
teinases, the kumamolysin gene was cloned, and its expres-
sion system in Esckerichia coli cells was constructed. The
results of inhibition studies, mutational analysis, sequence
homology, and the three-dimensional structure of PSCP
(29) strongly suggest that a unique catalytic triad consist-
ing of Glu78, Asp82, and Ser278 residues is essential for
catalytic function of kumamolysin.

MATERIALS AND METHODS

Materials—Restriction endonucleases, Klenow enzyme,
T4 DNA ligase, deletion kit, calf intestine alkaline phos-
phatase, and KOD-Dash polymerase were purchased from
Nippon Gene (Toyama) or Toyobo (Osaka). PP-y]ATP was
from Muromachi Chem. (Tokyo). AmpliTaq DNA polymer-
ase Stoffel fragment and Ampli Cycle Sequencing Kit were
obtained from Perkin-Elmer (Chiba). Fast Start Taq DNA
polymerase was obtained from Roche (Tokyo). Lysozyme,
RNase, and AEBSF [4-(2-aminoethyl)benzene sulfonyl fluo-
ride] were obtained from Sigma (St. Louis, MO). Oligonu-
cleotides for cloning and sequencing were either synthe-
sized by the phosphoamidite method using an Applied Bio-
systems DNA synthesizer model 391, or purchased from
Kurabo (Osaka) and Kiko-tech (Osaka). DEAE-Sepharose
Fast Flow and Sephadex G-75 were purchased from Amer-
sham Pharmacia Biotech. (Buckinghamshire, UK). Polyvi-
nylidene difluoride (PVDF) membrane was obtained from
Bio-Rad Laboratories (Hercules, CA). All other materials
were purchased from Wako Pure Chemicals (Osaka).

Bacterial Strains, Plasmids, and Media—Bacillus
novosp. MN-32 was used as a DNA donor. E. coli JM109
(endAl, recAl, gyrA96, thi, hsdR17, relAl, supE44, Ulac-
proAB), V [traD36, praA+B+, laclq, lacAMIS] and E. coli
DH5a [deo R, end Al, gyr A96, hsd R17(rkr, mk+), rec Al,
rel Al, sup E44, thi-1, (lac ZYA-arg iOU169, 0SOZacZAM15,
F", l i were used as hosts. Plasmids pUC18 and pUC19
were used for cloning and sequencing. Plasmid pKK223-3
was used for expression (30). MN medium (0.75% Polypep-
ton S, 0.75% Polypepton Y, 0.1% yeast extract, 0.3% sodium
chloride, 0.05% MgSO^PLp, 0.01% CaCVHA 0.001%
ZnSO^tLp, 0.001% MnCli-Ii.O, 0.001% FeSO.I^O, pH
3.5) was used for the cultivation of Bacillus novosp. MN-32.
E. coli strains were grown in Luria-Bertani broth (LB-
broth, 1% Polypepton, 0.5% yeast extract, and 1% sodium
chloride, pH 7.0) or super broth (1.2% Polypepton, 2.4%
yeast extract, 0.5% glycerol, 1.25% KJIPO.,, and 0.38%
KILPO,, pH 7.0).

Preparation of Anti-Kumamolysin Antibody—An antise-
rum was prepared by using an authentic kumamolysin.
Two miUiliters of the emulsified antigen (0.5 to 2 mg/ml) in
complete Freund's adjuvant was injected into the hind leg
muscles of rabbit. Booster immunization was repeated at

two weeks interval after initial sensitization. An antd-
kumamolysin antibody was partially purified from the
high-titer serum by DEAE-cellulose chromatography. The
antibody was stored at —80'C until use.

Determination of Partial Amino Acid Sequence—Kuma-
molysin (2 mg) was digested with trypsin (12 jig) in 100
mM potassium phosphate buffer, pH 7.8 for 24 h at 37°C.
For cyanogen bromide (CNBr) cleavage, the enzyme (1 mg)
was incubated in 70% formic acid solution containing 0.1%
CNBr under N2 gas in the dark for 15 h at room tempera-
ture. Peptide mixtures obtained by enzymatic or CNBr
cleavages were separated by reverse-phase high pressure
liquid chromatography. Amino acid sequences of the amino-
terminal region of kumamolysin and of peptides derived
from trypsin or CNBr cleavages were determined by the
Edman degradation method (31).

Preparation of DNAs and Transformation—Bacillus
novosp. MN-32 chromosomal DNA was prepared by the
method of Saito-Miura (32). Plasmids were isolated by
alkaline lysis followed by polyethylene glycol 6,000 precipi-
tation. Competent cells for transformation were prepared
by the method of Hanahan with a slight modification (33).

DNA Manipulation—The general procedures for DNA
manipulation were based on those described in Sambrook
et al. (34). PCR and sequencing were carried out according
to the protocols recommended by the respective manufac-
turers.

Cloning of the Kumamolysin Gene—Two probes, K4K5
(5'-TAICAIGCIGGICCIGGITGGGAICCIGA-3') and R3 (5'-
CCACGACAT(G/C)ACGGA(G/C)GGGAACAACGACAT-3'),
were labeled with P2P-7]ATP for hybridization. Bacillus
novosp. MN-32 chromosomal DNAs digested with various
restriction enzymes were separated on a 0.7% agarose gel
and transferred to a nitrocellulose filter. The filter was pre-
hybridized for 2 h at 60°C in a solution comprised of 0.75 M
NaCl, 75 mM sodium citrate, 50 mM sodium phosphate, lx
Denhardfs solution, 0.1% SDS, and 0.1 mg/ml salmon tes-
tis DNA. Hybridization was carried out in 10 ml of the
same solution containing a radioactive probe for 16 h at
60°C. After incubation, the filter was washed twice with 20
ml of a solution comprised of 0.3 M NaCl, 30 mM sodium
citrate, and 0.1% SDS for 15 min and twice with 20 ml of
the same solution for 1 h at 60°C. After drying, the filter
was wrapped and exposed to an X-ray film with an intensi-
fying screen at -80"C.

DNA Sequencing—Nucleotide sequence was determined
by the chain termination method with AmpliTaq DNA poly-
merase Stoffel fragment by using an Applied Biosystems
DNA sequencer model 373S. The reaction mixture was
loaded on a 5.25% denatured polyacrylamide gel. Nucle-
otide sequence was analyzed using the DNASIS software
programs (Hitachi) for prediction of an amino acid se-
quence.

Construction of Kumamolysin Expression Plasmids—
pK2 was digested with SphI and the resultant 5.6-kbp frag-
ment was self-ligated. The kumamolysin gene including N-
Prepro region was located downstream from the lac pro-
moter. The resultant plasmid, pK2Sl, was transformed into
E. coli JM109. To construct a superior kumamolysin ex-
pression plasmid, a 1.9-kbp fragment of pK2 was amplified.
Four sense primers containing an EcoBl site, 5'-TTTGAAT-
TCATGCCCATCCCGACTAG-3' (SI), 5'-TTTGAATTCATG-
GAGTGGAAGGCGAT-3' (S2), 5'-TTTGAATTCATGAGCG-
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ACATGGAGAA-3' (S3), and 5'-TTTGAATTCATGGAGAA-
GCCTTGGAA-3' (S4-); and an antisense primer containing
a ffircdm site, 5'-TTTAAGCTTGGCCAAGTTGTGCTCTC-
3' (Al), were used. PCR (SI and Al, S2 and Al, and S4 and
Al) was performed for 25 cycles of denaturation (96°C, 60
s), annealing (65°C, 90 s), and extension (72°C, 90 s) using
pK2 as a template DNA. For PCR using primers S3 and
Al, annealing and extension were carried out at 60°C for
90 s and at 67°C for 90 s, respectively. The amplified frag-
ments were digested with EcoRI and HindJU., and each
resultant fragment was cloned into the same site of
pKK223-3. The resultant plasmids, pSl-Al, pS2-Al, pS3-
Al, and pS4-Al were transformed into E. coli JM109 cells.

Construction of Mutant Plasmid, pS278A—A 300-bp
fragment of pS3-Al was amplified with a sense primer
SAL, 5'-CACGTCGACTTTCCCGCGGCG-3', and an anti-
sense primer, 5'-GGCGGCCGTCCCGCCGATGA-3'. A 460-
bp fragment of pS3-Al was amplified with a sense primer,
5'-ATCGGCGGGACGGCCGCCGT-3', and an antisense pri-
mer Al containing a HindUI site, 5'-TTTAAGCTTGGCCA-
AGTTGTGCTCTC-3'. PCR was performed for 25 cycles of
denaturation (96°C for 60 s), annealing (60°C for 90 s), and
extension (67°C for 90 s) using pS3-Al as a template DNA.
These fragments were combined and subjected to the sec-
ond-step PCR using the SAL and Al primers under the
conditions described above. A 760-bp fragment was ampli-
fied with a sense primer SAL and an antisense primer Al.
The resultant fragment was digested with Sail and Hin-
HTTT, and the fragment was inserted into the Sall-Hindm
site of pS3-Al. The mutant plasmid designated as pS278A
was transformed into E. coli JM109 cells.

Expression of Recombinant Enzyme in E. coli Cells—E.
coli JM109 cells harboring the expression plasmid (pK2Sl
and its derived plasmids) were cultured at 27°C in 100 ml
of super broth containing 50 iig/ml of ampicillin until opti-
cal density at 660 nm reached 0.5. Isopropyl-p-D-thiogalac-
topyranoside (TPTG) was added to a final concentration of
1.0 mM, and the cultivation was continued for an addi-
tional 5 h. Harvested cells were washed twice with 20 mM
phosphate buffer, pH 6.5 and resuspended in the same
buffer. The suspension (lg wet cells per 10 ml) was dis-
rupted with an Ultrasonic model Astrason XL (output 1
kHz, 2 min at intervals of 1 min, 10 times at 4°C). The re-
sultant suspension was centrifuged at 20,000 xg for 20 min
at 4°C. The supernatant was diluted 6-fold with 50 mM
sodium acetate, pH 4.7, then incubated at 25°C for 5 h.
Western hybridization of the expressed proteins was car-
ried out according to the method of Towbin et al. (35), by
using rabbit anti-kumamolysin antibody and alkaline phos-
phate-conjugated rabbit IgG antibody.

Processing of the S278A Mutant Precursor by Authentic
Kumamolysin—Cell-free extracts of E. coli JM109 cells
harboring pS3-Al and pS278A were prepared by the meth-
od described above. The supernatants were diluted 6-fold
with 50 mM sodium acetate buffer, pH 4.8, then incubated
at 25°C for 1 h with or without authentic kumamolysin.
The final concentrations of kumamolysin were 1.4 and 0.14
(xg/mL respectively. After incubation, these samples were
placed on an ice bath and their proteinase activities were
measured at 60°C for 20 min using casein as a substrate. A
10-jxl portion of each sample was mixed with 10 jxl of 2 M
Tris-HCl, pH 9.5 and 5 JJLI of SDS loading buffer (250 mM
Tris-HCl, pH 6.8, 5 mM EDTA, 5% 2-mercaptoethanol, 5%

SDS, 0.125% bromophenol blue, and 50% glycerol). The
mixtures were loaded onto a 12.5% SDS^polyacrylamide
gel after heat denaturation.

Purification of the Enzyme—E. coli JM109 cells harbor-
ing pK2Sl or pS3-Al was used for the production of recom-
binant kumamolysin. Each strain was aerobically cultured
in super broth containing 50 jig/ml of ampicillin at 27°C.
When the optical density at 660 nm reached 4.0 (pK2Sl) or
2.0 (pS3-Al), IPTG was added to a final concentration of 1
mM, and then the cultivation was continued for an addi-
tional 5 h. Harvested cells were washed twice with 20 mM
phosphate buffer, pH 6.5 and resuspended in 0.1 g wet cells
per milliliter of the same buffer. The cells (pK2Sl: 114 g;
pS3-Al: 3 g) were disrupted with a Ultrasonic model Astra-
son XL (pK2Sl: output 1 kHz, 2 min at intervals of 1 min,
10 times; pS3-Al: output 1 kHz, 3 s at intervals of 30 s, 80
times) at 4°C. For activation of kumamolysin precursor,
each supernatant was diluted 5 to 6-fold with 50 mM sodi-
um acetate, pH 4.8 (buffer A), then incubated at 25°C for 5
h (pK2Sl) or 3 h (pS3-Al). For purification of recombinant
kumamolysin derived from the pK2Sl, a half portion of the
activated sample was loaded onto a column of DEAE-
Sepharose Fast Flow (<J>3.2 x 12 cm) equilibrated with 50
mM acetate buffer, pH 5.5 (buffer B). The adsorbed enzyme
was eluted with a linear gradient in buffer B from 0 to 0.8
M NaCl. The concentrated enzyme was loaded onto a col-
umn of Sephadex G-75 (4>2.5 x 43 cm) equilibrated with
buffer B. The enzyme was eluted with buffer B at a flow
rate of 18 ml/h. Active fractions were loaded onto a column
of MonoQ 5/5 (4>5.O x 50 mm) equilibrated with 50 mM ace-
tate buffer, pH 4.7. The enzyme was eluted with 0 to 0.4 M
NaCl linear gradient at a flow rate of 60 ml/h. Active frac-
tions were pooled and stored at -20°C until use.

For purification of recombinant kumamolysin derived
from the pS3-Al, the activated sample was fractionated by
80% ammonium sulfate saturation. After dialysis, recombi-
nant enzyme was purified by chromatographies on DEAE-
Sepharose Fast Flow (4>3.2 x 17 cm) and Sephadex G-75
(4>1.6 x 50 cm), as described above. Active enzymes were
stored at -20°C until use.

Protein Concentration—Protein concentration was calcu-
lated from the absorbance at 280 nm by use of the factor
£!* =12.6(17).

Homogeneity—Sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) was carried out according
to the method of Laemmli (36), using a 12.5% polyacryla-
mide gel in 0.375 M Tris-HCl buffer, pH 8.8, containing
7.3% acrylamide, 0.2% AyV-methylenebisacrylamide, and
0.1% SDS. Electrophoresis was carried out at a constant
current of 20 mA at room temperature. The gel was stained
with Coomassie brilliant blue R-250 in order to detect pro-
tein bands.

Assay for Proteinase Activity and Tripeptidyl Peptidase
Activity—Proteinase activity was determined by the folin
method with a slight modification using casein as a sub-
strate (17). One unit of enzyme was defined as the amount
that liberates 1 [ig of tyrosine per ml of reaction mixture.
Tripeptidyl peptidase activity was assayed as described by
Ezaki et al. with a slight modification (37). The reaction
mixture comprised 0.1 \iM Ala-Ala-Phe-7-amido-4-methyl-
coumarin (Ala-Ala-Phe-MCA), 0.1 M sodium acetate buffer,
pH 4.0, and enzyme (kumamolysin, 0.42 ^ CLN2, 0.5 [ig),
in a final volume of 0.2 ml. After incubation for 20 min at
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60°C (kumamolysin) or 37°C (CLN2), the reaction was ter-
minated by adding 0.8 ml of 0.1 M TCA containing 30 mM
sodium acetate, pH 4.4. One unit of the activity was defined
as the enzyme amount that gives fluorescence intensity
(excitation, 380 run; emission, 460 nm).

Inhibition Studies—Ac-Ile-Ala-Phe-CHO (iV-acetyl-isole-
ucyl-alanyl-phenylalaninal, 38), Ac-Ile-Pro-Phe-CHO (N-
acetyl-isoleucyl-prolyl-phenylalaninal, 38), tyrostatin (iV-
isovaleryl-tyrosyl-leucyl-tyrosinal, 28), iodo-tyrostatdn, (N-
isovaleryl-phenylalanyl(4-I)-leucyl-tyrosinal, 38), and pseu-
do-tyrostatin (iV-isovaleryl-tyrosyl-tyrosinal, 38) were syn-
thesized in our laboratory. The reaction mixture comprised
of kumamolysin and each inhibitor was incubated at 60°C,
37°C, or 22.4'C for 10 min. The remaining activities were
assayed. Kx values of each inhibitor for kumamolysin were
calculated from Lineweaver-Burk plots.

A reaction mixture (50 \i\) containing 100 mM sodium
formate buffer (pH 3.5), 10 mM AEBSF (4-(2-aminoethyl)-
benzenesulfonyl fluoride), and 0.1 uM kumamolysin was
incubated at 60°C for 1 h. The remaining activity was mea-
sured by the casein-folin method.

RESULTS

Partial Amino Acid Sequence of Kumamolysin—The

amino-terminal amino acid sequence of kumamolysin was
determined to be A-A-P-T-A-Y-T-P-L-D-V-A-Q-{X)-Y. Amino
acid sequences of seven peptides derived from trypsin or
CNBr digestion were also determined. Based on these par-
tial amino acid sequences of kumamolysin, two oligonucle-
otide probes (K4K5 and R3) were designed and synthesized
for further experiments.

Cloning of Kumamolysin Gene—The location of the
kumamolysin gene was determined by Southern blot analy-
ses of the restriction enzyme-digested chromosomal DNA.
A 5.8-kbp Pstl fragment hybridized with both probes, K4K5
and R3. The fragment had been extracted from agarose gel

Pst\

Sal\
ECOWL

1-kb
N-Prcpro Mature

region region

Sequenced

Fig. 1. Partial restriction map of the 5.8 kb chromosome DNA

fragment inserted into Pstl site of pUC19. The restriction map

of pK2 is shown. N-Prepro and mature regions are indicated by

shaded and closed boxes, respectively.

CCCOOQCaGOAGATTCCTGCTGCTCGAATOGaACAAGCaTCCCATOaAaATGaQQCCMCOaTC
CaAA^

GGAGAGCGAAGCCTGAAQCO

-200

-173 V L

CATCCCO^TA»lAGAAIWAGTGGAAG<XXyiTGAG^

P I P T R R E W K A S E K P H K E E E K R E
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-138 G D E L E A H V E R Q A A L A P H A R V H L E R E A F A A S H G A S L

-103 D D F A E I R K F A E A H G L T L D R A H V A A O T A V L S G P V D A

OTTAACCAAGCOTTT<3QQGTCaAOTTGCGa^ATTTCGATCATC
- 6 8 V N Q A F < 3 V E L R H F D H P D G S Y R S Y V G D V R V P A S I A P L

ATTOAAGCGaTGTTTGGa:TGGACACGCGCCCQGTGGaKGQCCCCACTITCGGCTGCQGAQQCGCQCCGAGG<^^
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143 A i M H R A F L D A A A L G V T V L A A A Q D S G B T D G E Q D G L Y i H
aTCGACTTTCCC<KGGCGTCGCCGTACGTGCTGGCCT<KGGC(^JrACGCGQCTTGTGGCaAGaKGGGTCGCATCG

1 7 8 V D F P A A S P Y V L A C G O T i R L V A S A G R I E R E T V W H D Q P l

213 G i Q S T G G G V S R l I F P L P S W Q E R A M V l P P S A N P G A G S G

248 R G V P

101
206
311

416

521

626

731

836

941

1046
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1361
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2 8 3 L F A A L V A R I N Q | _ K

318 frEQHMDIANRARIYQAGPGWDPCTQLGSPIGIRl F A
TC

353 S
2201

GAAGGAGGAGAGCACAACrTQGCCTTCACCGCCTCAATCGGATTrcCCCGCATGO^ 2306

Fig. 2. Nucleotide sequence and the deduced amino acid se- mature enzyme. Amino acid sequences determined by protein se-

quence of kumamolysin precursor. The nucleotide sequence is quencing are boxed. Predicted Shine-Dalgamo sequence and putative

numbered from Smal site of the 5' terminus of pK2. Numbering of transcription terminator is indicated by an underline and a dashed

amino acid residues was started at the amino-terminus, Ala, of the line, respectively. The termination codon is indicated by an asterisk.
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and cloned into E. coli DH5a cells by using pUC19. After
the restriction sites of the fragment had been determined,
each small fragment was sequenced in both strands (Pig.
1). Within the DNA sequence, four ATG start codons at
positions 336, 357, 372, and 381, were found (Fig. 2). The
translational initiation site of kumamolysin was deduced to
be ATG at position 372, since a Shine-Dalgarno sequence
(GGAG) similar to the putative E. coli ribosome-binding
site (39) was present 10 nucleotides upstream from the ini-
tiation site. A palindromic sequence was located down-
stream from the stop codon TAG at position 2088. These
data revealed that the open reading frame of the kumamol-
ysin gene was composed of 1,716 base pairs and encoded
572 amino acid residues with a molecular mass of 59,866
Da. By comparing the amino-terminal amino acid sequence

Fig. 3. SDS-polyacrylamide gel electrophoresia of purified re-
combinant kumamolysin. Samples were loaded onto a 12.5%
SDS-polyacrylamide gel after denaturation with SDS and 2-mercap-
toethanol. After electrophoresis, proteins were stained with Com-
massie Brilliant Blue R-250. Lane 1, molecular weight standards,
bovine serum albumin (62 kDa), ovalbumin (45 kDa), carbonic anhy-
drase (31 kDa), and soybean trypsin inhibitor (21.5 kDa). Lane 2,
purified enzyme (3 jig).

of authentic enzyme with that deduced from the kumamol-
ysin gene, it was revealed that kumamolysin was- synthe-
sized as a precursor comprised of N-Prepro (188 amino
acids) and mature proteins (384 amino acids), as observed
in PSCP (22) and XCP (23).

Purification and Some Properties of the Recombinant En-
zyme—We constructed an expression vector for the kuma-
molysin gene, pK2Sl. E. coli cells harboring pK2Sl pro-
duced an immunoreactive protein (K2S1). The expression
of K2S1 was induced by the addition of IPTG. From 114 g
(wet weight) of the cell paste, 5.4 mg of the purified recom-
binant kumamolysin having a specific activity of 6,600 un-
its/mg was obtained (Table I). The purified enzyme showed
a single protein band on a SDS-PAGE (Fig. 3). After incu-
bation at 70°C and pH 4.0 for 10 min, the recombinant
enzyme retained 70% of its original activity. The amino-
terminal amino acid sequence of recombinant kumamol-
ysin was determined to be A-A-P-T-A-. Other sequences, S-
A-A-P- and S-Q-S-A-A-P- were also detected. These se-

kumamolysin

Relative
protcinra 11 20 98 80 1 0
activity (%)

Fig. 4. Western blot analysis of N-Prepro deletion mutants ex-
pressed in E. coli cells. E. coli cell extracts after acidic activation
were electrophoresed in a 12.59c SDS-polyacrylamide gel and ana-
lyzed by Western blotting using rabbit anti-kumamolysin antise-
rum. Proteinase activities of each cell-free extract were measured
using casein as a substrate. Relative activity was estimated based
on the proteolytic activity per wet cell weight. Lane 1, cell-free ex-
tract of pSl-Al—expressed cells; lane 2, cell-free extract of pS2-Al—
expressed cells; lane 3, cell-free extract of pS3-Al-expressed cells;
lane 4, cell-free extract of pS4-Al-expressed cells; lane 5, cell-free
extract of pK2Sl-expressed cells; lane 6, cell-free extract of pKK223-
3-expressed cells.

TABLE I. Summary of the
Procedure

Activation
DEAE-Sepharose
Sephadex G-75
MonoQ

purification of recombinant kumamolysis
Tbtal activity (U)

79,400
61,500
48,800
35,600

Total protein (mg) !

4,900
270
27
5.4

i.

Specific activity (U/mg) Purification (-fold)

16
230

1,800
6,600

1
14

110
410

Yield (%)

100
76
62
45

E. coli cells harboring pK2Sl were used for the production of recombinant kumamolysin.

TABLE II. Inhibition constants of aldehyde-type inhibitors for kumamolysin.

p<
Ac
Ac
Isoval
(iodo-tyrostatin)

Isoval
(tyrostatin)

P,
De
lie
Phe(4-I)

Isoval
(pseudo-tyrostatin)
Tyr

Inhibitor

P2

Ala
Pro
Leu

Tyr

Leu

P,
Phe-CHO
Phe-CHO
Tyr-CHO

Tyr-CHO

Tyr-CHO

60'C

> 2
> 2
> 2

> 2

> 2

3TC

2.2 ± 0.30
1.5 ±0.11
1.9 ± 0.12

> 8

> 8

22.4"C

0.9 ± 0.14
0.7 ± 0.14
1.2 ± 0.24

17 ± 3.0

2.8 ± 0.5

•Kumamolysin and inhibitors were incubated for 10 min at pH 3.5 before adding substrate Reactions were performed at 60'C, 37*C, and
22.4*C. Lys-Pro-De-Glu-Phe-Nph-Arg-Leu was used as a substrate (i^ = 69 ± 11 uM at 60'C, Km = 24 ± 3 jiM at 37-C, and Km = 17 ± 2 uM
at 22.4'C). . . -
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quences correspond to the amino acid residues from -1 to 3
and —3 to 2 of the kumamolysin precursor, respectively. The
specific activity of kumamolysin for Ala-Ala-Phe-MCA was
0.2% of that of the CLN2 protein. Ala-Ala-Phe-chlorometh-
ylketone, an inhibitor of the CLN2 protein, showed no
effect on the proteolytdc activity of kumamolysin (data not
shown).

Construction of High Expression System—To improve the
expression system using pK2Sl, we focused our attention
on Met residues at the ammo-terminal of the kumamolysin
precursor. Their N-Prepro truncation mutants were cloned
into an expression vector, pKK223-3. E. coli cells harboring
pSl-Al (sequence number: 336 to 2088), pS2-Al (357 to
2088), pS3-Al (372 to 2088), or pS4-Al (381 to 2088) pro-
duced a 43 kDa immunoreactive protein (Sl-Al, S2-A1, S3-
Al, or S4-A1) against the anti-kumamolysin antibody (Fig.
4). E. coli cells harboring pS3-Al showed the highest ex-
pression level among them, which was two orders of magni-
tude higher than that of E. coli cells harboring pK2Sl.
When E. coli cells harboring pS3-Al were used for enzyme
production, 25 mg of the purified enzyme (specific activity:
6,300 units/mg) was obtained from 2.4 liter of culture medi-
um.

Inhibition Studies—As reported previously, kumamol-
ysin is insensitive to tyrostatin (A^-isovaleryl-tyrosyl-leu-
cyl-tyrosinal), a specific inhibitor of PSCP and XCP (28).
The reason for this insensitivity is that kumamolysin has a
unique preference for the P2 position of a substrate, prefer-
entially hydrolyzing peptides having an Ala or Pro residue
at this position, while PSCP and XCP prefer peptides hav-
ing hydrophobic and bulky amino acid residues such as Leu
at the P2 position. Based on this substrate specificity of

kumamolysin, two aldehyde inhibitors were synthesized:
Ac-Ile-Ala-Phe-CHO and Ac-Ee-Pro-Phe-CHO, which have
an Ala or Pro residue at the P2 position (38). Their inhibi-
tory activities against kumamolysin are summarized in
Table n, along with those of tyrostatin derivatives. These
aldehyde-type inhibitors showed temperature-dependent
inhibition: inhibitory activity was detected at 22.4 and 37'C
but not at 60°C. Ac-Ile-Pro-Phe-CHO, Ac-Ee-Ala-Phe-CHO,
and iodo-tyrostatin showed inhibition in the (JLM range for
kumamolysin at 22.4'C. Tyrostatin and pseudo-tyrostatin

waa S278A

Activation
Addition of
kumamolynn

Prqiro —•

M a t u r e - • —» <

Relative
proteinase
activity C'o)

100 8 0 5

Fig. 5. Western blot analysis of the S278A mutant expressed
in E. coli cells. Cell-free extracts of pS3-Al—expressed and
pS278A-expressed cells were incubated for 1 h at 25'C and pH 4.8
with or without authentic kumamolysin. These samples were elec-
trophoresed in a 10% SDS-polyacrylamide gel and analyzed by
Western blotting using rabbit antd-kumamolysin antiserum. Pro-
teinase activity was measured using casein as a substrate. Acidic ac-
tivation: before (-), after (+); kumamolysin concentration: 1.4 |xg/ml
(1), 0.14 (ig/ml (2); authentic kumamolysin: 1.4 (ig/ml (C).

PSCP 1 AAGTAK(3nfPTEFPTIMASSAPTAWnTV(^FlHvS0TIX!EBCBrTSA—I«LASVNTQTIQTGSSN(3)YSD 73
XCP 1 Hv^ [ftS rSAIlG<Ms^M1IOTAV(311V I ' IWVIT§NsFTSG—aJLATVNSTITjflGS—GTFAN 68
CLN2 1 I^IiSVTPSVIRKRYNLTSQIWGSCTSNNSQajAQFI^YT'HDSD^ 75

KUMA 7 1
PSCP 74
XCP 69 B D S -
CLN2 76

KUMA 138
PSCP 144
XCP 143
CLN2 139 SA'

137
EADAH-g 143

IDETAAQ-Q 142
GDD—^BLS 138

•V-YOrfBllPTEflsPGYVAHSAGTVKIDL'
SGR HQ]

KUMA 196 -V,
PSCP 207
XCP 221 -;
CLN2 199 QEPFLIT—:

KUMA 252
PSCP 261
XCP 281
CLN2 256

KUMA 322
PSCP 334 I GYGGYG-
XCP 354 | GYQSHG-
CLN2 328 HESClflEEVE'

jSG^AERFlJPAVTRDLASGKEYNCESLQAML
IRSNGFO1

'ALLKTLLNP

384
372
398
368

Fig. 6. Comparison of the primary structure of kumamolysin
with those of related carboxyl proteinases. The amino add se-
quence was numbered from the amino-terminal residue of mature en-
zymes. The sequences are: KUMA, kumamolysin (this work); PSCP,
Pseudomonas senne-carboxyl proteinase; XCP, Xanthomonas car-
boxyl proteinase; CLN2, human CLN2 protein. Heavy shading indi-

cates identical amino add residues. Abbreviations for the amino arid
residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly;
H, His; I, He; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S,
Ser, T, Thr, V, Val; W, Trp; and Y, Tyr. The asterisks indicate the cata-
lytic residues identified by a three-dimensional structure of PSCP
(29).
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did not show inhibitory activities at 37°C. In addition,
kumamolysin was not inhibited at all by AEBSF, a typical
serine proteinase inhibitor, even at 10 mM concentration of
inhibitor.

Mutational Analysis of Ser278 Residue—-The Gly-Thr-Ser
sequence, a typical catalytic motif of serine proteinases, is
found in PSCP, XCP, and the CLN2 protein (25). The corre-
sponding serine residue in kumamolysin is Ser278. To clar-
ify the involvement of the Ser278 residue in the catalytic
function, mutational analysis was carried out. As shown in
Fig. 5, E. coli JM109 cells harboring pS3-Al and pS278A
produced immunoreactive proteins (wild-type and S278A)
against the anti-kumamolysin antibody. E coli JM109 har-
boring pS3-Al produced a 64 kDa precursor protein and
the partially processed protein before acidic activation.
These proteins were autocatalytically converted to a 43
kDa active form after incubation under acidic conditions. In
contrast, E. coli JM109 cells harboring pS278A produced
only the 64 kDa precursor protein, and this was not pro-
cessed to an active protein after incubation under acidic
conditions. The precursor protein of the S278A mutant was
converted to a mature form by addition of catalytic
amounts of authentic kumamolysin, but the mature pro-
tein lacked proteolytic activity.

DISCUSSION

Kumamolysin is the first thermostable and pepstatin-
insensitive carboxyl proteinase isolated from prokaryotic
cells. To clarify the structure-function relationship of kuma-
molysin, we have cloned the gene from Bacillus novosp.
MN-32 and determined its nucleotide sequence.

Kumamolysin was synthesized as a large precursor con-
sisting of two regions: N-Prepro (188 amino acids) and
mature proteins (384 amino acids). The N-Prepro region
might have a chaperone-like activity that causes the
mature protein to fold correctly, as observed in PSCP (K-
Oda et al., unpublished data). The mature region of kuma-
molysin showed no significant sequence similarity to any
pepstatin-sensitive carboxyl proteinases (aspartic protein-
ases) reported so far or to those of the thermophile enzyme,
thermopsin (40, 41), and the fungal pepstatin-insensitive
carboxyl proteinases (42, 43). However, it showed signifi-
cant sequence similarities to PSCP (22), XCP (25), and the
CLN2 protein (21) (Fig. 6). The identity was 37% for PSCP,
36% for XCP, and 36% for the CLN2 protein.

E. coli cells harboring pK2Sl and pS3-Al produced about
1.2 and 25 mg of recombinant kumamolysin per liter of cul-
ture medium, respectively. These amounts were about 7
and 150 times higher than that of authentic kumamolysin
produced in Bacillus novosp. MN-32 (17). In pS3-Al, the
length of the N-Prepro part was adjusted to get a higher
expression level. Specific activity of recombinant kumamol-
ysin (6,600 units/mg) was also 2.6 times higher than that of
authentic enzyme (2,500 units/mg) (17). One reason for
such differences might be the simple purification of recom-
binant kumamolysin, by which self-degradation was pre-
vented. Enzymatic properties of recombinant kumamolysin
were similar to those of the authentic enzyme, despite a
slight difference in the amino-terminal amino acid se-
quence. During destruction of E. coli cells and/or acidic acti-
vation, the precursor protein might be cleaved by E. coli
proteinases and/or kumamolysin.

We demonstrated previously that kumamolysin preferen-
tially hydrolyzed such peptides as Lys-Pro-Ile-Pro-Phe-
Nph-Arg-Leu and Lys-Pro-Ile-Ala-Phe-Nph-Arg-Leu, hav-
ing a Pro or Ala residue at the P2 position (26). The CLN2
protein could not cleave such octa-peptides, but it cleaved
shorter peptides such as P3-P2-P1-P1'-P2'-P3' effectively
(B.M. Dunn and K Oda, unpublished data). In this study,
we confirmed that the recombinant kumamolysin showed
very weak tripeptidyl peptidase activity. The specific activ-
ity of kumamolysin for Ala-Ala-Phe-MCA was 0.2% of that
of the CLN2 protein. In addition, Ala-Ala-Phe-chlorometh-
ylketone, an inhibitor of the CLN2 protein, did not inhibit
kumamolysin. Thus, it was strongly suggested that the
subsite structure of kumamolysin, especially the S2 and S3

subsites, was very different from those of PSCP (27) and
the CLN2 protein (37).

Kumamolysin is a thermostable enzyme from a thermo-
philic bacterium (26). In the case of the neutral proteinase
of Bacillus stearothermophilus, its thermostability was im-
proved by the introduction of proline into its primary struc-
ture (44). The proline content (8.3%) of kumamolysin was
2.6 times higher than that of PSCP (identity with kumamo-
lysin = 37%). It was suggested that the high proline content
contributed to the thermostability of kumamolysin.

The molecular mass (43 kDa) of recombinant kumamol-
ysin on SDS-PAGE was clearly different from the predicted
MT of 39,092. The same phenomenon was observed in anal-
ysis of scytalidopepsin B (45). The percentages of Asp and
Glu residues in kumamolysin were 6.3 and 4.7%, respec-
tively. Those in scytalidopepsin B were 9.2 and 6.3%, re-
spectively (45). Zirwes et al. reported that the negatively
charged amino acid residues weakened SDS binding effi-
ciency (46). This might be one of the reasons for low electro-
phoretic mobility.

To identify the catalytic residue, we studied the effect of
aldehyde-type inhibitors, which were designed and synthe-
sized based on the chemical structure of tyrostatin and the
substrate specificity of kumamolysin (26, 28). In PSCP {29),
such aldehyde-type inhibitors form a hemiacetal linkage
with the catalytic serine residue and inactivate the enzyme.
This will be further discussed below, in conjunction with
the catalytic triad of PSCP. The inhibitory activities of the
aldehyde-type compounds were temperature-dependent.
The strongest inhibition was observed at 22.4°C (Table II).
At higher temperature, the binding ability of the inhibitors
for kumamolysin may have been decreased due to rapid
dissociation of the hemiacetal product, or the binding affin-
ity may have been too low to provide a productive complex.
Kumamolysin was inhibited by Ac-Ile-Pro-Phe-CHO, Ac-Ile-
Ala-Phe-CHO, and iodo-tyrostatin with inhibition constants
at 22.4°C in the JJLM range. Tyrostatin is a competitive in-
hibitor for PSCP with a X, value of 2.6 nM (47). The K, val-
ues of the inhibitors for kumamolysin were three orders of
magnitude lower than that of tyrostatin for PSCP. This
suggested that the preference of kumamolysin at the Pj
position, as well as the P2 position, was also different from
that of PSCP.

The inhibition studies described above showed that
serine residue was crucial for the catalytic function of
kumamolysin. Based on the sequence similarity among
PSCP, XCP, and the CLN2 protein, the Ser278 residue was
selected as the likely catalytic residue of kumamolysin, and
its involvement in the catalytic function was confirmed by
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Fig. 7. Partial sequence alignment for selected members of
the family of serine-carboxyl proteinases. Abbreviations for the
enzymes are as follows: CLN2, human tripeptidyl peptidase I (21);
Sulfolobus, protease-related protein in Sulfolobus solfataricus (48);
Thermoplasma, XCP-related protein in Thermoplasma acidophdum
(49); Physarum, cell-specific php protein from the slime mold Phys-
arum polycephalum (50); Amoeba, lysosomal pepstatin-insensitive
carboxyl proteinase from Amoeba proteus (51). Heavy shading indi-
cates identical amino acid residues.

mutationa] analysis. Precursor protein of the S278A mu-
tant was not converted to mature protein after acidic acti-
vation (Fig. 5). By addition of catalytic amounts of authen-
tic kumamolysin, the precursor protein was converted to a
43 kDa mature form, but the processed protein showed no
proteolytic activity. These results indicated that the S278A
mutant lost both auto-processing activity and proteolytic
activity. Thus, it was elucidated that the Ser278 residue
was essential for the catalytic function of kumamolysin.

Finally, catalytic residues of kumamolysin will be dis-
cussed based on the sequence homology and the structure
of PSCP. In 2001, Wlodawer et al. reported a three-dimen-
sional structure of PSCP (29). The following unique fea-
tures were elucidated: (i) the unexpected fold of PSCP was
a superset of the subtilisin fold, (ii) the catalytic residues
were composed of a unique triad of Glu80, Asp84, and
Ser287 residues. The catalytic triad of subtilisin is com-
posed of Asp32, His64, and Ser221 residues. The Glu80 res-
idue of PSCP, equivalent to the His64 residue in subtilisin,
works as a general base. This is the one of the unique fea-
tures of PSCP. Thus, PSCP was classified into a novel fam-
ily (MEROPS S53) of serine-carboxyl proteinases with a
catalytic triad consisting of Glu80, Asp84, and Ser287 resi-
dues.

PSCP-related proteins were detected in a BLAST search
of the SwissPlot database. As shown in Fig. 7, a unique cat-
alytic triad comprising Glu, Asp, and Ser was found to be
conserved in kumamolysin and other homologous proteins
such as PSCP (22), XCP (23), the CLN2 protein {21), pro-
tease-related protein in Sidfblobus solfataricus (48), XCP-
related protein in Thermoplasma acidophilum (49), cell-
specific php protein from the slime mold Physarum poly-
cephalum (50), and lysosomal pepstatin-insensitive car-
boxyl proteinase from Amoeba proteus (51).

The results of inhibition studies, mutational analysis, se-
quence alignment, and the structure of PSCP strongly sug-
gest that kumamolysin has a unique catalytic triad com-
prising Glu78, Asp82, and Ser278 residues (corresponding

to Glu80, Asp84, and Ser287 residues in PSCP).
Three-dimensional structure analyses of kumamolysin

with and without inhibitors are currently underway. We
hope to obtain more information on the structure-function
relationship of kumamolysin from these studies.

We appreciate the assistance of Dr. Ken-ichi Fukuhara (Ajinomoto)
in the determination of peptide sequences.
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