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Although thea-chymases of primates anddogs are knownas
chymotrypsin-like proteases, the enzymatic properties of
rodent a-chymases (rat mast cell protease 5/rMCP-5 and
mouse mast cell protease 5/mMCP-5) have not been fully
understood. We report that recombinant rMCP-5 and
mMCP-5 are elastase-like proteases, not chymotrypsin-like
proteases. An enzyme assay using chromogenic peptidyl
substrates showed that mast cell protease-5s (MCP-5s) have
a clear preference for small aliphatic amino acids (e.g.
alanine, isoleucine, valine) in the P1 site of substrates. We
used site-directed mutagenesis and computer modeling
approaches to define the determinant residue for the sub-
strate specificity of mMCP-5, and found that the mutant
possessing a Gly substitution of the Val at position 216

(V216G) lost elastase-like activity but acquired chymase
activity, suggesting that the Val216 dominantly restricts
the substrate specificity of mMCP-5. Structural models of
mMCP-5 and the V216G mutant based on the crystal
structures of serine proteases (rMCP-2, human cathepsinG,
and human chymase) revealed the active site differences that
canaccount for themarkeddifferences in substrate specificity
of the two enzymes between elastase and chymase. These
findings suggest that rodent a-chymases have unique biolo-
gical activity different from the chymases of other species.

Keywords: mast cell protease(s); chymase; elastase; chymo-
trypsin; substrate specificity; site-directed mutagenesis;
homology modeling.

Chymase is a chymotrypsin-like serine protease expressed
exclusively in mast cells (MCs), where the protease is stored
within the secretary granules and released along with
tryptase, heparin, and histamine in response to allergen
challenge or other stimuli [1]. Although the physiological
function of this protease is still unclear, it is probably
involved in various allergic inflammatory reactions, cardio-
vascular diseases, and chronic inflammatory diseases [2].
For example, the proposed actions of chymase include
induction of microvascular leakage [3], inflammatory cell
accumulation [4], neutrophil and lymphocyte chemotaxis
[5], stimulation of bronchial gland secretion [6], mast cell
degranulation [7], extracellular matrix degradation [8–13],
and cytokine metabolism [14–17].
Based on phylogenetic analyses of a large set of cDNA-

derived sequences and comparison of the substrate prefer-
ences of a smaller set of purified enzymes, mammalian
chymases have been divided into two families, the a- and
b-chymase families [18,19]. Mice and rats have a number of
chymase isozymes that belong to the a-chymase family

(mouse mast cell protease-5/mMCP-5 and rat mast cell
protease-5/rMCP-5) and the b-chymase family (mMCP-1,
2, 4, rMCP-1, 2, 4) [20,21]. Primates and dogs, on the other
hand, are generally thought to have just a single a-chymase
[22–24]. Across mammalian species, the primary structures
of a-chymases are much more similar to each other than to
those of the b-chymases. For example, the amino acid
sequences for human chymase have 73% and 72% identity
to those of rMCP-5 and mMCP-5, respectively, and mast
cell protease-5s (MCP-5s) are 94% identical to each other.
Rodent b-chymases (mMCP-1, 4 and rMCP-1, 2) puri-

fied from tissues such as skin, tongue, and intestine have
been shown to be typical chymotrypsin-like proteases
[25,26], and a-chymases from primates and dogs are also
chymotrypsin-like enzymes with specific activity against
various natural substrates [22,27–30]. As might be expected
based on the results of these studies and the high degrees of
sequence homology with other a-chymases of primates and
dogs, rodent a-chymases were predicted to be chymo-
trypisin-like proteases that have very similar substrate spe-
cificity to those of other a-chymases. However, much less
has been known about the properties of rodent a-chymases.
To define the enzymatic properties, in the present study

we prepared recombinant rMCP-5 and mMCP-5 expressed
by a baculovirus system and demonstrated that both
proteases have elastase-like activity and no chymotrypsin-
like (chymase) activity.

M A T E R I A L S A N D M E T H O D S

Materials

Sprague–Dawley rats and C57BL/6 mice were purchased
from Charles River Japan, Inc., Yokohama, Japan.
Chromogenic peptidyl substrates were purchased from
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Bachem AG, Hauptstrasse, Bubendorf, Switzerland. Phe-
nylmethylsulfonyl fluoride, chymostatin, and soybean tryp-
sin inhibitor (SBTI) were purchased from Boehringer
Mannheim GmbH,Mannheim, Germany. Secretary leuko-
protease inhibitor (SLPI) was purchased from Genzyme,
Minneapolis, MN, USA.

Preparation of recombinant proteins

The cDNAs encoding rMCP-5 andmMCP-5 were obtained
by RT-PCR from total RNA extracted from the trachea of
a Sprague–Dawley rat and the heart of a C57B/6 J mouse,
respectively. The first strand cDNA was synthesized by
using cDNA preamplification system version 2 (Invitrogen,
Corp.). TheMCP-5 cDNAs were amplified withLA TaqTM

polymerase (Takara, Ohtsu, Japan) and specific primers to
which EcoRI and NotI restriction sites were added [sense:
5¢-GACTGAATTCATGAATCCCATGCTCTGTGT-3¢
and antisense: 5¢-AGATGCGGCCGCTTAATTCTCCC
TCAAGATCTTATTGATCC-3¢ for rMCP-5, and sense:
5¢-GACTGAATTCATGCATCTTCTTGCTCTTCAT-3¢
(A) and antisense 5¢-GACTGCGGCCGCTTAATTCTC
CCTCAAGATCTTATTG-3¢ (B) for mMCP-5]. The reac-
tions were run on a thermal cycler with the following
cycle program: 94 �CÆ1 min)1 (1 cycle), 94 �CÆ2 min)1,
58 �CÆ2 min)1, 72 �CÆ3 min)1 (25 cycles), and 72 �CÆ
7 min)1 (1 cycle). The cDNA fragments were inserted into
transfer vector pFASTbac1 (Invitrogen Corp.) and con-
firmed by DNA sequencing. Recombinant baculovirus was
generated with a Bac-to-BacTM baculovirus expression
system (Invitrogen Corp.) according to the protocol provi-
ded by the manufacturer.
Tn5 cells were grown in 3 L of Ex-Cell 405medium (JRH

Biosciences, Lenexa, KS, USA) to a density of 2 · 106
cellsÆmL)1 in 15 Erlenmeyer flasks (200 mL per flask) on a
rotary shaker (75 rounds per min) and infected with the
recombinant baculovirus at a multiplicity of infection of 1.
After subsequent culture for 3 days at 28 �C, the culture
medium was centrifuged (500 g, 30 min, 4 �C), and the
supernatantwas collected as the recombinantprotein source.
Recombinant MCP-5s were purified by a two-step

procedure. First, the culture medium was applied to a
column of heparin-cellulofine (Seikagaku Corporation,
Tokyo, Japan) equilibrated with 20 mM Tris/HCl (pH 8.0)
buffer containing 0.1 M KCl. After washing the column
with same buffer containing 0.3 M KCl, the retained
material was eluted with 0.7 M KCl. The eluate was
mixed with 10 volumes of 20 mM Tris/HCl (pH 8.0)
buffer containing 3 M KCl, and then applied to a col-
umn of phenyl-sepharose CL-4B (Amersham Biosciences
Corp., Piscataway, NJ, USA) equilibrated with the same
buffer containing 3 M KCl. The material retained in the
column was eluted with 0.3 M KCl while monitoring the
absorbance at 280 nm. The purified proteins were subjected
to N-terminal sequence analysis and mass spectrometry
analysis.
Activation of the proform into the mature enzyme was

accomplished by treatment with bovine cathepsin C (Sigma,
St Louis,MO,USA). Purified proenzymes (3 mg each) were
incubated with 10 units of cathepsin C in 30 mL of 20 mM
Na2HPO4/NaH2PO4 (pH 5.8) buffer containing 0.1 MKCl,
1 mM EDTA, 10 mM dithiothreitol, and 10% glycerol at
27 �C for 1 week. The reaction mixture was then applied to

a column of heparin-cellurofine equilibrated with
20 mM Na2HPO4/NaH2PO4 (pH 5.8) buffer containing
0.1 M KCl. After washing the column with the same buffer
containing 0.3 M KCl, the retained material was eluted
with the same buffer containing 0.7 M KCl and 0.01%
Tween 20. The processing of the propeptide was con-
firmed by N-terminal sequence analysis and mass spectr-
ometry analysis. After determination of the protein
concentration, fractions were used as a source of purified
mature enzyme.
A site-directed mutagenesis was carried out by the

method of Ho et al. [31]. The cDNA of the V216G mutant
of mMCP-5 was generated by recombinant PCR using a
mutagenic primer pair (sense: 5¢-CAAGGCATTGCATC
CTATGGACATCGGAATGCAAAGCCC-3¢, and anti-
sense: 5¢-GGGCTTTGCATTCCGATGTCCATAGGAT
GCAATGCCTTG-3¢) in combination with primers A and
B. Generation of recombinant baculovirus and expression,
purification, activation, and characterization of the protein
were carried out as in the wild-type MCP-5s. Throughout
this paper, the amino acid residues of mMCP-5 are
numbered according to the numbering system for the
corresponding residues in bovine chymotrypsinogen A
(chymotrypsinogen numbering).

Active site titration of MCP-5s

The activity of wild-typeMCP-5s and the V216Gmutant of
mMCP-5 (500 ng) was titrated with human a1-antitrypsin
(a1-AT) and human a1-antichymotrypsin (a1-ACT)
(Sigma), respectively. After overnight incubation of prote-
ase and inhibitors at different inhibitor/enzymemolar ratios
(0.1–2 : 1), residual activity was measured with peptidyl
chromogenic substrates MeO-succinyl-Ala-Ala-Pro-Val-
pNA (pNA, para-nitroanilide) and succinyl-Ala-His-Pro-
Phe-pNA, respectively, as described in �Enzyme assay�.

Mass spectrometry

Molecular mass measurements of recombinant MCP-5s
were carried out with a Voyager-DE STR model matrix-
assisted laser desorption/ionization time of flight (MALDI-
TOF) mass spectrometer (Applied Biosystems, Lincoln
Centre Drive Foster City, CA, USA). After 10 lL of the
protein solutions (50–100 lgÆmL)1) were desalted with Zip
Tip C4 (Millipore, Bedford, MA, USA), the elutes contain-
ing protein (90% acetonitrile, 0.1% trifluoroacetic acid in
H2O) were mixed with an equal volume of the matrix
solution (the supernatant of a 33% acetonitrile containing
0.1% trifluoroacetic acid, saturated with sinapinic acid)
and placed on the MALDI target. Ions were generated by
irradiation with a pulsed nitrogen laser (wavelength
337 nm), and positive ions were accelerated at 25 kV and
detected in the linear mode. The singly protonated ions of a
standard mixture (Insulin, Thioredoxin, and Apomyo-
globin; Applied Biosystems) were used as external standards
to calibrate the mass spectrometer.
In order to determine the mass of the deglycosylated

forms, purified proteins (2.5–5 lg) were incubated with
1 mU of glycopeptidase F (Takara, Ohtsu, Japan) in
100 mM Tris/HCl (pH 8.6) buffer in a final volume of
50 lL at 37 �C for 20 h, and the 10 lL of the sample was
analyzed as described above.
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Enzyme assays

The catalytic activity of the MCP-5s was determined by
using the peptidyl pNA substrates in a 96-well plate. Each
well contained 100 lL of reaction mixture composed of
100 mM Tris/HCl, pH 8.5, 3 MNaCl, 0.01%Tween 20, and
1 mM substrate. The reaction was initiated with each
MCP-5 (1 lM), and changes in absorbance at 405 nm were
continuously monitored for 5 min at 25 �C with a Vmax
kinetic microplate reader (Molecular Devices Corp., Sun-
nyvale, CA, USA).
Kinetic analyses were carried out at seven or eight

substrate concentrations (final 0.025–5 mM) by using pNA
substrates that were hydrolyzed at 1 mM by MCP-5s. The
kinetic constants Km and Vmax were calculated from the
initial rates of hydrolysis by Lineweaver–Burke plots using
linear regression. The correlation coefficients were >0.99 in
all experiments. The kcat values were calculated from Vmax/
[E]¼ kcat, where [E] is the concentration of enzyme. Human
chymase (2 nM; Calbiochem Novachem, San Diego, CA,
USA) was also examined as a control.

Inhibitor profiles

The inhibitor profiles ofMCP-5s were examined at constant
substrate (1 mM, MeO-succinyl-Ala-Ala-Pro-Val-pNA
for MCP-5s, succinyl-Ala-His-Pro-Phe-pNA for V216G
mutant) and enzyme concentrations (1 lM) in the presence
of different concentrations of inhibitors in 100 mM Tris/
HCl, pH 8.5, 3 M NaCl, and 0.01% Tween 20. Each
enzyme was preincubated with the inhibitor on ice for
10 min, and the reaction was initiated with the substrate
solution. Residual activity was monitored, and percent
inhibition was calculated from the uninhibited rate. Human
chymase (2 nM) and human neutrophil elastase (HNE)
(2 nM; Athens Research and Technology, Inc., Athens, GA,
USA) were also examined as controls with the respective
substrates (MeO-succinyl-Ala-Ala-Pro-Val-pNA for HNE,
and succinyl-Ala-His-Pro-Phe-pNA for human chymase).

Elastolytic activity assay

The elastolytic activitiy of MCP-5 was determined with an
EnzChek� Elastase assay kit (Molecular probes, Inc.,
Eugene, OR, USA) according to the protocol provided by
the manufacturer, with slight modification. Briefly, the
DQTM-Elastin was dissolved to 50 lgÆmL)1 in assay buffer
[100 mM Tris/HCl (pH 8.5) containing 0.15 M NaCl], and
100 lL of the aliquot was mixed with 100 lL of activated
MCP-5 (5, 10, 20 lgÆmL)1 in assay buffer). Samples were
incubated at 37 �C, and the fluorescence intensity at an
excitation wavelength of 485 nm and an emission wave-
length of 535 nm was measured at each time point (0, 60,
150 min) with a Wallac 1420 ARVO-sxMulti-label counter
(Perkin Elmer Life sciences, Wellesley, MA, USA). Elasto-
lytic activity is expressed as amounts of fluorescence. HNE
was also examined at concentration of 100, 200, 500, and
1000 ngÆmL)1 as a control.

Homology model building

The sequence of mMCP-5 was obtained from the SWISSPROT
[32] database. A homology search of the Protein Data Bank

was carried out by using the FASTA and BLAST programs,
and human chymase, rat mast cell protease (rMCP)-2, and
human cathepsin Gwere found to have sequence homology
with mMCP-5 (74.8, 54.7 and 44.4%, respectively).
The homology model of mMCP-5 was constructed by

using human chymase (1KLT), rMCP-2 (3RP2), and
human cathepsin G (1CGH) crystal structures as
templates. These three sequences and that of mMCP-5
were used for multiple alignment analysis in an Insight-
II2000/homology module. All steps of homology model
building and refinement were carried out by MODELLER

[33]. The input files were generated by the INSIGHTII2000/
homology module based on the alignment file. The
modeling procedures of MODELLER were implemented
using standard parameters and a database of proteins with
known 3D structures. Ten models were created with
medium level energy minimization and no loop optimiza-
tion options. Although human chymase and human
cathepsin G were determined as complex structures with
inhibitors, the tertiary structures of mMCP-5 have no
inhibitors. In order to validate the output structure of
homology modeling and select the best model, profiles-3D
and visual inspection of constructed models in INSIGHT-

II2000 were carried out, and the energy and PDF
(probability density function) values were checked.
The V216G mutant structure was built by amino acid

substitutions in INSIGHTII2000. The configurations of the
residues were adopted from the rotation library of the
INSIGHTII2000/homology module. No energy minimization
was carried out in regard to the mutant structure.

Other methods

DNA sequence analysis was carried out with an Applied
Biosystems 310 genetic analyzer (Applied Biosystems,
Lincoln Centre Drive Foster City, CA, USA). SDS/PAGE
analysis was performed using 10–20% polyacrylamide gel
(Daiichi Pure Chemicals, Tokyo, Japan) under reducing
conditions according to Laemmli [34]. Proteins were visu-
alized by silver staining. Protein concentrations were
determined with a micro-BCA protein assay kit (Pierce,
Rockford, IL, USA) with bovine serum albumin as the
standard. N-Terminal amino acid sequence analysis was
carried out with a Hewlett Packard G1005A protein
sequencing system using Edman degradation.

R E S U L T S

Preparation of recombinant proteins

Recombinant rat MCP-5 (rMCP-5) and mouse MCP-5
(mMCP-5) were expressed and secreted into the culture
medium of Tn5 cells infected with each recombinant
baculovirus. SDS/PAGE analysis following purification
by chromatography on a phenyl-sepharose CL-4B column
showed that each recombinant protein was essentially pure
and according to its molecular weight consisted of a major
31 kDa protein and minor 30 kDa protein (Fig. 1, lanes 1
and 3). N-Terminal amino acid sequencing of the respective
purified proteins yielded the consensus sequence NH2-Gly-
Glu-Ile-Ile-Gly-Gly-Thr-Glu-Pro, corresponding to the
N-terminus of the pro-enzyme form ofMCP-5 (proMCP-5)
[21,36]. However, MALDI-TOF analysis of each protein
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yielded heterogeneous molecular masses (five or six hetero-
geneous signals in the range ofm/z 25 500–27 000). As both
enzymes carried one putative N-glycosylation site at Asn79
[21,36], we subjected them to MALDI-TOF analysis
following deglycosylation. As expected, the purified proteins
that were treated with glycopeptidase F yielded one major
signal (rMCP-5: m/z 25 578, mMCP-5: 25 540), which is in
good agreement with the theoretical value (rMCP-5: 25 569,
mMCP-5: 25 524).
The recombinant proenzymes were processed to the

mature forms by treatment with bovine cathepsin C.
N-Terminal amino acid sequence analysis of each protein
treated with cathepsin C yielded the expected sequence
NH2-Ile-Ile-Gly-Gly-Thr-Glu-Pro, from which two amino
acids (Gly-Glu) upstream of the propeptide had been
removed. Mass spectrometry analysis also showed a reduc-
tion in molecular mass (about 200 mass units), corres-
ponding to the propeptide Gly-Glu. Furthermore, the
purified mature enzymes had slightly higher mobility than
the proenzyme forms in the SDS/PAGE analysis (Fig. 1,
lanes 2 and 4). These results indicate the appropriate
processing of the proenzymes by cathepsin C.

The enzymatic activity ofmatureMCP-5s and theV216G
mutant of mMCP-5 was titrated with a1-antitrypsin and
a1-antichymotrypsin, respectively.Theactivityof the recom-
binant proteases was inhibited at a molar ratio of inhibitor/
protease of 1 : 1, indicating that the purified enzymes were
enzymatically active (Fig. 2).

Analysis of substrate specificity

Because of the high amino acid sequence homology with
other a-chymases, such as human and dog chymases, we
assumed that both mMCP-5 and rMCP-5 were neutral
serine proteases with chymotrypsin-like activity. However,
when we exposed them to a typical chymase substrate,
succinyl-Ala-His-Pro-Phe-pNA under neutral conditions,
neither enzyme exhibited catalytic activity against it. We
therefore screened MCP-5s against a large set of synthetic
peptidyl substrates to ascertain whether the proteins
possessed enzymatic activity. As shown in Table 1, under
neutral (pH 8.5) and high-ionic strength (3 M NaCl)
conditions, the recombinant MCP-5s clearly hydrolyzed
elastase substrates that contained small or medium aliphatic
amino acids (Ala, Ile, Val) in the P1 site, but they displayed
no chymase, trypsin, or other kinds of protease activity. The
enzymes showed a preference for the P1 site of the following
substrates in the order: Val > Ile > Ala. They are also
likely to prefer the proline residue in the P2 site of
substrates, as observed in human chymase [37,38]. They
hydrolyzed the methylated substrate MeO-succinyl-Ala-
Ala-Pro-Val-pNA more effectively than the unmethylated
succinyl-Al-Ala-Pro-Val-pNA, predominantly due to the
lower Km values. The enzyme activities of MCP-5s against
peptidyl chromogenic substrates were relatively low com-
pared with human chymase. Despite having a Km value
roughly similar to that of human chymase, the kcat values
were 70–80 times lower when tested by using each one’s
optimum substrate.

Site-directed mutagenesis

The three amino acid residues at positions 189, 216, and 226
(according to chymotrypsinogen numbering), comprising
the substrate binding site, are generally responsible for
controlling the primary substrate specificity of serine
proteases [39]. For example, in chymotrypsin-like proteases,
such as bovine chymotrypsin A, they are Ser189, Gly216,
and Gly226, and consist of a broad primary specificity (S1)
pocket that allows an aromatic sidechain of the substrate to
penetrate into the pocket. By contrast, in elastases, such as
human neutrophil elastase (HNE) and porcine pancreatic
elastase (PPE), the 216th amino acid, which is located at the
rim of the S1 pocket, is a valine that fills up most of the
pocket with its hydrophobic sidechain. As a result, only
substrates that have amino acids with small or medium
sidechains in the P1 site, such as alanine and valine, can bind
the S1 pocket [39,40]. Based on this knowledge, we carried
out a multiple alignment of a- and b-chymases and, as
expected, found that both MCP-5s possessed a Val216, as
does HNE (Fig. 3).
In order to define the determinant residues for the

substrate specificity of MCP-5, we prepared recombinant
mMCP-5 mutant possessing a Gly substitution of Val at
position 216 (V216G). Although slight elastase-like activity

Fig. 1. SDS/PAGE analysis of purified recombinant MCP-5s.

Recombinant rMCP-5 and mMCP-5 were expressed by a baculovirus

system and purified as described in Experimental procedures. Purified

MCP-5s were applied to 10–20% SDS/PAGE gels and visualized by

silver staining.M, molecular mass standards; lane 1, pro-rMCP-5; lane

2, mature-rMCP-5; lane 3, pro-mMCP-5; lane 4, mature-mMCP-5. All

samples were analyzed under reducing conditions.
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remained, the mutant clearly exhibited activity against
chymase substrate succinyl-Ala-His-Pro-Phe-pNA and suc-
cinyl-Ala-Ala-Phe-pNA, as expected (Table 1), indicating
that the Val216 of mMCP-5 is a determinant residue of the
substrate specificity.

Inhibitor profiles

Synthetic and natural protease inhibitors were used to test
the enzymatic properties of recombinant MCP-5s, and
human chymase and HNE were used as controls. Table 2
summarizes the effects of inhibitors on enzyme activities.
Phenylmethylsulfonyl fluoride, which is the typical synthetic
serine protease inhibitor, caused clear inhibition. Among
the protein inhibitors, the serum elastase inhibitors SLPI,
a1-AT, and Knitz-type inhibitor SBTI, produced clear
inhibition (100% inhibition at 10 lgÆmL)1, 20–50% inhibi-
tion at 10 lgÆmL)1, and 40–60% inhibition at 10 lgÆmL)1,
respectively). a1-ACT and chymostatin, which are specific
for chymotrypsin-like proteases, also inhibited the activity
of MCP-5s (50–90% inhibition at 10 lgÆmL)1 and 50–90%
at 100 lM, respectively). The V216G mutant of mMCP-5
was more sensitive to chymostatin and a1-AT than the wild
type (99% inhibition at 5 lM and 64% at 100 lM,
respectively). Other protease inhibitors, aprotinin, leupep-
tin, pepstatin A, EDTA, bestatin, and E-64, had little or no
effect on their activity (data not shown). These results
indicated that the MCP-5s are serine proteases that are
sensitive to inhibitors of chymotrypsin-like protease.

Elastolytic activity

As expected based on their substrate specificity, MCP-5s
exhibited elastolytic activity. The amounts of DQ�-elastin
degraded by each enzyme were linearly related to the
enzyme concentration (Fig. 4A), but their activity was
relatively low compared with that of HNE (Fig. 4B). When
compared using parallel assays, the specific activities were
approximately 100–200th that of HNE.

D I S C U S S I O N

A striking finding in the present study is that based on their
substrate specificity and inhibitor profiles, rodent a-chy-
mases are elastase-like serine proteases. To our knowledge,
the mast cell chymases that have been enzymatically
characterized to date are all chymotrypsin-like proteases,
without exception. Thus, this is the first report of chymases
with elastase-like activity.
An enzyme assay using peptidyl chromogenic substrates

clearly showed that both MCP-5s were elastase-like pro-
teases that are most active against substrates with a valine in
the P1 site and that their specificities are quite similar to that
of HNE [41]. This strongly suggests a structural similarity of
the substrate-binding sites of MCP-5s and HNE. The
detailed structure of HNE has been investigated by X-ray
crystallography [42], and examination of the complex
between HNE and the third domain of turkey ovomucoid,
a protein protease inhibitor, has shown that the S1 pocket
can accommodate the small aliphatic amino acids Val, Ala,
and Leu and is constricted toward its bottom by residues
Val190, Phe192, Ala213, Val216, and Phe228. The corres-
ponding residues in MCP-5s are exactly same as those of

Fig. 2. Active site titration of MCP-5s with protease inhibitors. Each

protease inhibitor was added to samples of (A) rMCP-5 (B) mMCP-5,

and (C) the V216G mutant of mMCP-5 at the various molar ratios

indicated. After 18 h incubation at 4 �C, residual activitiy was meas-
ured with the chromogenic peptidyl substrates used in inhibitor

profiling.
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HNE, except Phe192, but they are different from those of
HNE, except for Phe228, in the chymases of primates and
dogs (Fig. 3). This demonstrates that the S1 pockets of
MCP-5s are quite similar in size and shape to that of HNE.
Among the elastase substrates, MCP-5s displayed a

preference for substrates with the proline residue in the P2
site, and this preference has also been observed in various
serine proteases, such as HNE [41], human chymase [37,38],
and thrombin [42]. According to X-ray crystallography of
HNE and human chymase [43,44], the P2 proline-directed
preference is due to the bowl-shaped and quite hydrophobic
S2 pockets that consist of Leu99, Phe215 (Tyr215 in human
chymase), and the flat side of the imidazole ring of His57.
Thus, the preference of MCP-5s is probably due to the
hydrophobic S2 pockets that consist of Val99, Tyr215, and
His57, similar to HNE and human chymase.
Based on the profiles of the protease inhibitors, MCP-5s

were concluded to be serine proteases the same as other
chymases. The serum protease inhibitors SLPI and a1-AT,
which are known to be predominant inhibitors of serine
proteases, such as HNE, cathepsin G, and chymases [45,46],
effectively inhibited MCP-5s. As these inhibitors are
thought to play a role in protecting tissues from injury
associated with inflammation caused by proteases, our
results suggest that MCP-5s are also inflammatory media-

tors released frommast cells and the physiological targets of
these inhibitors. Unexpectedly, the MCP-5s were sensitive
to chymostatin and a1-ACT, which are specific for chy-
motrypsin-like proteases, in despite of their elastase-like
specificity. This may be due to the subtle difference in
binding site between elastase substrates and inhibitors.
Further studies, such as inhibition kinetic analysis and
detailed structural analysis for MCP-5-chymostatin com-
plex by X-ray crystallography, are necessary to clarify the
mechanism of the inhibition.
Site-directed mutagenesis analysis for mMCP-5 showed

that Val216 is a determinant residue for the elastase-like
specificity. The V216G mutant exhibited activity against
chymase substrates with Phe in their P1 sites and displayed
higher sensitivity to chymostatin and a1-ACT than the wild
type (Tables 1 and 2), suggesting that the mutant has
enzyme specificity similar to that of human chymase. More
recently, Solivan et al. [47] have reported conversion of
human chymase into an elastase-like protease by a G216V
mutation. Although they suggested the elastase-like speci-
ficity of chymase with Val216, our findings have directly
demonstrated the validity of their prediction.
The homology models of the mMCP-5 and the V216G

mutant were consistent with the results of the enzyme
assays. Similar to HNE [42], Val216 was located at the rim

Table 1. Kinetic constants for the hydrolysis of chromogenic peptidyl substrates of MCP-5s and human chymase. The reactions were initiated with

enzymes, and change in absorbance at 405 nm was monitored continuously at 25 �C for 5 min. Assays were performed in triplicate, and the values
are averages of two or three determinations. ND, not detected; NT, not tested.

Enzyme Substrate

Km
(mM)

kcat
(s)1)

kcat/Km
(mM)1Æs)1)

rMCP-5 MeO-suc-AAPV-pNA 0.95 0.72 0.76

Suc-AAPV-pNA 1.7 0.52 0.30

Suc-AAPI-pNA 0.97 0.12 0.13

Suc-APA-pNA 2.9 0.19 0.065

Suc-AAV-pNA 3.2 0.059 0.019

Suc-AHPF-pNA ND

Suc-AAF-pNA ND

mMCP-5 MeO-suc-AAPV-pNA 0.29 0.75 2.6

Suc-AAPV-pNA 0.78 0.91 1.2

Suc-AAPI-pNA 0.39 0.15 0.37

Suc-APA-pNA 2.6 0.20 0.076

Suc-AAV-pNA 2.8 0.049 0.018

Suc-AHPF-pNA ND

Suc-AAF-pNA ND

mMCP-5 V216G MeO-suc-AAPV-pNA 0.88 0.30 0.34

Suc -AAPV-pNA 1.6 0.29 0.18

Suc-AAPI-pNA 0.87 0.082 0.093

Suc-APA-pNA NT

Suc-AAV-pNA NT

Suc-AHPF-pNA 0.12 0.85 7.3

Suc-AAF-pNA 0.33 0.18 0.56

Human chymase MeO-suc-AAPV-pNA ND

Suc-AAPV-pNA ND

Suc-AAPI-pNA ND

Suc-APA-pNA ND

Suc-AAV-pNA ND

Suc-AHPF-pNA 0.12 62 510

Suc-AAF-pNA 0.12 26 230
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of the S1 pocket, which was partially occluded by the
sidechain of Val216 (Fig. 5, lower panel, left). By contrast,
the S1 pocket of the V216G mutant was relatively broad
compared with the wild type (Fig. 5, lower panel, right) and
seemed to be adequate for penetration by the aromatic
amino acid in the P1 site of the substrate.

Rodent mast cells are generally classified into two subsets
based on differences in the proteoglycans and serine
proteases present in their granules: connective tissue mast
cells (CTMCs) and mucosal mast cells (MMCs). CTMCs
are widely distributed in connective tissue of whole body,
such as in the skin, airway submucosa, and cardiovascular
tissues. They are regarded as critical effector cells in the
allergic inflammatory reaction to exclude antigens by
releasing various inflammatory mediators, and they con-
tribute to the development and modulation of other
inflammatory and physiological processes, such as tissue
fibrosis [48] and angiogenesis [49]. As MCP-5s are predo-
minantly expressed in CTMCs along with a-chymases
(mMCP-4, rMCP-1) in vivo [35,50], it is likely that MCP-5s
are involved in the biological functions of CTMCs.Here, we
have shown that MCP-5s have obvious elastolytic activity,
and this suggests that they act as elastolytic proteases under
physiological conditions and are involved in elastolysis by
CTMCs. However, little is known about the relationships
between mast cells and elastolysis. In animal studies using
rats, Tozzi et al. [51,52] recently showed that the regression
of remodeling in the pulmonary arteries induced by
normoxia following exposure of hypoxia was accompanied
by elastolytic activity of serine protease and CTMC
accumulation in the outer walls of pulmonary arteries.
Although such serine proteases have not fully been charac-
terized, their activity may be derived from rMCP-5
expressed by CTMCs. On the other hand, the elastolytic
activity of MCP-5s was much lower than that of HNE
(Fig. 4), suggesting that there are some differences in the
function of the elastolytic enzyme between MCP-5s and
HNE in vivo. Further animal studies using mice and rats
may be necessary to clarify this.
The a-chymases of primates and dogs have highly specific

activity converting angiotensin (Ang) I into Ang II
[22,28,53], and based on the results of animal studies, they
are believed to contribute to the pathogenesis of cardiovas-
cular diseases such as cardiomyopathy [54], myocardial
infarction [55], atherosclerosis [22], and balloon injury
induced intimal hyperplasia [56,57] via Ang II generation.

Fig. 3. Multiple alignments of amino acid sequences of chymases.

Amino acid sequences of chymases, human neutrophil elastase, and

bovine chymotrypsinogen A were aligned using the CLUSTAL W pro-

gram [35]. The figure shows part of the aligned sequences (amino acids

at 188–230 in chymotrypsinogen numbering). Amino acids at position

216 are marked by an asterisk. The hyphens in each line indicate

alignment gaps. The amino acid sequences of the proteases were

obtained from the NCBI protein database (bovine chymotrypsinogen

A: KYBOA, human neutrophil elastase: P08246, human chymase:

P23946, baboon chymase: P52195, crab-eating macaque chy-

mase: P56435, dog chymase: A35842, sheep MCP-2: P79204, mMCP-

1: AAB23194, mMCP-2: NP_032597, mMCP-4: A46721, mMCP-5:

P21844, mMCP-9: O35164, rMCP-1: P09650, rMCP-2: P00770,

rMCP-4: P97592, rMCP-5: NP_037224, mongolian gerbil MCP-1:

g2137100, mongolian gerbil MCP-2: g4502907, hamster chymase-1:

BAA19932, hamster chymase-2: BAA28615).

Table 2. Effect of protease inhibitors on the enzyme activity of MCP-5s, human chymase and HNE. Enzymes were preincubated with the inhibitors

on ice for 10 min, and the reactionwas initiated with each substrate solution. Residual activity wasmonitored, and percent inhibitionwas calculated

from the uninhibited rate. Assays were performed in triplicate, and the values are averages of two or three determinations. NT, not tested; NI, no

inhibition.

Inhibitor Concentration

% Inhibition

rMCP-5 mMCP-5

mMCP-5

V216G

Human

chymase HNE

Phenylmethylsulfonyl fluoride 1 mM 100 100 NTa 100 100

SLPI 1 lgÆmL)1 41 66 71 93 99

10 lgÆmL)1 100 100 100 97 100

SBTI 10 lgÆmL)1 59 39 62 95 81

100 lgÆmL)1 100 92 99 99 97

a1-AT 10 lgÆmL)1 49 22 15 22 99

100 lgÆmL)1 100 100 64 79 100

a1-ACT 10 lgÆmL)1 51 92 83 100 5

100 lgÆmL)1 98 97 NT NT 22

Chymostatin 20 lM 15 30 100 99 NI

100 lM 48 87 100 100 NI
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Rodent b-chymases, on the other hand, degrade Ang I by
cleaving the peptide bond of Tyr4 and Ile-5 [18,58].
Consequently, Ang II formation in cardiovascular tissues

is almost completely ACE-dependent in rodents, whereas it
is mainly chymase-dependent in primates and dogs [59,60].
In our experiments, MCP-5s exhibited no catalytic activitiy
against Ang I (data not shown). This is a clear example of a
difference in specificity to natural substrates between rodent
and nonrodent a-chymases. Similar to b-chymases,MCP-5s
may be key enzymes responsible for the species difference in
the local Ang-II forming system.
The species difference in substrate specificity between

rodent and nonrodent a-chymases is a matter of interest
from the standpoint of molecular evolution. Multiple
alignments of a- and b-chymases have revealed that the
rodent chymases hamster chymase-2 and mongolian gerbil
MCP-2 contain Val216 the same as MCP-5s (Fig. 3) and
have high sequence homology with MCP-5s (more than
80%). Furthermore, a phylogenetic tree based on multiple
alignments has revealed that the chymase family can be
divided into three groups: rodent b-chymases with Gly216,
nonrodent a-chymases withGly216, and rodent a-chymases
with Val216 (Fig. 6). These results strongly suggest that all
four rodent a-chymases are elastase-like proteases that are
evolutionarily close to each other.
The chymase phylogenetic tree provides information on

the period when the substrate specificity conversion into
elastase-like protease occurred during molecular evolution.
Chandrasekharan et al. [18] reconstructed �ancestral chy-
mase� by means of phylogenetic inferences and showed that
it possessed Gly216 and highly specific Ang II forming
(chymotrypsin-like) activity. Given their inferences and the
branching order of our phylogenetic tree, the conversion
into elastasemust have occurred after branching into rodent

Fig. 4. Elastolytic activity of MCP-5s. Aliquots of DQTM elastin at a

final concentration of 25 lgÆmL)1 were incubated with various con-
centrations ofMCP-5s (A) andHNE (B) in a 96-well microplate. After

incubation times of 60 and 150 min, fluorescence was measured at an

excitation wavelength of 485 nm and an emission wavelength of

535 nmwith aWallac 1420 ARVO-sxMulti-label counter.s, rMCP-5

(150 min); h, mMCP-5 (150 min); n, HNE (150 min); d, rMCP-5

(60 min); j, mMCP-5 (60 min); m, HNE (60 min). Assays were per-

formed in triplicate.

Fig. 5. S1 pocket structures of mMCP-5 and the V216G mutant.

Homology models of the mMCP-5 and V216Gmutant were produced

using MODELLER as described in Experimental procedures. Upper

panels, left and right: surface representation of the whole molecules of

the mMCP-5 and the V216G mutant, respectively. The S1 binding

pockets are shown. Lower panels, left and right: the enlarged views are

from the perspective of the S1 pocket. Green indicates the amino acid

at position 216 located in the rim of the S1 pocket. Yellow indicates

catalytic center Ser195. Blue and red indicate basic and acidic residues,

respectively, and all other residues are colored gray.

Fig. 6. Phylogenetic relations based on alignment of a- and b-chymases.

The phylogenetic tree was derived by the UPGMAmethod performed

by the GENETYX-MAC program (Software Corp., Tokyo, Japan). The

sequence divergence between any pair of sequences is equal to the sum

of the length of the horizontal branches connecting the two sequences.
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and nonrodent chymases (a common ancestor of primates,
dogs, and sheep) in the evolutionary process. Although less
is known about what the specificity of the conversion
means, further studies by analysis of natural substrates and
genetically engineered mice, such as mMCP-5 gene knock-
out or knock-in mice, will help to elucidate its function
in vivo.
Our present study clearly showed that rodent a-chymases

are elastase-like proteases having elastolytic activity, and
thus it may be more appropriate to refer to them as �mast
cell elastases�. Although their functions are not fully defined
here, their substrate specificities suggest that they possess
unique physiological roles different from those of chymases
with chymotrypsin-like activity.
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