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As reported previously, caldecrin, a serum calcium-decreasing factor, from pancreas was
found to be a serine protease, but the proteolytic activity was not necessary for its serum
calcium decreasing activity. The caldecrin cDNA encoded a protease zymogen of the
chymotrypsin/elastase superfamily consisting of a signal peptide, an activation peptide
and a mature enzyme. On a homology search, we found that the sequence of rat caldecrin
is almost identical to that of rat elastase IV (nucleotides: 99.3%, amino acids: 90.3%) with
the exception of the central region. However, it is not known whether or not elastase IV is
transcribed and translated in vivo, and has proteolytic activity. In the present study, we
constructed a rat elastase IV cDNA by means of combinatorial PCR, and compared the
recombinant elastase IV with the recombinant caldecrin synthesized in a baculovirus
expression system. The recombinant caldecrin protein was expressed in the cells and
secreted mainly into the medium. In contrast, in the case of elastase IV, no recombinant
protein was immunologically or enzymatically detected in the medium, while an immuno-
reactive protein with much lower protease activity was found in the cells in an amount
comparable to that of the caldecrin protein. Using the RT-PCR method to discriminate
caldecrin mRNA from elastase IV mRNA, we detected caldecrin mRNA expression in rat
pancreas, but no elastase IV mRNA expression in any tissues examined. PCR analysis of
rat genomic DNA revealed the presence of caldecrin and the absence of elastase IV
sequences. These results indicate that caldecrin is expressed in the pancreas, but that
elastase IV is an artifact produced during cloning. Furthermore, we investigated the
protein-chemical and enzymological properties of the rat and human caldecrins using
their recombinant proteins. Both recombinant proteins were secreted into the medium as
proforms and showed protease activity after trypsin treatment. Some differences were
found in the activation process and stability between human and rat caldecrins; human
caldecrin was more easily activated by trypsin, but was much more labile than rat
caldecrin. Although both caldecrins were found to be chymotrypsin-type proteases, on the
basis of their substrate and inhibitor specificities, they were not inhibited by TPCK,
suggesting that caldecrin is a novel type of serine protease.

Key words: baculovirus expression, caldecrin, chymotrypsin-like protease, elastase,
serine protease.

Hypocalcemia is associated with acute pancreatitis, and hypocalcemic factors are postulated to exist in the pancreas
(1). Yoneda et al. reported that a hypocalcemic factor, PX,
purified from porcine pancreas resembled human elastase
IIIB, and that recombinant human elastase IIIB showed
hypocalcemic activity connected with its protease activity
(2-5). Previously, Tomomura et al. purified a serum
calcium-decreasing factor, referred to as caldecrin, from
porcine and rat pancreas (6, 7), and cloned the caldecrin
cDNA from rat and human pancreas (7, 8). The caldecrin
exhibits proteolytic activity, but its serum calcium-de-
creasing activity does not require its protease activity (6-
8). The primary structure of caldecrin is different from that
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polyacrylamide gel electrophoresis.

© 1998 by The Japanese Biochemical Society.

546 J. Biochem.

 at Islam
ic A

zad U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Caldecrin Is a Novel-Type Serine Protease 547

of elastase IIIB (9). On the other hand, Kang et al. {10)
isolated elastase IV cDNA from rat pancreas by means of
reverse transcription (RT)-polymerase chain reaction
(PCR). Rat caldecrin is almost identical to rat elastase IV in
the nucleotide sequence (99.3%), differences being found at
5 positions in the central region of the cDNA; three
substitutions, one deletion and one insertion. As a conse-
quence, the deduced amino acid sequences exhibit 90.3%
identity. However, no information on mRNA expression in
vivo or the enzymological properties of rat elastase IV has
been reported.

Tomomura et al. reported that the purified porcine
caldecrin is a chymotrypsin-like serine protease (6), and
that the purified procaldecrin does not possess serum
calcium-decreasing activity but acquires this bioactivity as
well as protease activity upon trypsin treatment {11).
cDNA cloning and sequencing analysis revealed that the
predicted caldecrin protein is synthesized as a preproen-
zyme of 268 amino acids with a signal peptide of 16 amino
acids and an activation peptide of 13 amino acids {7,8). The
recombinant caldecrin is secreted as a proform into the
medium in a baculovirus expression system and requires
enzymatic cleavage of its amino terminus for conversion to
the active form, like other serine proteases (7, 8). On a
homology search, caldecrins showed about 60% identity
with elastase family members and about 40% with chymo-
trypsin family members, and on the basis of the predicted
protein structure, caldecrin is classified as an elastase-type
protease (7, 8). Although it is suggested that caldecrin is a
protease of the chymotrypsin/elastase superfamily, the
enzymatic properties of caldecrin as a protease are not well
known.

In order to investigate the enzymological properties and
bioactivity of elastase IV in comparison with those of
caldecrin, we constructed rat elastase IV cDNA by means of
combinatorial PCR {12), and compared the recombinant
elastase IV protein with that of caldecrin synthesized in a
baculovirus expression system. The recombinant elastase
IV protein was not found in the medium, although it was
synthesized in insect cells, differing from the recombinant
caldecrin protein accumulated in the medium. To further
examine whether or not caldecrin and elastase IV are really
transcribed in vivo, we established methods for detecting
their mRNAs by means of RT-PCR analysis and for
discriminating caldecrin cDNA from elastase IV cDNA, and
investigated their mRNA expression in several rat tissues.
We report that caldecrin is expressed in rat pancreas, but
that no elastase IV mRNA was detected in any tissues
examined. Furthermore, we describe that caldecrin is a
new-type serine protease, as judged on enzymatic analysis
using the recombinant rat and human caldecrin proteins.

MATERIALS AND METHODS

Materials—The 4-methylcoumaryl-7-amide (MCA)-
peptides used as substrates were purchased from the
Peptide Institute. 4-Amidinophenyl-methanesulfonyl
fluoride (APMSF) was from Boehringer Mannheim. L-
Trans - epoxy succiny 1 - leucylamide - (4 - guanidino) -butane
(E-64) was provided by Dr. H. Kido, Tokushima Univer-
sity. tf-Chymotrypsin from bovine pancreas, phenylmeth-
anesulfonyl fluoride (PMSF), and AT-tosyl-L-phenylalanine
chloromethyl ketone (TPCK) were obtained from Nacalai.

Bovine pancreas trypsin, p-nitroanilide (pNA)-peptides,
leupeptin, chymostatin, pepstatin, aprotinin, elastatinal,
diisopropyl fluorophosphate (DFP), iV-tosyl-L-lysine-chlo-
romethyl ketone (TLCK), and soybean trypsin inhibitor
were purchased from Sigma.

Construction of Rat Elastase IV cDNA—Since there are
a few differences in the nucleotide sequence between rat
caldecrin and elastase IV, as shown in Fig. 1A, rat elastase
IV cDNA was constructed according to the combinatorial
PCR protocol {12) using already cloned rat caldecrin cDNA
(7) as a template. Four primer sets derived from the
nucleotide sequence of rat elastase IV cDNA were used in
the first PCR; EcoBI tagged-Fl (5'-TTGAATTCATGTTG-
GGAATTACGGTCCTCG-3', 1 to 22 of mRNA) and Bl
(5'-AGAGACCTGCCAAGCCCAGCTGTTGGGGAC-3',138
to 109), F2 (5'-GTCCCCAACAGCTGGGCTTGGCAGGT-
CTCT-3', 109 to 138) andB2 (5'-GTACACGGAGCCTCC-
GCATCCTCCACTGTC-3', 302 to 273), F3 (5'-AGGCTCC-
GTGTACACTGAGGTGGACACCAT-3', 290 to 319) and
B3(5'-ATGATAGCGATGTCGGTTCCACAGGAAGAG-3',
374 to 345), and F4 (5'-CTCTTCCTGTGGAACCGACAT-
CGCTATCAT-3', 345 to 374) and EcoBI tagged-B4 (5'-
TTGAATTCTCACAGTTGTATTTTCTCGTTG-3', 807 to
786). The amplification was performed in 25 mM TAPS
buffer (pH 9.3), 50 mM KC1,2 mM MgCl2,0.2 mM dNTPs,
0.5 //g of each primer, and 2.5 units of Ex Taq polymerase
(Takara Shuzo), in total volume of 100/^1. The PCR
conditions were 30 cycles at 94°C for 1 min, 55°C for 1 min,
and 72°C for 1 min, followed by at 72°C for 7 min. The four
kinds of amplified DNA fragments were separated by 2%
agarose gel electrophoresis and extracted from the gel with
QIAEX (QIAGEN). The extracted first PCR products (15
ft\ each) were mixed and annealed slowly from 94 to 37°C
for 1 h. A part of the annealed sample was used as a
template for the second PCR using the primer set, 2?coRI
tagged-Fl and -B4, under the same conditions as for the
first PCR. The amplified PCR product of rat elastase IV
cDNA was cloned into the pUCl9 vector, selected, and
confirmed by sequencing using a Thermo sequenase core
sequencing kit (Amersham) and Texas-red labeled M13
universal primers (forward and reverse) with a Hitachi
model SQ-5500 DNA auto-sequencer (HITACHI Japan).

Selective Detection of Rat Caldecrin and Elastase IV
cDNA—Rat caldecrin cDNA was discriminated from elas-
tase IV cDNA by means of the combination of PCR or
mismatched-PCR and restriction enzyme digestion, as
illustrated in Fig. IB. The mismatched-PCR was perform-
ed using a modified primer (mB: 5'-CTCAGCCAACTTAA-
TGATAGCGATGC-3'; 387 to 362) by the method de-
scribed by Haliassos et al. {13). Two methods were used
for the selective detection of caldecrin and elastase IV
cDNA; one was the combination of PCR, with the F l and B2
primer set, and digestion by Haelll, the other was mis-
matched-PCR, with the F3 and mB primer set, and Mspl
digestion. Furthermore, to examine the expression of
caldecrin and elastase IV mRNAs in vivo, total RNA was
isolated from pancreas, liver, kidney, cerebellum, and
testis of Wistar strain rats by the acid guanidinium thio-
cyanate-phenol-chloroform extraction method {14). The
synthesis of the first-strand cDNA was carried out accord-
ing to the supplier's recommendations (Pharmacia LKB).
The first-strand cDNAs, together with already cloned rat
caldecrin cDNA and rat elastase IV cDNA isolated in the
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above experiment, were used as templates for the selective
detection method, and the amplification of cDNA was
performed as described previously (15).

Analysis of Genomic DNA—There is no information
about a genomic DNA for caldecrin and elastase IV. On the
basis of intron-exon boundaries in gene structure of elas-
tase/chymotrypsin families (9), rat genomic DNA was
amplified with a primer set, Ex4-F (5'-GGCCTGGGGAAG-
TATAATCT-3', 253 to 272 nucleotide position of caldecrin
cDNA) and Ex4-B (5'-GAAGAGTCGGTTCCACTTCT-3',
351 to 332). The primer set is presumed to amplify the
central region which contains the different nucleotides at 3
positions (2 substitutions and 1 deletion) between caldecrin
and elastase IV cDNA. The PCR was performed according
to the method described by Saiki et al. (15). The amplified
DNA fragment was cloned into the TA vector and se-
quenced using a Dye Terminator Cycle Sequencing FS
Ready Reaction Kit (PERKIN ELMER) with M13 universal
forward primer on a ABI 310 Genetic Analyzer (PERKIN
ELMER Applied Biosystem).

Production of a Recombinant Virus and Expression of
the Recombinant Proteins in Insect Cells—The recom-
binant virus of rat elastase IV was produced according to
the manual for the baculovirus expression system (Clon-
tech) and as described previously (7, 8). The rat elastase IV
cDNA containing the entire coding region (807 bp), i.e. the
EcoBI fragment from the pUCl9 clone, was ligated into the
EcoRl site of the baculovirus transfer vector, pBacPAK9
(Invitrogen). The purified rat elastase IV-BacPAK9 and
linearized pBacPAK6 (Bsu36 digested) were cotransfected
with lipofectin into sf-9 cells. After 5 days, serial diluted
viruses were added to the culture medium, and then the
plaques were visualized with an overlay of 0.5% Sea-
Plaque-agarose (FMC Bio Products) containing 0.05 mg/ml
neutral red (Sigma). The clear plaques after a further 1 day
were picked up and stored as baculovirus stocks until use
for the infection experiment with sf-9 cells.

The recombinant rat elastase IV, rat caldecrin and
human caldecrin were expressed in the baculovirus expres-
sion system (Clontech), as reported previously (7, 8).

Purification of the Recombinant Rat and Human Calde-
crins—Sf-9 cells infected with a rat or human caldecrin
baculovirus stock were cultured for 5 days at 27°C in
serum-free medium (Gibco BRL). Since the recombinant
caldecrin was secreted into the cultured medium as a
proform, the medium was harvested and centrifuged at
3,000 rpm for 5 min. The supernatant was concentrated by
Amicon ultrafiltration (YM-10) and then dialyzed against
10 mM sodium phosphate buffer, pH 6.8. The rat and
human caldecrins were purified by on a Mono-Q FPLC
column (7) and a hydroxyapatite CHT-1 column (8),
respectively.

Enzymatic Analysis and Determination of Kinetic
Parameters—Conversion of the purified proforms of rat
and human caldecrins (0.375 /xg) to their mature forms was
performed by incubation in 80/^1 of 0.1 M Tris-HCl, pH
7.8, containing 0.01 M CaCl2 with 0.25 ftg and 0.05 /xg of
trypsin for 60 min at 35°C and 20 min at 25°C, respectively.
Protease activity was measured at 25°C for 10 min with 800
jul of 0.1 mM succinyl (Suc)-Ala-Ala-Pro-Phe-pNA or
various peptide substrates in 0.1 M Tris-HCl and 0.01 M
CaCl2, pH 7.8 (final volume, 880 //I), and the reaction was
stopped by the addition of 120 //I of 36% acetic acid. The

concentration of pNA released was measured photometri-
cally at 280 nm with a double-beam spectrophotometer
(Shimadzu), and that of MCA was measured fluorophoto-
metrically, with excitation at 370 nm and emission at 460
nm, with a spectrofluorophotometer (Shimadzu). One unit
of activity was defined as 1 /<mol of pNA or MCA released
per min. Before the measurement of protease activity with
Boc-Gln-Gly-Arg-MCA and Boc-Glu-Lys-Lys-MCA, the
activated caldecrin was treated with TLCK for 30 min on
ice (weight ratio of trypsin to TLCK, 1: 1,000). Kinetic
parameters, i.e. Km, kzal, and kcal/Km values, were calcu-
lated from Lineweaver-Burk plots.

Protein concentrations were determined using BCA
reagent (Pierce) with bovine serum albumin as a standard.

Electrophoresis—SDS-PAGE (12.5% acrylamide gel)
was performed according to the method of Laemmli (16),
and the gel was stained with the reagents in a Quick-CBB
gel staining kit (Wako Pure Chemical Industrial). The
samples for SDS-PAGE were pretreated with 1 mM PMSF
for 10 min on ice and then heat-treated at 95°C for 5 min
after the addition of SDS-buffer containing /?-mercapto-
ethanol. Western blot analysis was performed with anti-
porcine caldecrin antibodies, as described previously (6).

RESULTS

Construction of Rat Elastase IV cDNA, and Detection of
Rat Caldecrin and Elastase IV mRNAs—The nucleotide
sequences of rat caldecrin and elastase IV cDNAs differ at
only 5 positions; 3 substitutions, 1 deletion, and 1 insertion,
as shown in Fig. 1A (7, 10). The rat elastase IV cDNA was
constructed from the rat caldecrin cDNA, as a template, by
means of two-step PCR using the combinatorial PCR
method (12), as described under "MATERIALS AND METH-
ODS." The sequence was confirmed by sequencing and with
the selective detection method, which can discriminate
caldecrin cDNA from elastase IV cDNA, as shown in Fig.
IB. In addition, to determine whether or not the elastase IV
mRNA is expressed in vivo and to confirm that the caldecrin
mRNA is transcribed in the pancreas, first strand cDNA
was synthesized with total RNA isolated from rat tissues
including pancreas, liver, kidney, cerebellum, and testis,
and used as a template for the selective detection method.

The rat elastase IV cDNA isolated in this study, the rat
caldecrin cDNA already cloned (7), and the first strand
cDNAs from various rat tissues were used as templates for
amplification with 2 primer sets; F l and B2, or F3 and a
modified primer (mB). Figure 2A shows the gel electro-
phoresis pattern of the PCR products with primers F3 and
mB. A 98 bp or 97 bp PCR product was derived from each
cloned cDNA of elastase IV or caldecrin, and only detected
in the pancreas, i. e. not in other tissues. In this experiment,
it was difficult to determine whether the PCR product found
in the pancreas originated from caldecrin or from elastase
IV, because the difference between caldecrin and elastase
IV is only one bp. The same results were obtained with the
other primer set; Fl and B2 (data not shown).

Therefore, the caldecrin and elastase IV cDNAs were
discriminated by two methods; Haelll digestion of the PCR
products with primers Fl and B2, and Mspl digestion of the
PCR products with primers F3 and mB, as shown in Fig. 2B.
In the PCR product with Fl and B2, the 311 bp from the
caldecrin cDNA contains 3 Haelll sites, while the 310 bp
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[A]

Cal A T G -

EI-IV ATG-GG^CT

F1(EcoRI) — CGA—B1
F2—

[B]

CGC •AC GAC-

AC;GAC-

807
•TGA

•TGA
807

CGCCTC— B2
F3—CAC-*- •*— TGGC - B3

F4— ACCG -*~ -(EcoRI) B4

Pig. 1. Principles for the construction of
rat elastase IV cDNA [A], and for the
selective detection of rat caldecrin and rat
elastase IV mRNA [B]. [A] The five boxed
positions at the top represent the differences in
the nucleotide sequences of the coding regions
(1-807) of the rat caldecrin (Cal) and elastase
IV (El-IV) cDNAs. The nucleotides are num-
bered with the A residue of the initiation codon
taken as + 1 . The location of each primer used
in the combinatorial PCR is indicated schemati-
cally by arrows at the bottom. The sequences
and detailed positions of the primers, and the
construction of rat elastase IV cDNA are
described under "MATERIALS AND METH-
ODS." [B] Two methods were used for the
selective detection of caldecrin (Cal) and elas-
tase rV (El-IV) cDNA by the combination of
PCR and restriction enzyme digestion; one was
with primers Fl and B2, and digestion by
Haelll. The other was with primers P3 and mB,
and digestion by Mspl. mB, a modified primer,
has a mismatched base (from A to G in the
sense strand) at nucleotide position 362 to create a Mspl site for elastase IV cDNA, as described under "MATERIALS AND METHODS." There
are size differences in the PCR products amplified from the cDNAs, because a deletion or insertion is present in elastase IV cDNA compared
with in caldecrin cDNA.

El-IV I

GGCC -

Hae III

GGGC -

bp \-

-•• B2 F3 • Hint I
T

ACGGC-H 97 bp

•mB

1 L-ACCGGCH 98 bp

Msp I gain

[A] Tes

I-42

Fig. 2. Selective detection of calde-
crin and elastase IV cDNAs, and
confirmation that caldecrin mRNA
is expressed selectively in pancreas.
[A] Elastase IV cDNA (El-IV) isolated
by the combinatorial PCR method,
caldecrin cDNA (Cal) cloned already,
and first-strand cDNAs synthesized
from total RNA of rat pancreas (Pane),
liver (Liv), kidney (Kid), cerebellum
(Cer), and testis (Tes) without ( —) or
with ( + ) reverse transcriptase were
amplified using primers F3 and mB, as
indicated in Fig. 1. The PCR products
were applied to a 2% agarose gel and
stained with ethidium bromide after the
run. [B] The PCR products amplified
with primers Fl and B2 (left panel) or
F3 and mB (right panel) were digested
without ( —) and with ( + ) Haelll or
Hind (H) and Mspl (M), respectively.
The digests were separated on a 2.5%
agarose gel and stained with ethidium
bromide. A schematic representation of
the selective detection method is shown
in the bottom panel. The diagram indi-
cates the position of the Haelll, Hinfl,
and Mspl sites, and the sizes of the
restriction fragments obtained on diges-
tion. Mr denotes the size markers of
DNA.

from the elastase IV cDNA contains 2 Haelll sites, because
there is a C to G substitution at nucleotide position 124. The
PCR product was digested into four fragments of 130, 90,
49, and 42 bp for caldecrin, and into three fragments of 220,
48, and 42 bp for elastase IV, respectively. The digestion
fragments of the PCR product from the pancreas showed
the same pattern as caldecrin cDNA (left panel in Fig. 2B).
On the other hand, with primers F3 and mB, an Mspl site
was newly created in the PCR product derived from

elastase IV but not in that from the caldecrin. As shown in
the right panel of Fig. 2B, the PCR product (98 bp) from
elastase IV cDNA was digested by Mspl into 71 and 27 bp
fragments, while the PCR products from caldecrin cDNA
and cDNA from the pancreas were not digested. A Hinil
site was found in all three kinds of PCR products. These
results indicate that no elastase IV mRNA was detected in
any tissues examined and confirmed that the caldecrin
mRNA is selectively expressed in the pancreas.
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Analysis Using Genomic DNA—Although elastase IV
was not expressed in any tissues as above, we can not ruled
out the possibility that the gene expression of elastase IV is
extremely low. To examine whether either sequence for
caldecrin or elastase IV, or both are present on genomic
DNA, the central region which involves 3 nucleotide
differences between caldecrin and elastase IV cDNA was
amplified using rat genomic DNA, cloned and sequenced.
As the gene structure of caldecrin and elastase IV is not
known yet, we presumed the exon boundary of caldecrin
based on the intron-exon junction in serine protease gene
such as elastase and chymotrypsin (9). A primer set, Ex4-F
and Ex4-B, used in the present study was unique sequences
for caldecrin and elastase IV compared with other serine
proteases. The amplified fragment showed 99 bp size, and
the sequences of all 8 clones derived from genomic DNA
were completely identical to that from 253 to 351 of
caldecrin cDN A (data not shown), indicating that there is no
intron in the central region amplified, and suggesting that
the intron-exon boundary in caldecrin gene is very similar
to that of elastase family and different from chymotrypsin.
These results clearly show that the caldecrin sequence is
exactly present in genomic DNA, and that elastase IV is an
artificial product during RT-PCR and/or cloning.

Expression of the Recombinant Rat Caldecrin and
Elastase IV in Sf-9 Cells—To examine the functional
properties of rat elastase IV, the recombinant protein was
synthesized in sf-9 cells using a baculovirus expression
system and compared with the recombinant rat caldecrin.
The sf-9 cells infected with each recombinant virus were
cultured in serum-free medium at 27°C, and the cultures
were harvested every day for 5 days. The cell lysates and
cultured medium were used for Western blot analysis and
for the determination of protease activity after trypsin
treatment.

On Western blot analysis, as shown in Fig. 3A, an
immunoreactive band corresponding to 32 kDa in size was
detected for the cell lysates derived from both caldecrin
and elastase IV from 2 days after infection, the maximum
being reached at 4 days. In the cultured medium, immuno-
reactive materials were found in the caldecrin culture, but
not in the elastase IV virus-infected one. The recombinant
rat caldecrin was significantly secreted at 2 days after virus
infection, the maximal level being reached at 5 days. The
recombinant caldecrin in both cultured cells and medium
showed protease activity toward a synthetic substrate for
chymotrypsin, Suc-Ala-Ala-Pro-Phe-pNA, only after
treatment with trypsin, indicating that the major form
expressed is a proenzyme or zymogen. Although an im-
munoreactive protein was detected in the elastase IV virus-
infected cells, the cell extract showed much lower protease
activity even after trypsin treatment. It is reasonable to
use a protease substrate for caldecrin for the detection of
elastase IV protease activity because the amino acid resi-
dues concerned with the substrate specificity of caldecrin
are conserved in elastase IV (see "DISCUSSION"). Very
similar results were obtained with a substrate for elastase,
Suc-Ala-Ala-Pro-Leu-pNA (data not shown). Thus, the
protease activity reflected the results of Western blot
analysis fairly well. These results indicate that rat elastase
IV was expressed in sf-9 cells, but not secreted, and did not
exhibit as much protease activity as caldecrin. As the
results, we could not examine the serum calcium-decreas-

ing activity of elastase IV. It was confirmed that rat
caldecrin is a secretory protein, which is consistent with the
results for BMT-10 cells transfected with an expression
vector bearing rat caldecrin cDNA (7).

Comparison of the Rat and Human Caldecrins as to
Activation by Trypsin—The purified mature form of por-
cine caldecrin is a chymotrypsin-like serine protease, and
its protease activity was measured as the hydrolysis of
Suc-Ala-Ala-Pro-Phe-pNA (6). The proform of caldecrin
was purified from porcine pancreas, and showed chymo-
trypsin activity after trypsin treatment in time- and dose-
dependent manners (11). As judged from the sequence
homology of the rat and human caldecrin cDNAs with
serine proteases and/or elastases, caldecrin is synthesized
as a preproenzyme for secretory proteins and is secreted as
a proenzyme that requires activation by trypsin for conver-
sion to the active enzyme (7, 8). Since the activation of the
rat and human caldecrin proforms had not been investigat-
ed in detail, dose-response and time-course experiments
involving trypsin treatment were performed using the
recombinant proteins in the present study.

As shown in Fig. 4A, full activation of human caldecrin
(0.375 MS of proform) was achieved in 10 to 30 min at 25°C
using 0.05 ng of trypsin, which is the same as the conditions
used for activation of the porcine proform, as described
previously (11), but the level of activated rat caldecrin was
very low under the same conditions. On the contrary, for
rat caldecrin to become the active form required a higher

[A] Cell
Caldecrin Elastase IV

Medium
Caldecrin Elastase IV

P 1 2 3 4 5 1 2 3 4 5

[B]
1.0-

•= 0 . 5 -

o
o
a.

Cell 10-

5-

Medium

1 2 3 4 5
Culture days

1 2 3 4 5
Culture days

Fig. 3. Expression of rat caldecrin and rat elastase IV in sf-9
cells, and secretion into the medium. Sf-9 cells transfected with
either rat caldecrin virus (closed circles in [B]) or rat elastase IV virus
(open circles in [B]) were cultured for 1 to 5 days. The cell lysates and
medium obtained from cultures each day were analyzed by Western
blotting [A] using anti-porcine caldecrin antibodies, and their
protease activities [B] were measured as the hydrolysis of Suc-Ala-
Ala-Pro-Phe-pNA after trypsin treatment under the optimum condi-
tions for rat caldecrin (0.25 MS of trypsin at 35°C for 60 min). The
purified recombinant rat caldecrin proform (P) was used for Western
blot analysis [A] as a positive control. pBacPAK6 wild-type virus
containing only the polyhedrin promoter (open triangles in [B]) was
used as a control.
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temperature, a higher dose of trypsin, and a longer time
than for human caldecrin. These data suggest that the
affinity for trypsin differs between rat and human calde-
crins. Although the amino acid sequence around the cutting
site for activation by trypsin is well conserved in the rat and
human caldecrins, the P2 site being Thr in rat caldecrin, and
Ala in the human and porcine enzymes (8). With this
background, we constructed a mutant cDNA of rat caldecrin
in which Ala was substituted for Thr, and synthesized the
mutant protein in a baculovirus expression system. As the
rate of activation of the rat recombinant mutant, however,
was the same as that of the rat wild-type proform (data not
shown), unconserved amino acids in other sites might be
related to the affinity of trypsin for each caldecrin.

The activated rat caldecrin was much more stable than
the human caldecrin; the latter rapidly lost its activity after
activation (Fig. 4B). It remains to be determined why the
activated human caldecrin is so labile compared with rat
caldecrin. The instability or inactivation of the activated
human caldecrin was not even prevented by the addition of
TLCK at 20 min after trypsin treatment, and no difference
in molecular weight on SDS-PAGE was observed between
the fully activated (20 min) and completely inactivated
(240 min) human caldecrins (data not shown), suggesting
that the instability of the activated human caldecrin is not
due to further degradation by trypsin or autolysis by
caldecrin.

Substrate Specificity of the Rat and Human Caldecrins—
The protease activities toward various pNA and MCA
substrates were measured in 0.1 M Tris-HCl containing
0.01 M CaCl2, pH 7.8, at 25°C with the activated rat and
human caldecrins after trypsin treatment under the opti-
mal conditions for each caldecrin. The substrates for
elastase (Sue-Ala-Ala-Ala-pNA, Suc-Ala-Pro-Ala-pNA or
-MCA, and Sue-Ala-Ala-Pro-Val-MCA), kallikrein (Z-Phe-
Arg-MCA), post-proline cleaving enzyme (Suc-Gly-Pro-
MCA), and aminopeptidase (Leu-pNA) were not hydro-
lyzed by either the rat or human caldecrin. On the other
hand, the peptide substrates hydrolyzed by both caldecrins
at moderate or high rates are listed in Table I, and the Km

values for the substrates, and the ^ a t and k:ai/Km values
were calculated. For both the rat and human caldecrins,
Suc-Ala-Ala-Pro-Leu-pNA, used as a substrate for elas-
tase, was the best substrate. Suc-Ala-Ala-Pro-Phe-pNA, a
sensitive substrate for chymotrypsin, was also hydrolyzed
well. Suc-Leu-Leu-Val-Tyr-MCA was, however, a poor
substrate. When the insulin B chain was used as a substrate
for human caldecrin, Tyr as well as Leu and Phe at the P,

site was cleaved well (data not shown). Arg and Lys at the
Pi site on the insulin B chain were not cleaved by human
caldecrin, although those of MCA substrates were hydro-
lyzed with high Km values. These results indicate that the
rat and human caldecrins are closer to chymotrypsin than to
elastase (17, 18), although they hydrolyze Boc-Gln-Gly-
Arg-MCA and Boc-Gly-Lys-Lys-MCA, and Suc-Leu-Leu-
Val-Tyr-MCA poorly.

Effects of Various Inhibitors on the Proteolytic Activity—
The activated caldecrins were treated without and with
various protease inhibitors for 30 min on ice, and then the
protease activity was measured using Suc-Ala-Ala-Pro-
Phe-pNA as a substrate. As shown in Table II, the activities
of both the rat and human caldecrins were strongly inhib-
ited by serine protease inhibitors, such as DFP and PMSF,
and by chymotrypsin-type serine protease inhibitors, such

10 30 60 120
Activation time (min)

240

Fig. 4. Time course of activation of rat and human caldecrins
by trypsin. After the activation of the rat (closed circles) and human
(open circles) caldecrin proforms by trypsin, the protease activity was
determined as the hydrolysis of Suc-Ala-Ala-Pro-Phe-pNA. The
procaldecrins (0.375 fig) from rat and man were incubated with
0.05 Mg of trypsin at 25'C [A] or 0.25 ng of trypsin at 35°C [B] for
the times indicated.

TABLE I. Kinetic parameters for rat and human caldecrins. The purified rat and human caldecrins (0.375//g) were activated with 0.25
and 0.05 fig of trypsin at 35°C for 60 min and 25°C for 20 min, respectively, and then the protease activity was measured with each substrate
at 25"C. The Km, feal, and kcat/Km values were calculated from Line weaver-Burk plots.

Substrates

pNA-peptide
Suc-Ala-Ala-Pro-Phe-pNA
Suc-Ala-Ala-Pro-Leu-pNA

MCA-peptide
Suc-Ala-Ala-Pro-Phe-MCA
BocGln-Gly-Arg-MCA
Boc-Gly-Lys-Lys-MCA
Suc-Leu-Leu-Val-Tyr-MCA

(mM)

0.22
0.14

0.26
0.31
1.43
0.09

Rat

(s-1)

3.81
4.44

0.67
0.36
0.02
0.01

(s-'-mM-')

17.3
31.7

2.57
1.15
0.02
0.12

Km
(mM)

0.03
0.01

0.06
0.63
1.67
0.07

Human
km

(s-)

4.74
1.62

0.87
0.44
0.20
0.03

hJKm
(s-'-mM-1)

158
232

14.5
0.70
0.12
0.46
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Rat

100
0
0

98.6
93.4

0
108.2
27.8

1) 10.5
65.1
98.4
91.3
94.5

Human

100
0
0

90.5
94.4

0
65.5

9.4
8.9

119.2
91.1
92.9
96.1

TABLE II. Effects of protease inhibitors on the protease activ-
ities of rat and human caldecrins. The purified rat and human
caldecrins were full-activated with trypsin under the same conditions
as given in Table I and then incubated with various protease inhibitors
on ice for 30 min. The protease activity of caldecrin was measured
with Suc-Ala-Ala-Pro-Phe-pNA as the substrate at 25*C.

Relative activity
Inhibitor (concentration)

Without
DFP(O.lmM)
PMSF (1 mM)
APMSF(50//M)
Leupeptin (100 MM)
Chymostatin (100 /*M)
E-64 (2.5/;M)
Pepstatin (100 pM)
Soy bean trypsin inhibitor (100 /ig/ml)
Aprotinin (0.2 mg/ml)
TPCK (100//M)
TLCK(100//M)
Elastatinal (100//M)

as chymostatin and soybean trypsin inhibitor. The calde-
crins were not inhibited by other inhibitors for trypsin,
thiol protease, and elastase, such as APMSF, leupeptin,
E-64, and elastatinal. Surprisingly, TPCK, which is a
well-known chymotrypsin-specific inactivator and which
actually dose- and time-dependently inhibits chymotrypsin
(data not shown), failed to inactivate either the rat or
human caldecrin, and a high concentration of pepstatin, an
acid protease inhibitor, had an inhibitory effect on the
human and rat caldecrins. These results indicate that rat
and human caldecrins can be classified as chymotrypsin -
type serine proteases, but show dispositions that are not
characteristic for chymotrypsin, as judged from the finding
of no inhibition by TPCK.

DISCUSSION

Kang et al. (10) isolated elastase IV cDNA from rat
pancreas poly (A)+ RNA by PCR using primers derived
from the consensus amino acid sequences of the active sites
of mammalian serine proteases, but did not investigate its
function or expression in vivo. The nucleotide sequence of
elastase IV cDNA showed 99.3% identity with that of the
rat caldecrin cDNA cloned by Tomomura et al. (7) on the
screening of a pancreas cDNA library using anti-porcine
caldecrin antibodies. As judged from the nucleotide differ-
ences at 5 positions of elastase IV cDNA (3 substitutions, 1
deletion, and 1 insertion) as compared with rat caldecrin,
the homology of the deduced amino acid sequences was
90.3%. The predicted elastase IV protein is presumed to be
synthesized as a preproenzyme with a signal peptide and an
activation peptide, and the mature form consists of 239
amino acid residues. The primary structure of elastase IV
is almost identical to that of rat caldecrin, there being an
amino acid residue substitutions of Pro to Ala at position
+ 13 of the mature form, and of 25 amino acid residues
from position +67 to +91 in the amino acid sequence of
elastase IV, which differ completely from those of calde-
crin. The amino acid residues characteristic of the catalytic
triad of the serine proteases (19) are conserved at the same
positions His-45, Asp-92, and Ser-187, in both caldecrin

and elastase IV, and the other key amino acid residues,
Gly-209 and Val-221, thought to contribute to the substrate
specificity are retained in the deduced amino acid sequences
of caldecrin and elastase IV (7). We previously reported
that the recombinant rat and human caldecrins synthesized
in a baculovirus expression system were secreted as
proforms into the cultured medium, and that the proform
of caldecrin exhibited no proteolytic activity and no serum
calcium-decreasing activity (7, 8). The mature form and
the activated caldecrin derived from its proform on trypsin
treatment showed chymotrypsin-like activity, but the
proteolytic activity of caldecrin was not necessary for its
serum calcium-decreasing activity (6-8, 11). These data
suggest that elastase IV and caldecrin are derived from a
single gene through some unusual splicing or that one of
them is an artifact. Anyway, if we could isolate the elastase
IV protein and examine its bioactivity, a lot of information
about the structure necessary for serum calcium-decreas-
ing activity would be obtained.

In the present study, we constructed elastase IV cDNA
by means of combinatorial PCR, and compared caldecrin
with elastase IV synthesized in a baculovirus expression
system. On Western blot analysis with anti-porcine calde-
crin antibodies, an immunoreactive protein corresponding
to a size of 32 kDa was detected in sf-9 cells transfected
with the rat elastase IV virus. When the recombinant
elastase IV from the cells was treated with trypsin, the
protease activity was, however, much lower than that of
caldecrin. No recombinant rat elastase IV protein was
found in the cultured medium, which was quite different
from in the case of caldecrin. It is reasonable to presume
that the rate of protein synthesis in sf-9 cells is equal
between caldecrin and elastase IV, because they have the
same promoter and the same preprosequence. Therefore,
the much lower total amount of the immunoreactive protein
found in the elastase IV virus-infected cells and the
medium suggests its instability; the amount of the elastase
IV protein was calculated to be about one-thirtieth of that
of caldecrin from their protein bands and activities. The rat
elastase IV protein is probably degraded easily before or
after secretion. As a result, we could not isolate a recom-
binant elastase IV. On the other hand, we investigated
whether or not caldecrin and elastase IV mRNAs are
synthesized in vivo. No elastase IV mRNA was detected in
rat tissues including pancreas, while caldecrin mRNA was
selectively expressed only in the pancreas. In addition, we
detected caldecrin but not elastase IV sequences in rat
genomic DNA. All these results suggest that rat elastase IV
cDNA is an artifact arising during cloning due to RT-PCR or
a reading mistake in sequencing, and that the caldecrin gene
is expressed in vivo. This conclusion is supported by our
previous data showing that the deduced amino acid se-
quence of the +67 to +91 region of rat caldecrin cDNA,
completely differing from that of elastase IV, was identical
to the peptide sequence of a fragment obtained from the
purified rat caldecrin, and that it exhibited high homology
with the corresponding peptide sequence of the purified
porcine caldecrin (7).

We have reported that procaldecrin required activation
with trypsin for conversion to the active form both as a
protease and a bioactive substance (7, 8, 11). Surprisingly,
the conditions for activation with trypsin differed between
the rat and human caldecrins. Rat caldecrin required much
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more trypsin, a higher temperature and a longer incubation
time than human caldecrin. This may be due to the
difference in the affinities of trypsin for them. It may be
possible that a difference in glycosylation caused the
difference in activation. Ladenheim et al. reported that a
difference in glycosylation affects the processing of the
mouse submaxillary gland prorenin to its active form {20).
Human caldecrin contains a potential asparagine-linked
glycosylation site at Asn-23 of the active form, which is not
conserved but substituted by Asp in rat caldecrin (8).

The substrate specificities of rat and human caldecrins
(Table I) suggests that they belong to the chymotrypsin
family, not the elastase family. Synthetic substrates for
chymotrypsin are well cleaved by both the rat and human
caldecrins. We have already obtained similar results for
porcine caldecrin (unpublished data). Among the pNA and
MCA substrates examined, the Atat values for the latter are
one order of magnitude smaller than those for the former,
which have the same peptide sequence (Suc-Ala-Ala-Pro-
Phe-), although there is little difference in the Km values
between pNA and MCA substrates. Generally, chymotryp-
sin catalyzes the hydrolysis of peptide or ester bonds in two
distinct steps; acylation and deacylation. The second step
(deacylation) is much slower than the first (acylation), so
that the deacylation step determines the overall rate of
hydrolysis of ester bonds by chymotrypsin. In some cases,
however, acylation determines it (21, 22). The availability
of substrates having the same peptide sequence with differ-
ent P \ sites for caldecrin was different, suggesting that the
acylation step, i.e. the release of pNA and MCA, may be
rate-limiting and that the amino acid residue providing the
amino group for the peptide bond (P' i site) may be involved
in the specificity of caldecrin.

The data given in Table II indicate that rat and human
caldecrins as well as the porcine enzyme (6) are serine
proteases. Although these caldecrins are considered to be
chymotrypsin-type rather than elastase-type enzymes
from viewpoint of their substrate specificity, it is difficult to
determine the type from the inhibitor specificity results.
Elastatinal at 100 /xM failed to inhibit the caldecrins, while
it showed 50% inhibition (ID50) of elastase at 3.5 uM (23).
In addition, when the molar ratio of TPCK to chymotrypsin
was 10, TPCK inactivated chymotrypsin to 50% (ID50) in
about 50 min (24), but even excess TPCK did not inactivate
the caldecrins. Although pepstatin did not inhibit chymo-
trypsin at 360 //M (25), it remarkably inhibited the calde-
crins at 100/^M. These results suggest that caldecrin is a
novel-type serine protease, which is closely related to
chymotrypsin rather than elastase, with characteristic
properties including weak but significant substrate speci-
ficity for basic amino acid residues at the Pi site, insen-
sitivity to TPCK and inhibition by pepstatin which concen-
tration was much higher than for acid proteases (25). We
consider that in addition to serum calcium-decreasing
activity, caldecrin probably plays a role also as a digestive
enzyme like chymotrypsin, because its proteolytic activity
measured with Sue-Ala-Ala-Pro-Phe-pNA was as same as
chymotrypsin in human enzyme or one-fifth in rat enzyme.
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