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serine protease with broad serpin reactivity
Roman SZABO*, Sarah NETZEL-ARNETT+, John P. HOBSON*, Toni M. ANTALIS+ and Thomas H. BUGGE*'

*Proteases and Tissue Remodeling Unit, Oral and Pharyngeal Cancer Branch, National Institute of Dental and Craniofacial Research, National Institutes of Health, 30 Convent Drive,
Bethesda, MD 20892, U.S.A., and tDepartments of Physiology and Surgery, University of Maryland School of Medicine, Rockville, MD 20855, U.S.A.

We report in the present study the bioinformatic identification,
molecular cloning and biological characterization of matriptase-3,
a novel membrane-anchored serine protease that is phylogeneti-
cally preserved in fish, birds, rodents, canines and primates. The
gene encoding matriptase-3 is located on syntenic regions of hu-
man chromosome 3q13.2, mouse chromosome 16B5, rat chrom-
osome 11g21 and chicken chromosome 1. Bioinformatic ana-
lysis combined with cDNA cloning predicts a functional TTSP
(type II transmembrane serine protease) with 31 % amino acid
identity with both matriptase/MT-SP1 and matriptase-2. This
novel protease is composed of a short N-terminal cytoplasmic
region followed by a transmembrane domain, a stem region with
one SEA, two CUB and three LDLRa (low-density lipoprotein
receptor domain class A) domains and a C-terminal catalytic
serine protease domain. Transcript analysis revealed restricted,
species-conserved expression of matriptase-3, with the highest
mRNA levels in brain, skin, reproductive and oropharyngeal
tissues. The full-length matriptase-3 cDNA directed the ex-

pression of a 90 kDa N-glycosylated protein that localized to the
cell surface, as assessed by cell-surface biotin labelling. The puri-
fied activated matriptase-3 serine protease domain expressed in
insect cells hydrolysed synthetic peptide substrates, with a strong
preference for Arg at position P;, and showed proteolytic activ-
ity towards several macromolecular substrates, including gelatin,
casein and albumin. Interestingly, activated matriptase-3 formed
stable inhibitor complexes with an array of serpins, including
plasminogen activator inhibitor-1, protein C inhibitor, «1-pro-
teinase inhibitor, a2-antiplasmin and antithrombin III. Our study
identifies matriptase-3 as a novel biologically active TTSP of
the matriptase subfamily having a unique expression pattern and
post-translational regulation.
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INTRODUCTION

Extracellular proteolysis is an integral part of tissue development
and homoeostasis, and is causally associated with a number of
pathological processes, including cancer. Likely to encompass
more than 200 different enzymes [1], extracellular proteases
cleave structural components of the extracellular matrix and base-
ment membranes, liberate growth factors and receptor ligands
from the extracellular matrix and latency-associated confor-
mations, and directly activate receptors on the cell surface [2—4].
In so doing, extracellular proteases trigger multiple signalling
pathways that regulate cell adhesion and detachment, migration,
invasion, proliferation and differentiation [5-7].

The study of the role of extracellular proteases in development
and cancer has traditionally involved the matrix metalloproteases,
the plasminogen activation system and the cathepsins [8—10].
However, the recent sequencing of multiple vertebrate genomes
revealed a surprisingly vast array of novel candidate genes that
are predicted to encode proteolytic enzymes. Of these, increasing
attention is being paid to the previously unappreciated family of
TTSPs (type II transmembrane serine proteases). All members
of this novel gene family are predicted to encode transmembrane
proteases that contain an N-proximal transmembrane domain and
a C-terminal serine protease catalytic domain of the chymotrypsin
(S1) fold, separated by an extracellular stem region that contains
a diverse range of potential protein—protein interacting modules

[11-14]. The ultimate size of the TTSP family in vertebrates is
unknown, but more than 20 candidate TTSPs have been identified
to date in humans and mice [1,12,13,15]. The capacity of most
of the predicted TTSP genes to encode biologically relevant gene
products is untested. However, initial studies of a subset of TTSP
genes strongly suggest that the TTSP family directs the expression
of functional transmembrane proteases having critical roles
in development, tissue homoeostasis and human pathogenesis
[12-14,16,17].

The matriptases constitute a subfamily of the TTSPs with a
unique stem composition and phylogenetically related serine pro-
tease domains [12,13]. Well-characterized members of the mat-
riptase subfamily include matriptase/MT-SP1, matriptase-2 and
polyserase-1 [18-21]. Matriptase/MT-SP1, the prototypic mem-
ber of the matriptase subfamily, was originally identified as a
novel gelatinolytic activity in human breast cancer cells [22], and
was subsequently shown to be overexpressed in a remarkably
vast array of human tumours of epithelial origin. These include
prostate, ovarian, uterine, colon, epithelial-type mesothelioma,
cervical and head and neck squamous cell carcinoma [23-31].
Moreover, high expression of matriptase/MT-SP1 was reported to
be an indicator of poor prognosis in ovarian and breast cancers
[27,28]. We recently showed that mice deficient in matriptase/MT-
SP1 die perinatally due to severe defects in epidermal devel-
opment, directly implicating a member of the matriptase sub-
family in epithelial genesis [32,33]. Mouse or human null
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mutations in matriptase-2 and polyserase-1 have not yet been
reported. However, the divergent patterns of expression of mat-
riptase/MT-SP1 and matriptase-2 would indicate separate bio-
logical functions [20,34].

In the present study, we describe the identification, cloning and
biological characterization of a new member of the matriptase sub-
family that is present in fish, birds, rodents, canines and primates,
which we term matriptase-3. We show that matriptase-3 encodes
a TTSP that has high amino acid identity but a widely divergent
expression profile to matriptase/MT-SP1 and other members of
the matriptase subfamily. Furthermore, we show that matriptase-3
encodes a biologically active TTSP that is present on the cell
surface and forms stable inhibitor complexes with a wide range
of serpins.

EXPERIMENTAL

Bioinformatic analysis

A mouse matriptase/MT-SP1 homology search was performed
by tBLASTn analysis of the NCBI nucleotide sequence
database (http://www.ncbi.nlm.nih.gov/BLAST). Chromosome
localization and a complete cDNA sequence of the mouse
matriptase-3 gene were identified by BLASTn search of a
partial matriptase-3 cDNA sequence against mouse genomic
DNA using the Celera Discovery System mouse genome database
(http://www.celeradiscoverysystem.com). Exon-intron bound-
aries of the mouse matriptase-3 gene were predicted with Fuzzy
Finder (http://www.genome.nci.nih.gov/tools). The sequences of
human, chimpanzee, dog, rat, chicken, Danio zebrafish, spotted
green pufferfish and tiger pufferfish matriptase-3 were identified
by screening the NCBI, Celera Discovery System, Ensembl
and MEROPS (http://merops.sanger.ac.uk) databases for proteins
homologous with the predicted mouse matriptase-3 sequence.
Domain structure and putative signal peptide sequences were
analysed with SMART (http://www.smart.ox.ac.uk) and SignalP
2.0 (http://www.cbs.dtu.dk) software, and protein topology was
predicted using the transmembrane hidden Markov model (TM-
HMM) 2.0 program (http://www.cbs.dtu.dk/services/TMHMM-
2.0/). Potential N-glycosylation sites were analysed with
NetNGlycl.0 (http://www.cbs.dtu.dk). Multiple alignments of
TTSP protein sequences were generated with Clustal W (version
1.7) and a phylogenetic tree was constructed using MEGAZ2.1
software (http://www.megasoftware.net).

Molecular cloning of the full-length mouse matriptase-3 cDNA

Total RNA was extracted from the skin and testis of an adult male
129/BlackSwiss mouse using TRIzol® reagent (Invitrogen,
Carlsbad, CA, U.S.A.). cDNA was prepared from 1 ug of total
RNA using BD SMART cDNA Synthesis kit (BD Biosciences—
Clontech, Palo Alto, CA, U.S.A.). Gene-specific primers Mat3A
(5'-ATGGATAAAGAAAAAAGTGATCC-3') and Mat3B (5'-
TACAGTTACAAAAGAGAAGGGAC-3') were used to amplify
the mouse matriptase-3 ¢cDNA using the Expand Long DNA
Template kit (Roche, Indianapolis, IN, U.S.A.) and a GeneAmp
9700 thermocycler (Applied Biosystems, Foster City, CA, U.S.A.)
with 30 cycles of 10 s denaturation at 94°C, 30 s annealing at
51°C and 4 min elongation at 68 °C. The PCR product was cloned
into the TOPO-TA vector (Invitrogen), and verified by complete
sequencing of both DNA strands of the insert.

Analysis of matriptase-3 expression in human and mouse tissues

Primary mouse keratinocytes and fibroblasts were isolated from
the epidermis of 1-day-old 129/BlackSwiss mice and cultured
as described previously [35]. The cells were grown for 3 days at
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37°C in 5 % CO,, and the total RNA from the cells was isolated
using the TRIzol® reagent. Total RNA from adult mouse liver,
brain, thymus, heart, lung, spleen, testis, ovary and kidney was
purchased from Ambion (Austin, TX, U.S.A.). Total RNA from
different sections of an adult mouse brain was obtained
from Cemines (Evergreen, CO, U.S.A.). Total RNA from
mouse skin and eye was extracted from tissues of 1-month-old
male 129/BlackSwiss mice using the TRIzol® reagent. First-
strand cDNA synthesis using an oligo(dT) primer was carried
out with 1 ug of total RNA using the RETROscript kit (Ambion)
according to the manufacturer’s instructions. PCR was performed
with Taq PCR Master Mix kit (Qiagen, Valencia, CA, U.S.A.)
using gene-specific primers mat51 (5'-CTCATGTTGGTGACA-
CTGAAGTCTCC-3) and mat31 (5'-GGAAGATGCTGCTGT-
TGCAGGCAGG-3'). Ribosomal protein S15 gene-specific
primers S15fwd (5-TTCCGCAAGTTCACCTACC-3') and
S15rev (5-CGGGCCGGCCATGCTTTACG-3") were used for
positive control reactions. All PCRs were run for 35 cycles (94 °C
for 1 min, 59°C for 1 min and 72 °C for 1 min).

A mouse RNA Master Blot membrane containing an adult
mouse cDNA array was purchased from BD Biosciences—Clon-
tech, and FirstChoice™ Northern Human Blot 2 was from
Ambion. The membranes were prehybridized for 1 h at 65 °C with
ExpressHyb (BD Biosciences—Clontech) containing 100 pg/ml
sheared salmon sperm DNA (Phoenix Biotechnologies,
Huntsville, AL, U.S.A.). The PCR-amplified DNA (50-100 ng)
corresponding to nt 967-1549 of the mouse matriptase-3 open
reading frames or nt 911-1359 of the human matriptase-3
open reading frames was labelled with *P-dCTP using Ready-to-
Go-dCTP labelling beads (Amersham Biosciences, Piscataway,
NJ, U.S.A.). For hybridization, 1-2 x 10° ¢.p.m./ml of the probe
was added directly to the prehybridization solution and incubated
at 65 °C overnight. The blot was washed twice for 5 min with 2 x
SSC/0.1 % SDS, twice for 15 min with 0.1 x SSC/0.1 % SDS,
and exposed to a Phosphorlmager screen (Molecular Dynamics,
Sunnyvale, CA, U.S.A.). Quantification of the hybridization
signal was performed with ImageQuant software (Amersham
Biosciences).

Expression of mouse matriptase-3 in mammalian cells

COST7 cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 8 % (v/v) fetal calf serum at 37°C in 5%
CO,. Cells (8 x 10°) were seeded on 10 cm cell-culture dishes
1 day before transfection. To transfect the cells, 5 ug of plasmid
DNA containing the full-length mouse matriptase-3 cDNA
cloned into the pMH expression vector (Roche) was mixed with
Polyfectamine reagent (Qiagen) and was added to the cells follow-
ing the manufacturer’s instructions. The cells were washed twice
with ice-cold PBS 24-32h after transfection, and lysed using
0.3 ml of RIPA buffer [150 mM NaCl, 10 mM Tris/HCI, pH 7.4,
0.1 % SDS, 1 % Triton X-100, 0.5 % sodium deoxycholate, 5 mM
EDTA and 1 x protease inhibitor cocktail (Sigma, St. Louis, MO,
U.S.A))]. The cell lysate was then clarified by centrifugation at
12000 g at 4°C, and the protein concentration was determined
using RC DC Protein Assay reagents (Bio-Rad, Hercules, CA,
U.S.A)).

Total protein (60-80 p1g) was boiled for 5 min in 1 x NuPAGE
LDS loading buffer [564 mM Tris base, 8 % LDS (lithium dodecyl
sulphate), 40 % glycerol, 2.04 mM EDTA, 0.88 mM SERVA®
Blue G250 and 0.7mM Phenol Red, pH8.5] (Invitrogen)
containing 0.25 M 2-mercaptoethanol, separated on 4-12%
NuPAGE LDS gels (Invitrogen), and analysed by Western blotting
using primary anti-HA (where HA stands for haemagglutinin)
antibody (Covance Laboratories, Richmond, CA, U.S.A.) and
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a secondary alkaline phosphatase-conjugated antibody (Dako-
Cytomation, Carpinteria, CA, U.S.A.), both at a dilution of
1:1000.

Deglycosylation of the mouse matriptase-3 protein

Protein lysate (50 pg) was denatured for 10 min at 99°C in 1x
glycoprotein denaturing buffer (0.5 % SDS and 1 % 2-mercapto-
ethanol) (New England Biolabs, Beverly, MA, U.S.A.). Deglyco-
sylation was performed in G5 endo H (endoglycosidase H)
reaction buffer (New England Biolabs) containing 50 mM sodium
citrate (pH 5.5), by adding 2000 units of endo H and incubating
at 37°C for 2 h. Samples were then denatured for 5 min at 99°C
in 1x NuPAGE LDS loading buffer containing 0.25 M 2-mer-
captoethanol and analysed by Western blotting as indicated above.

Biotinylation of cell-surface proteins

COS7 cells transfected with either the full-length matriptase-3
cDNA, a full-length mouse DESC1 (differentially expressed in
squamous cell carcinoma 1) cDNA [15] or an empty pMH vector
were cultured for 36 h in Dulbecco’s modified Eagle’s medium
supplemented with 8 % fetal calf serum at 37°Cin 5 % CO,. Cells
were washed three times with ice-cold PBS and incubated with
2mM membrane non-permeable EZ-Link Sulfo-NHS-Biotin
(where NHS stands for N-hydroxysuccinimido) reagent (Pierce,
Rockford, IL, U.S.A.) for 1 h atroom temperature (15-20°C). The
biotin was aspirated, the cells were washed twice with PBS with
100 mM glycine to remove residual biotin, lysed in 0.3 ml of RIPA
buffer, and clarified by centrifugation for 10 min at 10000 g. The
volume of supernatant corresponding to 500 ug of total protein
was diluted with RIPA buffer to a final concentration of 1 ug/ul,
and incubated with 100 ul of agarose-conjugated avidin (Sigma)
for 4 h at 4°C. The beads were then washed twice with 1 ml of
RIPA buffer, twice with 1 ml of 150 mM NacCl, 10 mM Tris/HC1
(pH 7.4) and 5 mM EDTA. Finally, the beads were resuspended in
100 w1 of 4x NuPAGE LDS loading buffer with or without 1 M
2-mercaptoethanol and boiled for 5 min. After spinning, 40 ul
of the supernatant was analysed by Western blotting using anti-
HA antibody. Rabbit anti-mouse anti-GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) antibody (Santa Cruz Biotechnology,
Santa Cruz, CA, U.S.A.) was used to detect GAPDH in cell
lysates.

Expression and purification of the matriptase-3 serine
protease domain

The region of the mouse matriptase-3 cDNA encoding the serine
protease domain (amino acids 581-829) was amplified by PCR
using Mat3SPD5 (5-AGCTGCATGCTAGGCTGTAGCAGG-
AGTTCTTCC-3") and Mat3SPD3 (5-TAGACTCGAGCAAAA-
GAGAAGGGACATACTTATG-3') primers containing Sphl and
Xhol restriction sites respectively, and was cloned into the
pMIB/V5HisA expression vector (Invitrogen) in frame with an
N-terminal honeybee mellitin secretion signal peptide and a C-ter-
minal V5 epitope. The construct was verified by DNA sequencing.
Spodoptera frugiperda S9 cells were grown in Excell 420 SFM
medium (JRH Biosciences, Lenexa, KA, U.S.A.)at27°Cina5 %
CO,-buffered humidified incubator. The cells were transfected
with pMIB/V5HisA/Mat3 or a control plasmid DNA (5 ug
of plasmid DNA/35 mm plastic dish), using Celfectin reagent
(Invitrogen). To select for stably transfected insect cell lines,
Blastcidin (50 pug/ml; Invitrogen) was added 48 h after trans-
fection. Conditioned medium was collected from Blastcidin-
resistant Sf9 cells, and sodium phosphate buffer (pH 7.5) and
NaCl were added to a final concentration of 20 mM and 0.5 M
respectively. The solution was filtered through a 0.22 um filter

(Corning, Corning, NY, U.S.A.) and applied to a Co*"-charged
HiTrap chelating column (Amersham Biosciences) using the
Pharmacia AKTA FPLC system. Chelated proteins were eluted
with a linear gradient of 20-200 mM imidazole, and the positive
fractions were identified by Western blotting using a 1:5000 dilu-
tion of the anti-V5 antibody (Invitrogen). The positive fractions
were dialysed overnight at 4°C against 200 vol. of 50 mM
Tris/HCI (pH 8.0), 1 mM CaCl, and 0.1 % Tween 20 using Slide-
A-Lyzer® dialysis cassettes (Pierce). To investigate the proteolytic
activity of mouse matriptase-3, 80 g of gelatin obtained from
bovine skin (Sigma), heat-denatured casein (Safeway, Tempe, AZ,
U.S.A.) or heat-denatured BSA (Sigma) was incubated for 6 h at
37°C with 50 nM purified, activated matriptase-3 or with 100 nM
trypsin (Sigma) in 50 mM Tris/HCI (pH 8.0), 1 mM CacCl, and
0.1% Tween 20 reaction buffer, then separated on a 4-12 %
NuPAGE LDS gel and stained with 0.1 % Coomassie Brilliant
Blue R250 (Sigma) in 30 % (v/v) methanol and 10 % (v/v) acetic
acid.

Mouse matriptase-3-inhibitor complex formation

Purified, active mouse matriptase-3 serine protease domain
(30 nM) was incubated for 30 min in 50 mM Tris/HCI (pH 7.5),
150 mM NaCl and 2.5 mM CaCl, buffer at room temperature
with 30 nM human «,M («,-macroglobulin; Sigma) or 100 nM
human serpins. Where indicated, reactions also included 20 pg/ml
heparin (Sigma). Experiments with «, M included control reaction
mixtures preincubated for 5 min with 1 mM of the serine protease
inhibitor PMSF (Sigma) before the complex formation assay.
Purified serpins were as follows: PAI-1 (plasminogen activator
inhibitor-1; Molecular Innovations, Southfield, MI, U.S.A.); PCI
(protein C inhibitor; R&D Systems, Minneapolis, MN, U.S.A.);
HAI-1 (hepatocyte growth factor activator inhibitor; R&D
Systems); a2-AP («2-antiplasmin; Calbiochem, San Diego, CA,
U.S.A.), AT III (antithrombin III; ICN Biomedicals, Irvine,
CA, US.A); «ol-PI (al-proteinase inhibitor; a gift from
Annemarie Ralston, American Red Cross, Rockiville, MD,
U.S.A.); and HCII (heparin cofactor IT) [36]. PAI-1 mutant serpins
PAI-1, [R346A (Arg*®— Ala)] and PAI-1; (T333R/A335R)
were gifts from Dr D. A. Lawrence (University of Michigan, Ann
Arbor, MI, U.S.A.). Complex formation was analysed by SDS/
PAGE and Western blotting using anti-V5 antibody.

To evaluate the effectiveness of different serpin inhibitors
towards matriptase-3, 10 nM purified recombinant enzyme was
incubated in triplicate with 200 uM Suc-Ala-Ala-Pro-Arg-pNA
(where Suc stands for 3-carboxy-propionyl) chromogenic peptide
in the presence of 100, 50, 20, 10, 5, 2 and 0 nM purified
recombinant PAI-1, PCI, «2-AP, AT III or o1-PI.

Chromogenic peptide hydrolysis assay

The peptides Suc-Ala-Ala-Pro-Val-pNA, Suc-Ala-Ala-Pro-Phe-
pNA, Suc-Ala-Ala-Pro-Lys-pNA, Suc-Ala-Ala-Pro-Arg-pNA, H-
Glu-Gly-Arg-pNA, Z-Gly-Gly-Arg-pNA and Z-Phe-Val-Arg-
pNA (where Z stands for benzyloxycarbonyl) were obtained from
Bachem Bioscience (King of Prussia, PA, U.S.A.). PMSF,
aprotinin, leupeptin, E-64 [trans-epoxysuccinyl-L-leucylamido-
(4-guanidino)butane] and egg white trypsin inhibitor (ovomucoid)
were obtained from Sigma, human recombinant PAI-1 was from
Molecular Innovations and mouse recombinant HAI-1 was
from R&D Systems. Recombinant active mouse matriptase-3
(10 nM) or thrombin (10 nM) was incubated with 100 uM chro-
mogenic peptide substrate in 50 mM Tris/HCI (pH 8.0), 150 mM
NaCl, 0.01 % Tween 20 and 0.01 % BSA buffer at 35°C over
a 20 min period. Changes in absorbance A at 405 nm were
monitored on a PerkinElmer HTS 7000 Bio Assay reader. To
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test the inhibitory profile of mouse matriptase-3, hydrolysis of the
Suc-Ala-Ala-Pro-Arg-pNA substrate was tested also in the pres-
ence of 1 mM PMSF, 3 uM aprotinin, 20 uM leupeptin, 30 uM
E-64, 100 nM egg white trypsin inhibitor, 2.5 mM EDTA, 50 nM
PAI-1 or 50 nM HAI-1.

For the determination of the K, of chromogenic substrate cleav-
age by the matriptase-3 catalytic domain, the purified enzyme
(10 nM) was incubated with 500, 200, 100, 50, 20 and 10 uM
Suc-Ala-Ala-Pro-Lys-pNA and Suc-Ala-Ala-Pro-Arg-pNA chro-
mogenic peptides. The K,, values for both peptides were deter-
mined from the double-reciprocal plot from triplicate measure-
ments.

RESULTS

Identification of a putative new membrane-anchored serine
protease

To identify putative homologues of matriptase/MT-SP1 in ver-
tebrate genomes, the NCBI nucleotide sequence database was
screened against the mouse matriptase/MT-SP1 protein sequence
using tBLASTn. This identified two non-overlapping partial
cDNA sequences (now updated in NCBI under accession no.
NM_172455), putatively encoding parts of a novel matriptase/MT-
SP1-like protein. Both cDNA fragments mapped to the 16B5
mouse chromosomal region, and a detailed in silico analysis of
this region revealed the presence of an as yet unidentified candi-
date gene predicted to consist of 18 exons and spanning almost
36 kb of genomic DNA (Figure 1A). Splicing of the primary
transcript would give rise to a 2490 bp open reading frame
with the capacity to encode a protein with a molecular mass of
92.6 kDa (Figure 1B). The sequence of the predicted new protein
is most similar to the previously identified mouse matriptase/
MT-SP1 and matriptase-2 proteins, displaying 31 % amino acid
identity to both proteins. Therefore we named the new gene
matriptase-3. The predicted mouse matriptase-3 protein has a
single transmembrane domain (amino acids 63—-85) and a type 11
membrane topology, as determined by the transmembrane hidden
Markov model. Domain structure analysis of the predicted amino
acid sequence indicated that matriptase-3 has a structure that is
typical of a TTSP, with a short N-terminal cytosolic domain, an
N-proximal transmembrane domain — an extracellular SEA do-
main, two CUB domains, three LDLRa (low-density lipopro-
tein receptor domain class A) repeats — and a C-terminal serine
protease domain of the chymotrypsin (S1) fold (Figure 1A). A
search for matriptase-3-like proteases in other species revealed
the presence of highly homologous predicted protein sequences
in the human (GenBank® accession no. XM_293599), chimpan-
zee (GenBank® accession no. XM_516646), dog (GenBank®
accession no. XM_545095), rat (GenBank® accession no. XM_
221464), chicken (GenBank® accession no. XM_416635),
zebrafish (Ensembl accession no. ENSDARG00000012004),
spotted green pufferfish (Ensembl accession no. GSTENG-
00023863001) and tiger pufferfish (Ensembl accession no.
SINFRUG00000149004) genomes. A comparison of the deduced
serine protease domain amino acid sequences of matriptase-3
from these species to matriptase/MT-SP1 and matriptase-2 is
shown in Figure 2(A). The human, mouse, rat and chicken genes
all localized to syntenic regions of human chromosome 3q13.2,
mouse chromosome 16B5, rat chromosome 11g21 and chicken
chromosome 1, further supporting that all four genes are true
orthologues.

Analysis of the amino acid sequence of the putative mouse
matriptase-3 protein revealed five potential N-glycosylation sites
at residues 196, 401, 465, 512 and 538 (Figures 1A and 1B).
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The catalytic domain of mouse matriptase-3 has all the known
essential features of a functional serine protease (Figure 2A),
including (i) the catalytic triad residues His®?-Asp®°-Ser’’¢, all
within their consensus motifs, (ii) the residues Asp’”, Gly™*
and Gly* forming the substrate pocket, (iii) eight cysteine re-
sidues predicted to form four disulphide bridges essential for
proper folding, as well as (iv) a conserved activation cleavage
site R¥'IVGG that is required for the conversion of an inactive
zymogen into an active enzyme. These findings indicate that
the matriptase-3 gene has the potential to encode a functional
serine protease. Constructing a neighbour-joining phylogenetic
tree of the serine protease domains of all known mouse members
of the TTSP family clearly placed matriptase-3 within the mat-
riptase subfamily of TTSPs (Figure 2B) and it suggests that
matriptase-3 may be the closest homologue of matriptase/MT-
SP1 identified to date.

Human and mouse matriptase-3 display a similar tissue
expression pattern

To determine whether matriptase-3 is an actively transcribed gene,
an RT (reverse transcriptase)-PCR analysis was performed on
total RNA extracted from a series of adult mouse tissues (Fig-
ure 3A). This analysis revealed that matriptase-3 mRNA was
expressed in the mouse brain, testis, skin and eye (Figure 3A,
lanes 2, 7, 10 and 11 respectively). A complementary dot-blot
hybridization analysis of matriptase-3 expression confirmed the
expression of matriptase-3 in the brain, eye and testis. In addition,
high matriptase-3 expression was detected in the epididymis and
salivary gland, and lower levels of expression were detected in the
heart, skeletal muscle, thymus, ovary, prostate and uterus (Fig-
ure 3B). To explore further the expression of matriptase-3 in
the central nervous system, the RT-PCR analysis was extended
using RNA isolated from different brain structures. The results
suggest a uniform expression of matriptase-3 in all the analysed
parts of the brain (Figure 3C). The critical role of matriptase/MT-
SP1 in keratinocyte differentiation [32,33] prompted further ana-
lysis of matriptase-3 expression in the skin. Interestingly,
although amply expressed in whole skin (Figure 3A, lane 10, and
Figure 3D, lane 1), no matriptase-3 transcript could be detected in
either cultured primary fibroblasts or cultured primary keratino-
cytes (Figure 3D, lanes 2 and 3 respectively). This suggests that
matriptase-3 is expressed in a different cell population within the
mouse skin, or that the cultivation of the two cell types in vitro
does not induce expression of the novel protease.

To compare the expression of matriptase-3 in humans and mice,
an extensive survey of matriptase-3 mRNA expression in human
tissues was carried out by an RT-PCR analysis. As in the mouse,
matriptase-3 transcripts were present in the brain, ovary, testis and
salivary gland (Figure 4A, lanes, 3, 11, 17 and 21 respectively).
Matriptase-3 mRNA was also expressed in the human trachea
(not analysed in the mouse), and small amounts of mRNA were
present in human lung tissue (Figure 4A, lanes 20 and 10 respect-
ively). A complementary Northern-blot analysis of mRNA from
human tissues revealed a specific hybridization signal only in the
testis (Figure 4B, lane 9). The approx. 2.5 kb size of the major
hybridizing transcript in the testis is in excellent agreement
with the predicted human matriptase-3 mRNA transcript size of
2553 bp.

Taken together, the analysis shows that matriptase-3 displays
an evolutionarily conserved, tissue-restricted pattern of ex-
pression that differs from the rather unrestricted expression of
matriptase/MT-SP1 in epithelium-containing tissues [37], the
liver-specific expression of matriptase-2 [20], and the expression
of polyserase-1 restricted to skeletal muscle, liver, placenta and
heart [21].
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Figure 1

Gene organization, protein domain structure, nucleotides and amino acid sequence of mouse matriptase-3

(A) Exon—intron structure of the mouse matriptase-3 gene and domain architecture of the deduced protein. The locations of the five potential N-glycosylation sites are indicated by arrowheads.
The exons encoding the catalytic residues Hist2 (H), Asp®& (D) and Ser’”® (S) are shown. (B) Nucleotide sequence of the mouse matriptase-3 cDNA, as predicted by bioinformatic analysis and
verified by direct molecular cloning, and the deduced amino acid sequence of the encoded protein. Amino acid residues encoding the predicted transmembrane domain are underlined, the activation
cleavage site is boxed, the residues constituting the catalytic triad are highlighted in boldface and enlarged font, the potential N-glycosylation sites are encircled, and the predicted polyadenylation

signal sequence in the 3'-untranslated region is underlined.
Matriptase-3 directs the expression of an N-glycosylated
cell-surface protein

To characterize the protein product produced by the matriptase-3
gene, a full-length mouse matriptase-3 cDNA was generated by

high-fidelity RT-PCR from a mouse newborn skin cDNA library.
DNA sequencing of the cloned RT-PCR product confirmed the
cDNA identity and exon—intron structure of the matriptase-3 gene
that was predicted by the in silico analysis (results not shown).
The full-length cDNA was then inserted into the expression vector
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A activation
cleavage site
MMAT3 S~-RSSSF----LH-~ DSQEGTWPWQVSLHFVGS-AYJGASVISREWLLS) FHGNR - -~ LSDPTPWTAHLGMY VQGNA- - -~KFISPVR
RnMAT3 IS-RSSPF--—-LH-- GESDSQEGTWPWQVSLHFVGS-AHOGASVI SREWLLS FHGNR---LSDPTPWTAHLGMYVQGNA----KFVSPVR
HsMAT3 S-RS55A----LH-- ITDTLEGGWPWOVSLHFVGS-AY) SVISREWLLS FHGNR---LSDPTPWTAHLGMYVQGNA----KFVSPVR
PEMAT3 S-RS55A----LH-- IIGETDTLEGGWPFWOVSLHFVGS-AYOGASVISREWLLS FHGNR---LSDPTPWTAHLGMYVQGNA----KFVSPVR
CEMAT3 IS ~RSS5SA~~--LH~-~-RIIGATDTREGGWPWQVS LHFVGS~AY|QRASV ISREWLLS FHGNR -~~~ LSDPTPWTAHLGMYVQGNA-~~~KFISBVK
GgMAT3 G- SSKNGN~--~LI~~-SRIVGETNSKEGEWPWQVS LHFVGA-AY|GASV I SKEWLVS, FOGSK---LADPRAWRAHLGMRIQGRA-~~~KFVSAVR
TnMAT3 IGRPSWVGDVE PLTGPSRIVGEVNSMEGEWPWOVS LHF SGH-MY|CGASVLSSNWLVS, FSKES---LSDPRHWSAHLGMLTQGSA- - -~KHVAGIQ
FrMAT3 IGRPSLV-QNESLTGPLRIVGGVDSVEGEWPWQVS LHF SGH-MY|JGASVLSSDWLVS, FSKEK---LSDPRHWSAHLGMLTQGSA-~-~KHVASIQ
DEMAT3 (VNAVEGEWPWQVSMHFSGQ-LY|JGASVLSDVWLIS, SKER~--- LADPRMWMAHLGMLNQGSA~~~~KHVAEIR
MMAT2 TVSSEGEWPWQASLOIRGR-HIGGALIADRWVIT, FQEDS---MASPKLWTVFLGKMRONSR-WPGEVSFKVS
MMAT1 IGLRSFTKQA-—~--~ NADEGEWPWQVS LHALGQGHLOGAS LI S PDWLVS FODDKNFKYSDY TMWTAFLGLLDOSKRSASGVQELKLK
MmMAT3 RIVVHEYYNSQTFDY| QLESIAWPETLEQLIQP PPAGQKVREGEKCWVTGWGRRHEADSKGSFVLOQOAREVELIDOT i STY-GIITSEM G
RnMAT3 RIVVHEYYNSQTFDY QLSIAWPETLRQLIQP PPVGQRVRESGEKCWVTGWGRRHEADSKGSPILQOAEVELIDOT = STY-GIITSEM G
HsMAT3 RIVVHEYYNSQTFDY, QLSIAWPETLKQLIQPIC PPTGQRVRSGEKCWVTGWGRRHEADNKGS LVLOQAEVELIDQTLOVSTY -GIITSRMLUCAG
PtMAT3 RIVVHEYYNSQTFDY, QLSVAWPETLKQLIQPICI PPTGQRVRSGEKCHVTGWGRRHEADNKGS LVLOQAEVELIDQTLOVSTY -GI ITSRMLUCAG
CEMAT3 RIVVHEYYNSQTFDY, QLSTAWPETLKQLIQPICH PPAGQKVRSGEKCW == === == === e mmmmmmmm QREVELIDQTLOVSTY-GIITSRMUCAG
GgMAT3 RIIVHEYYNSENYDY, QLSKPWPDTMSHVIQP IO PPFSHKVRSGDKCW I TGWGOKQEADDEGAAT LOKAEVE I IDQTLCHSTY - GIITARMECRG
TnMAT3 RIVVHEYYNTHTFDY, QLKKPWPSSSGPWVQ PPPSHTVTGSHRCWVTGWGYRSEEDKVLPSVLOKAEVSI LSQSECIVKS Y ~GPVS PRMLICRG
FrMAT3 RIVVHEYYMAHTFDY, QLKKPWEPSTGPSVOPVICLPPTSHTVTGSHRCWVTGWGYRSEEDKVLPSVLQKAEVS I LSQTECKKS Y - GPVS PRMLICRG
DEMAT3 RIVVHEYYNARNFDYDEALLQLKKVWPSGLEQY IQPVICLPAPSQTFTEGHRCHVTGWGYRSEQDKV LPTV LOKAEVNVLSQSEGKRS Y ~GPVSPRMLCAG
MmMAT2 RLFLHPYHEEDSHDY QLDH--PVVYSATVRF PARSHFFEPGOHCWITGWGAQREGG-PVSNTLQKVDVQLVEPQD: EAYR‘IQVSPRM ]
MmMAT1 RIITHPSFNDFTFDYBIANLELEK--SVEYSTVVRPICLPDATHVFPAGKATIWVTGWGHTKEGG-TGALI LOKGE IRVINQTTIGEDLMPQQIT PRMMCVG
* * *
MIMAT3 VMSGKSDRQ PLSCRRKSDGKWILTGIVSWGHGGRPNFPGVYTRVSSFVPWIHKYVPSLL
RnMAT3 VMSGKSDHN PLSCRRKSDGKWILTGIVSWGY GCGRPNFPGVYTRVSNFVPWIHKYVPSLL
HsMAT3 IMSGKRDAK] PLSCRRKSDGKWILTGIVSWGHGGRPNFPGVYTRVSNFVPWIHKYVPSLL
PEMAT3 IMSGKRDA(] PLSCRRKSDGKWILTGIV RPNFPGVYTRVSNFVPWIHKYVPSLL
CEMAT3 VMSGKRDAK] PLSCRRTSDGQWILTGIV RPNFPGVYTRVSNFVPWIHKYVPSLL
G@'BTB LMSGRRDGO PLSCOSNEDGKWELTGIVSWGY 3OGRPNEFPGVYTRVSNLAPWIYKHVESVM
TnMAT3 VSSGERDAK PLSCQAPGGGRWFLIGIVSWGAGUGRPDLPGVY TRVNKFTSWIYNHI S~~~
FrMAT3 VSSGERDAG ALSCQARGGGRWELIGIVSWGS GOGRPNLPGVY TRVNKFTSWIYSHI -~~~
DEMAT3 VESGEQDH PLSCQAQTGSRWFLTGIVSWGSGUGRPY LPGVYTRVAKFIDWIQRHI - -~
MMAT2 YRKGKKDAK) PLVCREPSGR-WFLAGLVSWGLGUGR PNFFGVYTRVTRVINWIQQ -~ -~~~
MmMATL FLSGGVDS% PLSSAEKDGR—ME‘QAGWSWGEGfF\QRNKPG\f‘(TRLPV —————————————
Matriptase-2
Serase-3
Serase-2
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Figure 2 Phylogenetic relationship of matriptase-3 proteins to other type Il transmembrane proteases

(A) The predicted amino acid sequences of the serine protease domains of mouse (MmMAT3), rat (RnMAT3), human (HsMAT3), chimpanzee (PtMAT3), dog (CfMAT3), chicken (GgMAT3), tiger
pufferfish (TNMAT3), spotted green pufferfish (FrMAt3), Danio zebrafish (DrMAT3) matriptase-3, mouse matriptase/MT-SP1 (MmMAT1) and mouse matriptase-2 (MmMAT2) were aligned with the
Clustal W program. Amino acids essential for serine protease activity are highlighted. The activation cleavage site is boxed and highlighted in boldface, disulphide bridges between the eight conserved
Cys residues (boxed) are indicated by solid lines, catalytic residues within their canonical motifs are highlighted in grey, and residues forming the substrate-binding site are indicated by asterisks.
(B) Phylogenetic tree of the 19 known murine members of the TTSP family. Serase-1, -2 and -3 represent individual serine protease subunits of polyserase-1 [21]. The amino acid sequences of the

catalytic domains were aligned with the Clustal W program using default settings. The phylogenetic
for validity by 1000 bootstrap repetitions.

pMH to allow expression of C-terminally HA-tagged matriptase-3
in mammalian cells. COS7 cells transfected with the mat-
riptase-3 expression vector (Figure 5A, lane 3), but not those
transfected with the empty vector (Figure SA, lane 1), showed the
expression of an approx. 90 kDa HA-immunoreactive protein.
Treatment of the matriptase-3—HA cell lysate with endo H de-
creased the molecular mass of the HA-immunoreactive protein
to approx. 80 kDa (Figure 5A, lane 4), demonstrating that mat-
riptase-3 is an N-glycosylated protein. Deglycosylation of matrip-
tase-3 yielded a protein with an apparent molecular mass that
was substantially smaller than the predicted molecular mass of
92.6 kDa. This would suggest that the novel protease either
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tree was constructed with MEGA2.1 software using the neighbour-joining method and was tested

exhibits an abnormal migration on SDS/polyacrylamide gels
or is being proteolytically processed after synthesis similar to
matriptase/MT-SP1 [38]. To distinguish between the two pos-
sibilities, we compared the migration of matriptase-3 proteins
furnished with either N- or C-terminal HA epitope tags after ex-
pression in COS-7 cells and analysis of cell extracts by Western
blotting. This analysis showed that N- and C-terminal HA-tagged
matriptase-3 migrates identically in SDS/polyacrylamide gels,
suggesting that matriptase-3 does not undergo any proteolytic pro-
cessing, but rather displays an abnormal migration in SDS/poly-
acrylamide gels (Figure 5B, lanes 2 and 3). In vitro transcription/
translation of the matriptase-3 cDNA using reticulocyte lysates
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Figure 3 Matriptase-3 mRNA expression in the mouse
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(R) RT-PCR analysis demonstrating matriptase-3 mRNA in brain, testis, skin and eye of adult mice. RNA was isolated from mouse liver (lane 1), brain (lane 2), thymus (lane 3), heart (lane 4),
lung (lane 5), spleen (lane 6), testis (lane 7), ovary (lane 8), kidney (lane 9), skin (lane 10) and eye (lane 11), reverse transcribed, amplified by PCR with a mouse matriptase-3-specific primer
pair (Mat3, upper panel) or a ribosomal protein S15 specific primer pair (S15, lower panel), and the amplification products were analysed by agarose gel electrophoresis. (B) Analysis of mouse
matriptase-3 expression by dot-blot hybridization confirms the expression of matriptase-3 mRNA in brain, testis and eye, reveal high expression of matriptase-3 mRNA in the epididymis and salivary
gland, and lower expression in the heart, skeletal muscle, thymus, ovary, prostate and uterus. The relative ratio of matriptase-3 expression to ubiquitin (UQ) expression is shown. Au, arbitrary units.
(C) RT-PCR analysis of RNA isolated from spinal cord (lane 1), pons/medulla (lane 2), midbrain (lane 3), thalamus/hypothalamus (lane 4), cerebellum (lane 5), olfactory bulb (lane 6), frontal cortex
(lane 7), posterior cortex (lane 8), hippocampus (lane 9), and striatum (lane 10) shows expression of matriptase-3 mRNA in all parts of the mouse brain. (D) RT-PCR analysis of RNA isolated from
whole mouse skin (lane 1), primary mouse fibroblasts (lane 2) and primary mouse keratinocytes (lane 3) reveals the expression of matriptase-3 mRNA in whole mouse skin, but not in cultured

keratinocytes or fibroblasts.

yielded a protein with a molecular mass of approx. 80 kDa, even
in the presence of a protease inhibitor cocktail, further supporting
this conclusion (results not shown).

Analysis of the mouse and human matriptase-3 protein
sequences revealed the presence of a single putative transmem-
brane domain, indicating that the matriptase-3 protein, similar to
previously characterized members of the TTSP family, may be
located on the cell surface. To investigate the subcellular localiz-
ation of mouse matriptase-3, COS7 cells expressing the HA-tag-
ged full-length matriptase-3 were labelled with a cell-membrane
non-permeable biotinylation agent. Proteins in the cell lysate were
then separated into biotinylated and non-biotinylated fractions by
avidin—agarose precipitation and analysed by Western blotting.
This analysis showed that a fraction of matriptase-3 was bio-
tinylated by the treatment (Figure 5C, top panel). The fraction of
biotinylated matriptase-3 was proportionally similar to the frac-
tion of biotinylated DESC1, which was analysed in parallel
(Figure 5C, middle panel) and served as a structurally related
control protein with validated transmembrane topology [15].
In contrast, the cytosolic protein GAPDH was not labelled by
the treatment, showing that the biotinylation of matriptase-3 was
not caused by the biotinylation agent permeating the plasma mem-
brane (Figure 5C, bottom panel).

Western-blot analysis of the biotinylated fraction of matriptase-
3 performed under reducing and non-reducing conditions revealed

only one immunoreactive protein corresponding to the predicted
size of the full-length matriptase-3 (results not shown). This indi-
cates that, at least on the surface of COS7 cells, matriptase-3
remains in its unprocessed, zymogen form.

In conclusion, these experiments demonstrate that the mat-
riptase-3 gene directs the synthesis of a 90 kDa transmembrane
glycoprotein that is expressed on the cell surface.

Matriptase-3 is a catalytically active serine protease that can
cleave macromolecular substrates

To investigate the enzymatic properties of the new enzyme, the
serine protease domain, including the activation cleavage site,
was furnished with a C-terminal V5 epitope tag and a polyhistidine
tract to facilitate immunological detection and purification by
metal ion-chelation chromatography respectively. The chimaeric
protein was expressed in insect cells and purified to homogeneity
from conditioned medium. The recombinant matriptase-3 serine
protease domain produced this way would be a single-chain proen-
zyme that typically requires proteolytic cleavage within a highly
conserved activation motif (R*®'IVGG) to become active. Similar
to matriptase/MT-SP1 [18], matriptase-2 [20] and TMPRSS2
[39], the matriptase-3 zymogen appeared to undergo activation
site cleavage during the purification process, as evidenced by a
slight increase in the electrophoretic mobility (Figure 6A). The
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Figure 4 Analysis of matriptase-3 mRNA expression in human tissues
shows evolutionarily conserved expression in mice and humans

(R) RT-PCR analysis of human tissue samples reveals matriptase-3 mRNA expression in brain,
lung, ovary, testis, trachea and salivary gland. RNA from human adipose tissue (lane 1), bladder
(lane 2), brain (lane 3), cervix (lane 4), colon (lane 5), oesophagus (lane 6), heart (lane 7), kid-
ney (lane 8), liver (lane 9), lung (lane 10), ovary (lane 11), placenta (lane 12), prostate (lane 13),
skeletal muscle (lane 14), small intestine (lane 15), spleen (lane 16), testis (lane 17), thymus
(lane 18), thyroid (lane 19), trachea (lane 20) and salivary gland (lane 21) was reverse-
transcribed, amplified by PCR with a human matriptase-3-specific primer pair (Mat3, upper
panel) or a human ribosomal protein S15 specific primer pair (S15, lower panel), and the
amplification products were analysed by agarose gel electrophoresis. (B) Northern-blot analysis
of matriptase-3 expression in human tissues. Polyadenylated RNA (2 g/lane) from tissue
samples of human brain (lane 1), liver (lane 2), placenta (lane 3), small intestine (lane 4),
colon (lane 5), thymus (lane 6), spleen (lane 7), prostate (lane 8), testis (lane 9) and ovary
(lane 10) was separated by agarose gel electrophoresis, immobilized to a membrane and probed
with a P-labelled human matriptase-3 cDNA probe that contained nt 464-980 of the predicted
open reading frame. The positions of RNA markers (kb) are indicated on the left.

mobility shift typically occurred after dialysis of the purified mat-
riptase-3 was performed to remove the imidazole used for protein
elution after metal ion-chelation chromatography, and was time-
and temperature-dependent (results not shown). To determine
whether the activation site cleavage resulted in the formation of
a catalytically active serine protease, an «,M capture assay was
employed [40,41]. Incubation of the matriptase-3 serine protease
domain with «,M after, but not before, the activation site cleav-
age did indeed result in the formation of multiple matriptase-
3-containing high molecular mass complexes, consisting of
matriptase-3 covalently linked to 90 and 180 kDa «,M subunits
(Figure 6B, lane 5). Several additional high molecular mass com-
plexes were apparent, probably caused by partial cleavage by un-
complexed matriptase-3 serine protease domains. Preincubation
of the activated matriptase-3 with the active-site serine protease
inhibitor PMSF prevented the formation of these higher molecular
mass complexes (Figure 6B, lane 6), showing that matriptase-3—
o,M complex formation was dependent on matriptase-3 serine
protease activity. To document further the activity of the re-
combinant protein, the purified activated matriptase-3 catalytic
domain was incubated with denatured collagen (gelatin), casein
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Figure 5 Mouse matriptase-3 is a 90 kDa transmembrane glycoprotein that
is expressed on the cell surface

(A) N-glycosylation of mouse matriptase-3. Western-blot analysis with HA antibodies of whole
cell lysates of COS7 cells transfected with empty expression vector (lanes 1and 2) or afull-length,
C-terminally HA-tagged mouse matriptase-3 cDNA expression plasmid (Mat3-HA; lanes 3 and
4). The protein extracts in lanes 2 and 4 were treated with endo H before SDS/PAGE, and the
protein extracts in lanes 1 and 3 were treated with deglycosylation buffer (50 mM sodium
citrate, pH 5.5) without endo H. The upper arrow indicates the position of the N-glycosyl-
ated form of mouse matriptase-3 (90 kDa), and the lower arrow indicates the position of
the N-deglycosylated mouse matriptase-3 protein (80 kDa). The positions of molecular-mass
standards (kDa) are indicated on the left. (B) The abnormal migration of mouse matriptase-3
in SDS/polyacrylamide gels is not caused by proteolytic processing. Whole cell lysates of
C0S7 cells transfected with empty expression vector (lane 1), a full-length, N-terminally
HA-tagged mouse matriptase-3 cDNA expression plasmid (HA-Mat3; lane 2), or a full-length,
C-terminally HA-tagged mouse matriptase-3 cDNA expression plasmid (Mat3—HA) were
analysed by Western blotting using HA antibodies. The arrow indicates the position of N- and
C-terminally tagged mouse matriptase-3 (90 kDa). The positions of molecular-mass standards
(kDa) are indicated on the left. (C) Mouse matriptase-3 is expressed on the plasma membrane.
COS7 cells transfected with a full-length, C-terminally HA-tagged mouse matriptase-3 cDNA
(Mat3-HA; top panel) or with a full-length, C-terminally HA-tagged mouse DESCT
cDNA (DESC1-HA; middle panel) were treated with Sulfo-NHS-Biotin to biotinylate cell-surface
proteins. Whole cell lysates were prepared and either analysed directly by Western blotting using
HA antibodies (lysate, lane 1) or separated into non-biotinylated proteins (wash, lane 2) and
biotinylated proteins (avidin-bound, lane 3) by avidin—agarose batch affinity chromatography.
Bottom panel: lysates from mouse matriptase-3 cDNA expression plasmid-transfected cells
were analysed by Western blotting against the cytoplasmic protein GAPDH. The absence of
biotinylated GAPDH shows that the biotinylation agent did not penetrate the plasma membrane.

or BSA, and the resulting reactions were then analysed by SDS/
PAGE. As shown in Figure 6(C, lanes 2, 5 and 8), the matriptase-3
serine protease domain clearly exhibited proteolytic activity
against all three proteins, providing additional evidence that
mouse matriptase-3 is a functional serine protease.

Mouse matriptase-3 preferentially hydrolyses peptides with
Arg at position P,

To investigate the substrate preference of matriptase-3, the re-
combinant protein was incubated with different synthetic chromo-
genic peptides. As shown in Figure 7(A), matriptase-3 showed a
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Figure 6 Mouse matriptase-3 is an active serine protease with gelatinolytic
and caseinolytic activity

() Top: C-terminally V5-tagged mouse matriptase-3 serine protease domain was purified to
homogeneity from insect cell conditioned medium and analysed by Western blotting using
anti-V5 antibodies before (lane 1) and after (lane 2) incubation for 60 min at 37 °C in 50 mM
Tris/HCI (pH 8.0), 1 mM CaCl, and 0.1 % Tween 20. The position of the activation site-cleaved
mouse matriptase-3 serine protease domain is indicated. The positions of molecular-mass
standards (kDa) are indicated on the left. Bottom: amino acid sequence of the N-terminus of
the recombinant matriptase-3 zymogen (first 30 amino acids are shown). Amino acids form-
ing the predicted activation cleavage site are highlighted in boldface, and the Py—P4’ bond is
indicated with an arrowhead. (B) Activated mouse matriptase-3 serine protease domain cleaves
and forms SDS-stable complexes with a, M. Purified inactive (lanes 1-3) or activated (lanes 4—
6) mouse matriptase-3 serine protease domain was pretreated with PMSF (lanes 3 and 6)
or solvent (lanes 1, 2, 4 and 5) and incubated with oM (lanes 2, 3, 5 and 6) or buffer
(lanes 1 and 4). Complex formation was analysed by Western blotting using anti-V5 antibodies
under reducing conditions. The positions of mouse matriptase-3—oM complexes (Mat3:aco M)
and the uncomplexed activated mouse matriptase-3 serine protease domain (Mat3) are in-
dicated. The position of molecular-mass standards (kDa) are shown on the left. (C) Matriptase-3
shows proteolytic activity against denatured collagens, casein and BSA. Gelatin (80 wg; lanes 1—
3), denatured casein (lanes 4-6) or denatured BSA (lanes 7-9) were incubated with the buffer
(lanes 1, 4 and 7), the purified activated mouse matriptase-3 serine protease domain (lanes 2,
5 and 8) or trypsin (lanes 3, 6 and 9). All reactions were analysed on SDS/PAGE followed by a
Coomassie Brilliant Blue staining to visualize substrate cleavage.

strong preference for peptides containing Arg at position P, with
the peptides Suc-Ala-Ala-Pro-Arg-pNA and Z-Phe-Val-Arg-pNA
showing the highest rate of conversion. Lys at position P, was
significantly less effective, and no activity has been detected when
this position was occupied by either Val (preferred by leucocyte
elastase) or Phe (preferred by chymotrypsin). The preference for
Arg at position P, is consistent with the primary structure of the
catalytic domain of matriptase-3. The P, specificity of serine pro-
teases has been correlated with the amino acid residue pos-
itioned six amino acids N-terminal of the active-site serine residue.
A negatively charged Asp’™ at this position indicates preference
for substrates with positively charged Arg or Lys at position P,
whereas the following Ala’' would favour P,-Arg over Lys. A
more detailed analysis of the kinetic properties of matriptase-3
confirmed that the recombinant enzyme exhibited significantly
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Figure 7 Analysis of substrate preference and inhibitory profile of the
mouse matriptase-3

(A) Purified recombinant mouse matriptase-3 (10 nM) or thrombin (10 nM) were incubated
with 100 uM of Suc-Ala-Ala-Pro-Arg-pNA (AAPR), Suc-Ala-Ala-Pro-Lys-pNA (AAPK),
Suc-Ala-Ala-Pro-Val-pNA (AAPV), Suc-Ala-Ala-Pro-Phe-pNA (AAPF), H-Glu-Gly-Arg-pNA
(EGR), Z-Gly-Gly-Arg-pNA (GGR), and Z-Phe-Val-Arg-pNA (FVR) at 35°C, and the changes
in A at 405nm with time were monitored. (B) Purified recombinant mouse matriptase-3
(10 nM) was incubated with the synthetic peptide Suc-Ala-Ala-Pro-Arg-pNA in the absence or
presence of PMSF (1 mM), egg white trypsin inhibitor (TI; 100 nM), EDTA (2.5 mM), aprotinin
(3 M), leupeptin (20 M), E-64 (30 M), human recombinant PAI-1 (50 nM) or soluble
mouse recombinant HAI-1 (50 nM). The conversion rate in each reaction is presented as the
change in A4gs with time (OD/hour, absorbance units/h).

lower K, for peptides bearing P,-Arg compared with P -Lys
(240 =83 nM for Suc-Ala-Ala-Pro-Arg-pNA, compared with
534 + 135 nM for Suc-Ala-Ala-Pro-Lys-pNA; results not shown).
The hydrolytic activity of the matriptase-3 serine protease do-
main towards Suc-Ala-Ala-Pro-Arg-pNA was reduced by generic
small molecule inhibitors of serine proteases (aprotinin, leupeptin
and PMSF) and, interestingly, by the serpin PAI-1, but not by
inhibitors of either cysteine proteases or metalloproteases, E-64
and EDTA respectively (Figure 7B). On the other hand, HAI-1,
an established inhibitor of matriptase/MT-SP1, did not show
significant inhibitory activity towards matriptase-3 in this assay.

Mouse matriptase-3 forms inhibitory complexes with the serpins
PAI-1, PCI, o1-Pl, «2-AP and AT Ill

Matriptase/MT-SP1 forms stable inhibitory complexes with
HAI-1, and HAI-1 is a principal matriptase/MT-SP1 inhibitor

© 2005 Biochemical Society
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Figure 8 Mouse matriptase-3 forms stable inhibitory complexes with
serpins

The active mouse matriptase-3 catalytic domain was incubated for 30 min at room temperature
with buffer (lane 1), 30 "M &, M (lane 2), 100 nM human PAI-1 (lane 3), PAI-14 Py mutant (lane 4),
PAI-1g insertion loop mutant (lane 5), PCI (lane 6), PCI with heparin (lane 7), a1-PI (lane 8),
«2-AP (lane 8), AT Ill (lane 10), HC Il (lane 11) or HC Il with heparin (lane 12). The positions
of the activated mouse matriptase-3 serine protease domain (Mat3) and the complexes of the
protease with serpins (Mat3:serpins) are indicated. The positions of molecular-mass standards
(kDa) are indicated on the left.

Table 1  Serpin specificity of matriptase-3

Clade Serpin  Reactive centre loop (P,—P4’)  Matriptase-3 complex  1Cso (nM)
SERPINAT  «1-PI  AIPM-SIPP Yes No inhibition
SERPINA5  PCI FTFR-SARL Yes 183+1.2
SERPINC1  HCIl  FMPL-STQV No Not tested
SERPIND1  ATIIl  IAGR-SLNP Yes 440+85
SERPINEY1  PAI-1 VSAR-MAPE Yes 45405
SERPINF2  «2-AP AMSR-MSLS Yes 56.7+15.1

invivo [42,43]. Furthermore, we have previously shown that
DESCI forms stable inhibitory complexes with PAI-1 and PCI,
suggesting that the TTSPs may be novel targets for serpin inhibi-
tion [15]. To test the ability of matriptase-3 to form complexes
with serine protease inhibitors, the active, purified matriptase-3
catalytic domain was incubated with a number of serpins. Inhi-
bitory complex formation was analysed by SDS/PAGE and
Western blotting using an antibody raised against the V5 epitope
tag of matriptase-3. Interestingly, the matriptase-3 serine protease
domain formed stable inhibitory complexes with PAI-1 (Figure 8,
lane 3), PCI (lane 6 and 7), al1-PI (lane 8), a2-AP (lane 9)
and AT III (lane 10), but not with HC II (lanes 11 and 12).
Inhibitory complex formation of matriptase-3 with PAI-1 was
completely blocked by the mutation of the P, amino acid of the
PAI-1 reactive site loop that creates a mutant resistant to the pro-
tease cleavage required for the complex formation (PAI-1,;
Figure 8, lane 4). Similarly, no complex formation was detected
with a PAI-1 mutant defective in loop insertion and the associated
conformational changes required for the formation of the complex
(PAI-1g; Figure 8, lane 5).

The efficiency with which the five serpins, found to form SDS-
stable complexes with recombinant matriptase-3, inhibited the
enzyme activity was further tested in a chromogenic peptide assay.
As shown in Table 1, PAI-1 was the most efficient inhibitor of
matriptase-3 activity with ICy, values in the low nanomolar range,
followed by PCI, AT III and «2-AP. On the other hand, no
appreciable inhibition of matriptase-3 activity was detected with
up to 100 nM concentrations of «1-PI, the only serpin that forms

© 2005 Biochemical Society

a complex with matriptase-3, which does not have Arg at position
P, of its reactive centre loop (Table 1).

DISCUSSION

A systematic bioinformatic search for new mammalian genes
and gene families has recently become possible by advances in
vertebrate genome sequencing projects. This has led not only to a
great expansion in the number of members of previously charac-
terized protease families, but even to the definition of entire
families of new proteolytic enzymes [12-14,44,45]. Particularly
striking in this respect was the unveiling of the TTSP family, of
which a large majority of the > 20 predicted family members have
now been identified by genome and cDNA database homology
searches.

In this paper, we described the identification and charac-
terization of the fourth member of the matriptase subfamily of the
TTSPs, which we have termed matriptase-3. Bioinformatic ana-
lysis supported by direct cDNA cloning showed that matriptase-3
would encode a protein with a high overall similarity to mat-
riptase/MT-SP1 and matriptase-2, including the presence of an
N-proximal transmembrane domain, followed by an SEA domain,
two CUB domains, three LDLLRa domains and a C-terminal
catalytic domain of S1-chymotrypsin fold. The bioinformatic
prediction of matriptase-3 as a novel functional TTSP was sup-
ported by exhaustive analysis of the matriptase-3 mRNA distri-
bution and biological characterization of the protein product. Thus
the matriptase-3 mRNA transcripts were present in several murine
and human tissues. In addition, the cloned murine matriptase-3
cDNA directed the synthesis of a full-length protein that was
properly targeted to the secretory pathway, N-glycosylated, and
expressed on the cell surface. Finally, the purified matriptase-3
serine protease domain formed stable complexes with the trap
inhibitor «,M, displayed proteolytic activity towards many
macromolecular substrates, hydrolysed small peptide substrates
with preference for Arg at position P;, and was susceptible
to inhibition by generic serine protease inhibitors, but not by
inhibitors of other classes of proteases.

The highest relative expression of the mouse matriptase-3
mRNA was found in the epididymis, salivary gland, thymus,
testis, ovary, uterus and central nervous system. From the panel
of human tissues tested by Northern blotting and/or RT-PCR, the
highest levels of matriptase-3 transcript were detected in testis and
ovary, and additional sites of expression included brain, salivary
gland, lung and trachea. Although more detailed delineation
of matriptase-3 expression awaits further studies when suitable
reagents are developed, these results suggest that the mouse
and human matriptase-3 orthologues are expressed in highly
overlapping subsets of tissues, and therefore are likely to perform
analogous functions in both species.

Previous analysis of the gene and/or protein expression of other
members of matriptase subfamily showed that matriptase/MT-SP1
is broadly expressed in the epithelial lining of almost all tissues
examined [37], whereas matriptase-2 is highly liver-specific, with
lower levels of gene expression detected also in kidney and
uterus [20,34], and polyserase-1 expression is restricted to skeletal
muscle, liver, placenta and heart [21]. It therefore appears that the
pattern of expression of matriptase-3 is different from that of
matriptase/MT-SP1 and matriptase-2, suggesting that despite the
substantial sequence and structural similarities between the three
proteins, matriptase-3 is likely to perform a unique, non-redundant
physiological function(s).

Studies of the post-translational regulation of TTSPs, including
their interaction with serine protease inhibitors, are in their
infancy. A pioneering series of studies by Lin and Dickson has
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established that the Kunitz-type inhibitor, HAI-1, plays a critical
role in regulating the activity of matriptase/MT-SP1 at multiple
levels [42,43,48]. In this respect, it is noteworthy that we were
unable to document either an inhibitory activity of HAI-1 towards
matriptase-3 or any effect of its co-expression on the intra-
cellular trafficking of matriptase-3 full-length protein (results
not shown). Although more detailed studies are necessary, this
would tentatively suggest that HAI-1 is not a major regulator
of matriptase-3 and, thus, that the biological regulation of the
two closely related proteases could be fundamentally different. In
notable contrast, we found that the activated matriptase-3 serine
protease domain formed bona fide inhibitor complexes with an
array of serpin-type inhibitors, including PAI-1, PCI, «1-PI, a2-
AP and AT III. Of the five, PAI-1 was the most effective in
inhibiting matriptase-3 enzymatic activity in vitro, displaying
an ICs in the low nanomolar range. This finding is analogous
to our recent report that PAI-1 and PCI formed stable inhibitor
complexes with both the isolated serine protease domain and a
soluble full-length form of the TTSP DESCI1 [15]. Although it is
likely that some of these interactions do not take place in vivo,
due to lack of co-expression of the serpin with matriptase-3, steric
interactions or unfavourable kinetics, the combined data, never-
theless, open the intriguing possibility that inhibition of TTSPs
may be a new and biologically important function of the large
clade of serpin-type serine protease inhibitors.

Elucidation of the physiological functions of TTSPs is the focus
of attention of an increasing number of researchers. Null muta-
tions have been identified in two human TTSP genes (TMPRSS3
and enteropeptidase), and mice with a targeted inactivation of
three additional TTPS genes (hepsin, corin and matriptase/MT-
SP1) have been reported to date [16,17,32,46,47]. It is noteworthy
that all five of these TTSP genes were found to have functions in
either basic developmental or post-natal homoeostatic processes
that are essential to all vertebrate classes, including epidermal
differentiation, inner ear development, blood pressure regulation,
food digestion and liver homoeostasis. Moreover, bioinformatic
analysis presented in this paper identified orthologues of mat-
riptase-3 in all the nine vertebrate genomes that were analysed, in-
cluding teleost fish, birds, canines, rodents and primates, and pre-
dicted that all nine orthologues would encode functional serine
proteases. Taken together, this would predict a species-conserved
function of matriptase-3 and suggests that genetic studies aimed at
understanding the physiological functions of matriptase-3 could
be advantageously carried out in non-mammalian vertebrates
having a short life cycle and external embryonic development,
such as pufferfish or zebrafish.

In summary, in the present study, we have identified, cloned
and biologically characterized matriptase-3, a novel member of
the matriptase subfamily of TTSPs that is present in all higher
vertebrates analysed. Our results show that matriptase-3 encodes
a functional, cell-surface-associated serine protease with an ex-
pression pattern and an inhibitor susceptibility that is different
from that of matriptase/MT-SP1.
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