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A novel trypsin-like serine proteinase was purified to homogeneity from the bovine
pancreas microsome fraction. The enzyme was solubilized with 3-[(3-cholamidopropyl)-
dimethyl-ammonioj-l-propanesulfonate (CHAPS), and purified by a series of column
chromatographic steps on Ultrogel AcA-34, trypsin inhibitor-Sepharose 4B, and arginine-
Sepharose 4B. The molecular mass of this pancreas trypsin-like proteinase (bPTLP) was
estimated to be 29.5 kDa by SDS-PAGE under reducing conditions. The NH2-terminal
sequence of bPTLP is very homologous, but not identical to those of other serine protein-
ases, especially such as elastases IV, II, and III. Substrate specificity studies involving a
synthetic substrate and glucagon indicated that the enzyme hydrolyzes Arg-X, Lys-X, and
Leu-X bonds. The best synthetic substrate for bPTLP was t-butyloxycarbonyl Gln-Arg-
Arg-4-methylcoumaryl 7-amide. The enzyme failed to hydrolyze the substrate for chymo-
trypsin and elastase. The enzyme activity was inhibited by diisopropyl fluorophosphate,
p-amidinophenylmethane sulfonylfluoride, and leupeptin, indicating that it is a serine-
proteinase. These findings show that bPTLP is a novel serine-proteinase which diflFers from
all known proteinases. The physiological function of the enzyme has yet to be determined.
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Trypsin-like serine proteinases are widespread in nature,
and are involved in many biological processes, in proteoly-
tic processing of proteins, digestion, blood coagulation,
angiogenesis, inflammation, and fertilization (1). They may
also be implicated in the pathogeneses of various diseases.
Recently, Kido et al. purified a trypsin-like serine protein-
ase from rat bronchiolar epithelial cells and showed that it
processes the precursor of a viral fusion glycoprotein to the
active form (2). Tsuji et al. indicated that hepsin, a
putative membrane-associated trypsin-like serine protein-
ase expressed at a high level in liver (3), may play a
significant role in cell growth and the maintenance of cell
morphology (4). Kazama et al. showed that hepsin is
capable of initiating the coagulation pathway on the cell
surface that ultimately leads to thrombin formation (5).
Thus, identification of a novel trypsin-like proteinase could
aid our understanding of basic biological processes as well
as the pathogeneses of some diseases.

In this study, we purified a novel trypsin-like serine
proteinase to homogeneity from a microsomal fraction of
1 This study was supported in part by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science and Culture of
Japan.
Abbreviations: APMSF, amidinophenylmethanesulfonyl fluoride;
Bz, benzoyl; Z, benzyloxycarbonyl; bPTLP, bovine pancreas trypsin-
like proteinase; Boc, i-butyloxycarbonyl; pCMB, p-chloromercuri-
benzoate; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-l-
propanesulfonate; DFP, diisopropyl fluorophosphate; E-64, trans-
epoxysuccinyl-L-leucylamido-(4-guanidino)butane; MCA, 4-methyl-
coumaryl 7-amide; pyr, L-pyroglutamyl; Sue, succinyl; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

bovine pancreas. Its properties, including the amino-termi-
nal amino acid sequence, amino acid composition, substrate
specificity and proteinase inhibitor profile, are described.

EXPERIMENTAL PROCEDURES

Materials—Peptide 4-methylcoumaryl 7-amide (MCA)
substrates, human glucagon, leupeptin, pepstatin, trans-
epoxysuccinyl-L-leucylamide-(4-guanidino)butane (E-64),
and chymo8tatin were purchased from the Peptide Institute
(Osaka). Arginine-Sepharose 4B and activated CH-Sepha-
rose 4B were from Pharmacia (Uppsala, Sweden). Soybean
trypsin inhibitor was from Sigma Chemical (St Louis, MO,
USA), and coupled to CH-Sepharose 4B according to the
instructions of the manufacturer. [l,3-3H]Diisopropyl
fluorophosphate (DFP) was from NEN-Dupont (Boston,
MA, USA). The other chemicals used were of analytical
grade.

Enzyme Assay—Proteinase activity was assayed with
Boc-Gln-Arg-Arg-MCA as described (6). One unit was
defined as the activity that produced 1 nmol of 4-methyl-
coumaryl 7-amide per min at 37'C. The protein concentra-
tion was determined according to the method of Bradford
(7). Assays were performed using the Bio-Rad protein
assay reagent with bovine serum albumin as the standard.

Electrophoresis—Sodium dodecylsulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) was performed
according to Laemmli (8). The standard proteins employed
were bovine serum albumin (67 kDa), ovalbumin (45 kDa),
carbonic anhydrase (31 kDa), trypsin inhibitor (21.5 kDa),
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and lyzozyme (14.4 kDa). The proteins were detected by
silver staining.

['H]DFP Labeling—The purified enzyme (50 ng) was
incubated in an ice-bath for 30 min in the absence or
presence of 5 mM amidinophenylmethanesulfonyl fluoride
(APMSF). Thereafter, [3H]DFP (72 kBq) was added,
followed by further incubation in the ice-bath for 30 min.
The samples were then boiled in 2% SDS in the presence of
y9-mercaptoethanol and resolved by SDS-PAGE. The gel
was soaked in Amplify (Amersham, Buckinghamshire,
UK) and dried. Autoradiography was performed at — 80'C
with Konica X-ray film

Amino Acid Composition and Sequence Analysis—The
purified enzyme (5 peg) was hydrolyzed in 6-N HC1 for 24 h
at HOT in an evacuated, sealed tube. The amino acids were
determined with a Shimadzu ALC-1000 amino acid ana-
lyzer.

For NH2-terminal sequence analysis, the purified en-
zyme (5 ng) separated by SDS-PAGE was electroblotted on
a PVDF membrane (Immobilon Transfer, 0.45 //m; Milli-
pore) according to the instructions of the manufacturer.
Protein bands were detected by staining with amido black.
The membrane was destained with 7% acetic acid, washed
with water and then dried. The protein band (29.5 kDa) was
cut into small pieces and applied to a Shimadzu Protein
sequencer (Model PPSQ-10) equipped with an on-line
phenylthiohydantoin amino acid analyzer.

Digestion of Glucagon and Analysis of the Digest—The
purified enzyme (34 pmol) was incubated with human
glucagon (8.6 nmol) in a final volume of 100 n\ in 50 mM
Tris-HCl buffer, pH 9.0, at 37'C for 1 h. The digestion
mixture was acidified with 40 //I of 1% trifluoroacetic acid.
Samples were subjected to reversed phase high perform-
ance liquid chromatography (HPLC) on a Spherisorb-ODS
2 column (4x100 mm; Pharmacia-LKB). Peptides were
eluted at 0.5 ml/min with a linear gradient of acetonitrile
(0-50% in 50 min) in 0.1% trifluoroacetic acid. The peaks
were collected, applied to glass fiber discs which had been
coated with Polybrene, and then analyzed with an auto-
mated protein sequencer (Shimadzu PPSQ-10).

RESULTS AND DISCUSSION

Purification of the Proteinase—AH purification proce-
dures were performed at 4'C unless otherwise stated. Fresh
defatted bovine pancreas (600 g) was minced and homoge-
nized with 2.5 liters of 0.25 M sucrose containing 1 mM
Tris-HCl, pH 7.0, in a Waring blender for 1 min. The
homogenate was centrifuged at 700 Xg for 10 min. The
supernatant was centrifuged at 10,000 Xg for 15 min and
then filtered through a gauze. The filtrate was further
centrifuged at 105,000 Xg for 30 min. The precipitated
microsome membranes were homogenized in a Teflon
homogenizer with 4 volumes of 50 mM acetate buffer, pH
6.0, containing 0.5 M NaCl, and then centrifuged at
105,000 X g for 1 h. The precipitate was homogenized in the
same buffer and then centrifuged again. The microsomal
membranes were washed with 0.5 M NaCl, and then
suspended in 4 volumes of 50 mM acetate buffer, pH 6.0,
containing 1% [(3-cholamidopropyl)dimethylammonio]-l-
propanesulfonate (CHAPS) and incubated overnight with
stirring. After centrifugation at 105,000 Xg for 1 h, the
supernatant was concentrated by ultrafiltration (Amicon,

YM-30). The concentrate (1,500 mg protein) was applied to
an Ultrogel AcA-34 column (4.3 x 93 cm) equilibrated with
25 mM acetate buffer, pH 6.0, containing 0.1% CHAPS and
1 mM CaCl2, and eluted with the same buffer at the flow
rate of 50 ml/h. As shown in Fig. 1 A, fractions of the main
peak (tube numbers 39-54), which corresponded to a
protein of about 500 kDa, were pooled. This sample was
concentrated by ultrafiltration and then dialyzed against 20
mM Tris-HCl buffer, pH 7.0, containing 0.1% CHAPS.
After centrifugation to remove insoluble materials, the
supernatant was applied to a trypsin inhibitor-Sepharose
4B column (1.3x1.3 cm) equilibrated with the dialysis
buffer. After the column had been washed with the buffer
containing 2 M NaCl and with the acetate buffer, pH 4.0,
the enzyme activity was eluted with 50 mM glycine-HCl
buffer, pH 3.0, at the flow rate of 30 ml/h, as shown in Fig.
IB. The eluate was immediately neutralized with 1 M
Tris-HCl buffer, pH 7.0, concentrated by ultrafiltration,
and then dialyzed against 20 mM Tris-HCl buffer, pH7.
The dialyzate was applied to an arginine-Sepharose 4B
column (1.0X2.5 cm) equilibrated with the same buffer.
The enzyme activity was eluted in the 50 and 100 mM NaCl
fractions, as shown in Fig. 1C. Both fractions were concen-

200

50 100 150
Fraction Number

Fig. 1. Purification of the proteinase from bovine pancreas by
a series of column chromatographic steps. (A) Ultrogel AcA-34
gel nitration. Fractions of 10 ml were collected. (B) Trypsin inhibitor-
Sepharose 4B affinity chromatography. The column was eluted with
2M NaCl (1), 50 mM glycine-HCl buffer, pH4.0 (2), and 50 mM
glycine-HCl buffer, pH 3.0 (3), fractions of 1.5 ml being collected. (C)
Arginine-Sepharose 4B amnity chromatography. The column was
eluted with 20 mM Tris-HCl buffer, pH 7.0, containing 50 mM NaCl
(1), 100 mM NaCl (2), and 200 mM NaCl (3). Arrows indicate buffer
changes. Fractions of 1.5 ml were collected. The fractions indicated by
the horizontal bar were pooled.
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102 A. Tsuji et al.

trated by ultrafiltration and their NH2-terminal amino
acids were analyzed to determine the purity of the enzyme.
A single amino-terminal residue (Val), which was propor-
tional to the amount of sample, was detected in the 100 mM
NaCl fraction. However, two amino-terminal residues (Val
and lie) were detected in the 50 mM NaCl fraction. We
therefore used the 100 mM NaCl fraction as the final
preparation with which to characterize the enzyme.

The final preparation gave a single protein band corre-
sponding to a molecular mass of 29.5 kDa on SDS-PAGE, as
shown in Fig. 2A. The 29.5 kDa band was labeled with
['H]DFP, as shown in Fig. 2B. The enzyme could not be
labeled with [3H]DFP after exposure to APMSF (data not
shown). These findings suggested that the enzyme is a
serine proteinase. Table I summarizes the results of a
typical purification of the enzyme. From 600 g of bovine
pancreas, we obtained 29 ng of purified enzyme.

The binding of the purified enzyme to concanavalin and

45-

3 1 -

215~

14.4-

wheat germ aggulutinin gels was examined. The enzyme
did not bind to these lectin gels (data not shown).

The crude enzyme was eluted at a position corresponding
to a molecular mass of about 500 kDa on Ultrogel ACA-34,
as shown in Fig. 1A. However, the molecular mass of the
purified enzyme was estimated to be 21 kDa on gel filtration
on Superdex 200 using the SMART system (Pharmacia
Biotech), indicating that it is composed of a single poly-
peptide chain. The enzyme might be dissociated from other
membrane proteins by a high ionic (2 M NaCl) or acidic
buffer (pH 3) during the trypsm inhibitor-Sepharose
affinity chromatography during the process of purification.
Previously we purified a serine-proteinase complexed with
a-macroglobulin as a high molecular weight proteinase
from BHK cells (6, 9) and rat liver (20). Uchino et al. also
purified an a2-macroglobulin-serine proteinase complex
from porcine gastric mucosa (21). They showed that the
proteinase released from a2-macroglobulin by acid treat-
ment (pH 3) remained active. To determine whether or not
the enzyme is complexed with o^-macroglobulin, the crude
enzyme was immunoblotted and immunoprecipitated with
anti-bovine a-2-macroglobulin. The eluate from Ultrogel
Ac A-34 was used as a crude enzyme and analyzed as
described (9, 10). However, cross-reactivity with anti-
a-2-macroglobulin was not detected and the enzyme activity
was not immunoprecipitated (data not shown). These
results indicated that the proteinase was not derived from
the aj-macroglobulin-proteinase complex. Further analy-
sis is necessary to determine the cause of the difference in
molecular mass between the crude and purified enzymes.

(A) (B)

Fig 2 SDS-PAGE of the purified enzyme. (A) The purified
enzyme (50 ng) was boiled in 2% SDS in the presence of 10% P-
mercaptoethanol and then resolved by electrophoresis on a 15% gel.
Protein was then detected by silver staining. (B) The purified enzyme
was labeled with ['H]DFP as described under "EXPERIMENTAL
PROCEDURES," and then resolved by electrophoresis.

TABLE I Summary of purification of bovine pancreas pro-
tease.

Fraction Protein
(mg)

Activity Purification
(units) (umts/mg) (-fold)

Ultrogel AcA-34 40 3
Trypsin inhibitor- 0 32

Sepharose
Arginine-Sepharose 0 029

1,040
236

25 8
736

133 4,570

1
28.5

177

Bovine

Pore ine
Rat

Human

pancreas

plasma

pane reas
pancreas

submandibular gland
pancreas
plasma
leucocyte

bPTLP
Trypsin
Cymotrypsin
Plasmin
Thrombin
Elastase
Elastase I
Elastase II
Elastase III
Elastase IV
Kallikrein
Elastase IIIA
Kallikrein
Elastase

Fig. 3. Amino-terminal sequence of the purified enzyme
(bPTLP), and comparison of the sequence with those of the
catalytic chains of a variety of other serine proteinases within
the trypsin superfamily, comprising bovine trypsin (12),
chymotrypsin (23), plasmin (14), and thrombin (IS); porcine

5 10 15 20
WGGEDAIPHSWPWQXSLQYLRD
IVGGR EAT? G S KWPWQVSUIL KG Q
IVNGEEA\TPGSWJ?WQVSLQDKTG
WGGCVAHEHSWPWQVSLRTRFG
IVEGQDAEVGLSPWQVMLFRKSP
VVGGT EAQ RNS WPS Ql SLOYR S G
VVG GA EAT* RNS WE'S I S L QYL S G
WGGQEASPNSWPWQVSI.Qyi.SS
WHGfeDAVPYSWPWQVSLQYEKS
VVGGKDAVFNSWAWQVSLQYLKD
VVGX3YNCETNSQPWQVAVIGTTF
VVHGEJ>AVPYSWJ?WQVSIiQ YE K S
IVGQTNSSWGEHPWQVSLQVKLT
IVGGRRAHPHAWPFMVSI.QLRGG

pancreatic elastase (20); rat pancreatic elastases I (27), II (27),
III (18), and IV (29), and tissue kallikrein (20); and human
pancreatic elastase IIIA (21), plasma kallikrein (22), and leuco-
cyte elastase (23). Residues identical to those in the proteinase are
shaded.
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A Novel Pancreas Trypsin-Like Proteinase 103

NH2-Terminal Sequence and Amino Acid Composi-
tion—A single amino-terminal sequence of the enzyme was
obtained, as shown in Fig. 3. This sequence was not found
in the SWISS-PROT, NBRP, and PRF/SEQDB databases.
Figure 3 shows a comparison of the NH2-terminal sequence
of the enzyme with those of various bovine, porcine, rat,
and human serine-proteinases. The enzyme (bPTLP)
shares 35-78% identity with these proteinases. Interest-

TABLE II. Amino acid composition of the purified enzyme.

Amino acid bPTLP Pancreatic elastase
IP IV

Aspartic acid
Threonine
Serine
Glutamic acid
Proline
Glycine
Alanine
Cysteine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Histidine
Lysine
Tryptophan
Arginine

8.4
4.3

10.8
15.1

2.3
19.0
6.9
ND
4.4
ND
3.6
5.9
1.7
3.1
6.3
4.4
ND
3.9

9.7
6.2

13.2
6.2
4.4

10.6
6.6
3.1

10.0
0.4
3.5
9.3
3.1
0.9
2.2
4.0
3.5
3.1

9.6
7.5
8.8
8.4
4.6
9.6
6.3
4.6
8.8
0.8
5.9
7.1
2.5
1.7
2.5
3.8
4.2
3.4

ND, not determined. ""Mature form of elastase II (27) and elastase
IV (19).

11

Fig. 4. Effects of pH on the activity and stability of the
enzyme. (A) The pH optimum for the enzyme activity was deter-
mined in buffers of various pHs. Assays were performed under the
standard conditions except for the buffers used. (B) The pH depen-
dence of the enzyme stability. The purified enzyme was incubated in
buffers of various pHs for 30 min in an ice-bath, and then the
activities were assayed under the standard conditions. These buffers
included glycine-HCl (closed triangle), acetate (open circles), sodium
phosphate (closed circles), Tris-HCl (open triangle), and glycine-
NaOH (open squares).

ingly, the NHj-terminal sequence of the enzyme was highly
similar to those of pancreatic elastases regardless of the
animal species. Its identities with porcine pancreatic
elastase, rat pancreatic elastases I, II, III, and IV, and
human pancreatic elastase IDA are 61, 61, 70, 70, 78, and
70%, respectively. However its identity with human leuco-
cyte elastase is not so high (39%).

On the contrary, the amino acid composition of the
enzyme was quite different from those of pancreatic
elastases II and IV (Table II). The contents of glutamic acid,
glycine, valine, phenylalanine, and histidine clearly differ-
ed.

Optimum pH and pH Stability—The effects of pH on the
activity toward Boc-Gln- Arg- Arg-MCA and on the stability
of the enzyme were examined. The enzyme showed the
highest activity at pH 9.0, as shown in Fig. 4A. However, it
exhibited significant activity at pH 7.4 (85% of maximum).

On the other hand, the enzyme was more stable at acidic
than basic pH, as shown in Fig. 4B. When the enzyme was
incubated at 3TC for 10 min at pH 7.0, 93% of its activity
was lost, indicating that it is extremely labile. The profiles
of the pH dependence of the activity and stability of the
enzyme revealed a reverse correlation.

Substrate Specificity toward Various Synthetic Sub-
strates—Table HI shows the activities of the purified
enzyme toward various synthetic substrates. The enzyme
was most active toward Boc-Gln-Arg-Arg-MCA among
these substrates. This substrate was judged to be the most
suitable from the kce.l/Km value (Table IV). The enzyme
hydrolyzed substrates with a basic amino acid at the PI
position. On the contrary, substrates with single or double
amino acid residues, such as Bz-Arg-MCA, Z-Phe-Arg-
MCA, and Z-Arg-Arg-MCA, which are cleaved by trypsin,
were hardly hydrolyzed by the enzyme. This suggested that
P3 residues in the substrate are important in determining

TABLE m. Substrate specificity of the purified enzyme. The
enzyme activity was determined in 0.1 M Tris-HCl buffer, pH 9.0,
with various substrates at a concentration of 10 //M.

Substrate
Activity

(units/ml)
Relative activity

Boc-Gln-Arg-Arg-MCA
Boc-Val-Pro-Arg-MCA
Boc-Leu-Lys-Arg-MCA
Boc-Phe-Ser-Arg-MCA
Boc-Glu-Lys-Lys-MCA
pyr-Arg-Thr-Lys-Arg-MCA
Boc-De-Glu-Gly-Arg-MCA
Boc-Arg-Val-Arg-Arg-MCA
Boc-Val-Leu-Lys-MCA
Z-Phe-Arg-MCA
Z-Arg-Arg-MCA
Bz-Arg-MCA
Suc-Ala-Pro-Ala-MCA
Suc-Leu-Leu-Val-Tyr-MCA

22.5
11.6
4.86
4.13
3.50
1.71
1.32
0.71
0.15
0.42
0.17
0.02
0.02
0.03

100
52
22
18
16
8
6
3
0.7
2
0.8
0.1
0.1
0.1

TABLE IV. Kinetic parameters of the purified enzyme. The £*,
values were calculated assuming that 29.5 mg of protein represents

of enzyme.
Substrate
Boc-Gln-Arg-Arg-MCA 25.7 0.667 38.5
Boc-Phe-Ser-Arg-MCA 1.00 0.149 6.71
Boc-Leu-Lys-Arg-MCA 1.10 0.400 2.75
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the catalytic efficiency of the enzyme. The enzyme did not
hydrolyze Suc-Leu-Leu-Val-Tyr-MCA, which is a good
substrate for chymotrypsin (24). Although sequence analy-
sis showed that the enzyme is homologous to pancreatic
elastase, it did not hydrolyze Sue- Ala-Pro- Ala-MCA, which
is a good substrate for elastase {25). Tamanoue et al.
purified a 32 kDa serine proteinase from microsome
membranes of rat liver and reported that its optimal
synthetic substrate was Boc-Gln-Arg-Arg-MCA, like in the
case of our purified enzyme (26). However, the activities of
the rat liver enzyme toward other synthetic substrates,
such as Boc-Phe-Ser-Arg-MCA, Boc-Val-Pro-Arg-MCA,
and Boc-Glu-Lys-Lys-MCA, were low compared with those
of our purified enzyme.

Hydrolysis of Glucagon—The ability of the enzyme to
hydrolyze glucagon was examined. Cleavage of glucagon
yielded five peptides which were separated by reverse-
phase HPLC (Fig. 5). Then their amino acid sequences were
analyzed. About the same molar amounts of products was
obtained except for that of peptide 3. Cleavage occurred on
the carboxyl side of lysine, arginine and leucine (Leu29)
residues. It is interesting to note the cleavage of glucagon at
the Leu-Met bonds. So far it is known that chymotrypsin C
(27), chymase (28), elastase (29), andcathepsin G (30) can
cleave Leu-X bonds among the trypsin superfamily. The
enzyme did not cleave Suc-Leu-Leu-Val-Tyr-MCA (a good
substrate for chymotrypsin, cathepsin G and chymase) and
glucagon was not cleaved at phenylalanine*'22 or tyrosine10'13

residues. Moreover, the proteinase (bPTLP) failed to
cleave Suc-Ala-Pro-Ala-MCA (a good substrate for elas-

(A)
His-Ser-Gln-Gly-Thr-Phe-Tbr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-
Ser-Arg*Arg'Ala-Gln-Asp-Phe-Val-Gln-Trp-Leu*Met-A.in-Thr

(B)

0.6

0.4 40

20

0 K) 20

Retention T*n» ( n*i)

Fig. 5. Cleavage of glucagon by the proteinase. (A) Cleavage
site of glucagon. Closed and open arrowheads indicate major and
minor cleavage sites, respectively. (B) HPLC profile of the digestion
mixture of glucagon with the proteinase. The peaks (1-5) were
collected and the sequences were determined. The amino acid se-
quences of the peptides are shown in a one-letter code. 1, MNT; 2,
YLDSR; 3, HSQGTFTSDYSK; 4, AQDFVQWL; and 5, RAQDFV-
QWL. The other peaks were also analyzed, however, no phenylthio-
hydantoin amino acids were detected.

*

2

3
c

" " 4
wJ—h

tase). These results indicated that the proteinase is free
from chymotrypsin, chymase, cathepsin G, and elastase
activities. Although there are two leucine (Leu14 and Leu28)
residues in glucagon, only the carboxyl side of Leu2* was
hydrolyzed. As suggested by the finding that tripeptide-
MCA substrates, such as Boc-Gln-Arg-Arg-MCA and
Boc-Val-Pro-Arg-MCA, but not dipeptide-MCA sub-
strates, such as Z-Phe-Arg-MCA and Z-Arg-Arg-MCA, are
good substrates, the filling of at least four binding sites (S3,
S2, Si, and S/) seems to be a prerequisite for hydrolysis. If
the cleavage of glucagon on the carboxy-terminal side of
Lys12 and Arg17 occurred preferentially, the cleavage on the
carboxyl side of Leu14 would not occur because a P3 residue
(Lys12) is not present in the substrate and the enzyme has
no exopeptidase activity.

On the contrary, glucagon has one paired arginine site
(Arg17-Arg18). The enzyme cleaved on the carboxy-terminal
side of Arg18, but predominantly between Arg17 and Arg18.
The extent of the cleavage is 12 and 88%, respectively.
Further systematic kinetic studies and determination of
the primary structure of the enzyme (bPTLP) are neces-
sary to clarify the specificity of the substrate binding site.

Effects of Inhibitors—The effects of various inhibitors on
the activity were examined (Table V). DFP, APMSF, and
leupeptin inhibited the activity, whereas chymostatin,
E-64, pepstatin A, and EDTA had no effect on the activity.
These results indicated that the enzyme is a trypsin-like
serine proteinase. The proteinase purified from the mi-
crosomal membranes of rat liver is partially inhibited by
E-64 and o-phenanthroline (12). However, these com-
pounds had no effect on the activity of the bovine pancreas
enzyme. These results confirmed that the bovine pancreas
enzyme is distinct from the rat liver enzyme purified by
Tamanoue et al. (26). The activity of the bovine pancreas
enzyme was inhibited by p-chloromercuric benzoate
CpCMB), although E-64, a specific cysteine proteinase
inhibitor, had no effect. The inhibitory effect of pCMB may
be due to the presence of a heavy metal ion (Hgi+) in this
reagent.

A trypsin-like serine proteinase has been isolated as a
likely proenkephalin processing proteinase, from chrom-
affin granule membranes, by Shen et al. (31). Its molecular
mass, pH optimum, profile of susceptibility to inhibitors,
and cleavage specificity towards peptide substrates were
largely similar to those of the pancreas enzyme. However,
the chromaffin enzyme was not inhibited by pCMB and did
not cleave Leu-X bonds.

We report here the purification and characterization of a
trypsin-like serine proteinase from the microsomal frac-

TABLE V. Inhibitor sensitivity of the purified enzyme.
Activity Inhibition

(units/ml) (%)
Addition Concentration

None
DFP
APMSF
Leupeptin
Chymostatin
E-64
pCMB
Pepstatin A
EDTA
o-Phenanthroline

l m M
5mM
2//M
2//M
3 ^ M
l m M
2 ^ M
l m M
l m M

27.9
3.90
0.47
1.54

26.7
29.5

5.70
26.4
27.5
27.7

0
86
98
94

4
0

80
5
1
1
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tion of bovine pancreas. The partial amino-terminal se-
quence is highly homologous, but not identical, with that of
pancreatic elastase. Moreover, its amino acid composition
and substrate specificity were clearly distinct from those of
pancreatic elastase. More recently, Tsuchiya et aL purified
a novel membrane-bound serine proteinase from porcine
intestinal mucosa (32). Its molecular weight (32kDa)
estimated by SDS-PAGE under reducing conditions was
similar to that of our purified enzyme. However, the
substrate specificities toward synthetic substrates and
natural peptides of the porcine enzyme differed from those
of our purified enzyme. The porcine enzyme is highly
specific for the carboxyl side of arginine residues. These
results indicated that the proteinase purified from the
microsomal fraction of bovine pancreas is a novel protein-
ase which differs from all known proteinases. The physio-
logical function of the enzyme remains unknown. To
determine the role of the enzyme, it is necessary to
examine its cellular and intracellular localization. For this
purpose immunohistochemical studies on the cell distribu-
tion of the enzyme are currently in progress.

We wish to thank Dr. Kiyoshi Nokihara (Shimadzu Corporation,
Kyoto) for determination of the amino acid composition.

REFERENCES

1. Neurath, H. (1986) The versatility of proteolytic enzymes. J.
Cell. Biochem. 32, 36-49

2. Kido, H., Yokogoahi, Y., Sakai, K., Kishino, Y., Fukutomi, A.,
and Katunuma, N. (1992) Isolation and characterization of a
novel trypsin-like protease found in rat bronchiolar epithelial
clara cells. A possible activator of the viral fusion glycoprotein. J.
Biol. Chem. 267, 13573-13579

3. Tsuji, A., Torres-Rosado, A., Arai, T., Beau, M.M.L., Lemons,
R.S., Chou, S.-H., and Kurachi, K. (1991) Hepsin, a cell
membrane-associated protease. Characterization, tissue distribu-
tion and gene localization. J. Biol. Chem. 266, 16948-16953

4. Torres-Rosado, A., O'Shea, K.S., Tsuji, A., Chou, S.-H., and
Kurachi, K. (1993) Hepsin, a putative cell-surface serine pro-
tease, is required for mammalian cell growth. Proc. Natl. Acad.
Sci. USA 90, 7181-7185

5. Kazama, Y., Hamamoto, T., Foster, D.C., and Kisiel, W. (1995)
Hepsin, a putative membrane-associated serine protease, acti-
vates human factor VII and initiates a pathway of blood coagula-
tion on the cell surface leading to thrombin formation. J. Biol.
Chem. 270, 66-72

6. Tsuji, A. and Kurachi, K. (1989) Isolation and characterization of
a novel large protease accumulated in mammalian cells in the
presence of inhibitors. J. Biol. Chem. 264, 16093-16099

7. Bradford, M.M. (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72, 248-254

8. Laemmli, U.K. (1970) Cleavage of structure proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680-685

9. Tsuji, A., Arai, T., Furcinitti, P.S., Langmore, J.P., and Kurachi,
K. (1991) The major component of a large, intracellular protein-
ase accumulated by inhibitors is a complex of a,-macroglobulin
and thrombin. Biochim. Biophys. Acta 1078, 85-93

10. Tsuji, A., Akamatsu, T., Nagamune, H., and Matauda, Y. (1994)
Identification of targeting proteinase for rat <ii-macroglobulin in
vivo. Biochem. J. 298, 79-85

11. Uchino, T., Sakurai, Y., Nishigai, M., Takahashi, T., Arakawa,
H., Ikai, A., and Takahashi, K. (1993) Isolation and characteriza-
tion of a novel serine protease complexed with u2-macroglobulin
from porcine gastric mucosa. J. Biol. Chem. 268, 527-533

12. Walsh, K.A. and Neurath, H. (1964) Trypsinogen and chymo-
trypsinogen as homologous proteins. Proc. Natl. Acad. Sci. USA
52, 884-889

13. Blow, D.M., Bicktoft, J.J., and Hartley, B.S. (1969) Role of a
buried acid group in the mechanism of action of chymotrypsin.
Nature 221, 337-340

14. Malinkowski, D.P., Sadler, J.E., andDavie, E.W. (1984) Charac-
terization of a complementary deoxyribonucleic acid coding for
human and bovine plasminogen. Biochemistry 23, 4243-4250

15. MacGillivray, R.T.A. and Davie, E.W. (1984) Characterization of
bovine prothrombin mRNA and its translation product. Biochem-
istry 23, 1626-1634

16. Shotton, D.M. and Hartley, B.S. (1973) Evidence for the amino
acid sequence of porcine pancreatic elastase. Biochem. J. 131,
643-675

17. Swift, G.H., Craik, C.S., Stary, J.S., Quinto, C, Lahaie, R.,
Rutter, W.J., and MacDonard, R.J. (1984) Structure of the two
related elastase genes expressed in the rat pancreas. J. Biol.
Chem 259, 14271-14278

18. Shirath, Y., Takemura, K., Yoshida, H., Sato, Y., Iijima, H.,
Shimada, Y., Mikayama, T., Ozawa, T., Ikeda, N., Ishida, A.,
Tamai, Y., Mateuki, T., Tanaka, J., Ikenaga, H., and Ogawa, M.
(1988) Molecular cloning of complementary DNA encoding one of
the human pancreatic protease E isozymes. J. Biochem. 104,259-
264

19. Kang, J., Wiegand, U., and Muller-Hill, B. (1992) Identification
of cDNAs encoding two novel rat pancreatic serine proteases.
Gene 110, 181-187

20. Ashley, P.L. and Mcdonald, R.J. (1985) Kallikrein-related
mRNAs of the rat submaxillary gland: Nucleotide sequences of
four distinct types including tonin. Biochemistry 24, 4512-4520

21. Tani, T., Ohsumi, J., Mita, K., andTakiguchi, Y. (1988) Identifi-
cation of a novel class of elastase isozyme, human pancreatic
elastase IE, by cDNA and genomic gene cloning. J. Biol. Chem.
263, 1231-1239

22. Chung, D.W., Fujikawa, K., McMullen, B.A., and Davie, D.W.
(1986) Human plasma prekalliklein, a zymogen to a serine
protease that contains four tandem repeats. Biochemistry 25,
2410-2417

23. Shinha, S., Watorek, W., Karr, S., Giles, J., Bode, W., and
Travis, J. (1987) Primary structure of human neutrophil elas-
tase. Proc. Natl. Acad. Sci. USA 84, 2228-2232

24. Sawada, H., Yokokawa, H., Hoshi, M., and Ishii, S. (1983)
Ascidian sperm chymotrypsin-like enzyme: Participation in
fertilization. Experimentia 39, 377-378

25. Oshima, G., Akashi, K., and Yamada, M. (1984) pH dependence
of salt activation of human leucocyte elastase. Arch. Biochem.
Biophys. 233, 212-218

26. Tamanoue, Y., Takahashi, T., and Takahashi, K. (1993) Purifica-
tion and characterization of two isoforms of serine proteinase
from the microsomal membranes of rat liver. J. Biochem. 113,
229-235

27. Folk, J.E. (1970) Chymotrypsin C (porcine pancreas). Methods
Enzymol. 19, 109-112

28. Johnson, L.A., Moon, K.E., and Eisenberg, M. (1986) Purifica-
tion to homogeneity of the human skin chymotryptic proteinase,
chymase. AnaL Biochem. 155, 358-364

29. Shotton, D.M. (1970) Elastase. Methods Enzymol. 19, 113-140
30. Blow, A.M. J. and Barrett, A. J. (1977) Action of human cathepsin

G on the oxidized B chain of insulin. Biochem. J. 161, 17-19
31. Shen, F.S. , Robert, S.F., and Lindberg, I. (1989) A putative

processing enzyme for proenkephalin in bovine adrenal chrom-
affin granules membranes. Purification and properties. J. Biol.
Chem. 264, 15600-15605

32. Tsuchiya, Y., Takahashi, T., Sakurai, Y., Iwamatsu, A., and
Takahashi, K. (1994) Purification and characterization of a novel
membrane-bound arginine-specific serine proteinase from por-
cine intestinal mucosa. J. Biol. Chem. 269, 32985-32991

Vol. 119, No. 1, 1996

 at Islam
ic A

zad U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

