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1. ABSTRACT

Two variant cDNAs, mosaic seine protease large-
form (MSPL) and transmembrane protease serine 13
(TMPRSS13), have been identified from a human lung
cDNA library by polymerase chain reaction. The deduced
amino acid sequences of these proteins show a type II
transmembrane protein structure with a unique and long
cytoplasmic tail containing tandem repeat phosphorylation
motifs of protein kinases, a transmembrane domain, and a
trypsin-like serine protease domain at the extracellular C-
terminal side. These proteins have an identical serine
protease sequence except for the C-terminal ends, and the
consensus protease domain exhibits 42, 39 and 43%
sequence identity with those of plasma kallikrein, hepsin
and transmembrane protease serine 2 (TMPRSS2),
respectively. Although both genes are widely expressed in
various tissues, they are predominantly expressed in human
lung, placenta, pancreas and prostate. TMPRSS13 is
expressed higher than MSPL in thymus, spleen and
peripheral blood lymphocytes, particularly in CD8" cells
and CD19" cells. Enzymatic properties of the recombinant
soluble MSPL and TMPRSS13 show that these enzymes
preferentially recognize the sites consisting of paired basic
amino acid residues, and are strongly inhibited by
aprotinin, benzamidine and Bowman-Birk trypsin inhibitor,
but poorly inhibited by o;-antitrypsin and leupeptin. These
properties raise the possibility that MSPL and TMPRSS13
play roles in the proteolytic processing of prohormones,
precursors of growth factors, and also play roles in the
pathogenicity of many viruses and bacteria in vivo.
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2. INTRODUCTION

Serine proteases are the pivotal regulators in a
variety of physiological and pathological conditions such as
food digestion, blood coagulation, tissue remodeling,
embryonic development, and tumor metastasis (1-4). Most
of these enzymes involved in these events are serine
proteases secreted by cells or found in biological fluids. In the
past decade, due to the development of molecular technology
and systematic bioinformatics, a number of cell surface
anchored trypsin-like serine proteases have been identified.
These proteases are classified into two groups. One is the type
I or glycosylphosphatidylinositol-anchored serine proteases
which possess a unique C-terminal hydrophobic extension
with or without cytoplasmic domain (5, 6). The other group is
the type II transmembrane serine proteases (TTSPs) including
enteropeptidase (7), hepsin (8), corin (9), and matriptase (10),
which have a transmembrane domain near the N-terminus and
a proteolytic domain at the C-terminal side. The number of
TTSP genes is increasing and over 20 family members have
now been identified to date. Among them, we identified unique
TTSPs with a transmembrane domain and several potential
regulatory modules, named mosaic seine protease large-form
(MSPL) (11) and its transcript variant TMPRSS13. We also
found transcript variant of MSPL without transmembrane
domain, named mosaic seine protease short-form (MSPS)
(11). In this review, we summarize current knowledge of
MSPL and TMPRSS13 and discuss the unique characters in
structure andenzymatic properties of these variants in
comparison with the other TTSPs.
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3. STRUCTURE

3.1. ¢DNA and Gene structure

In an attempt to find a membrane-bound trypsin-
type serine protease expressed in human lung, we
performed a polymerase chain reaction (PCR)-based
screening using a human lung cDNA library and degenerate
oligonucleotides designed on the basis of the conserved
catalytic motif sequences of known trypsin-type serine
proteases. From the results of amplified DNA fragment
sequences and the 5’- and 3’-rapid amplification of
cDNA ends approaches, we have identified one novel
gene MSPL with transmembrane domain and its
alternatively spliced variant TMPRSS13 with an
identical catalytic domain sequence. MSPL cDNA
covers 2348 bp with an open reading frame (ORF) of
1743 bp and its transcript variant TMPRSS13 cDNA
covers 3372 bp with ORF of 1701 bp. The human MSPL
and TMPRSS13 gene variants comprise 12 exons and 13
exons, respectively and are located on chromosome
11923.2. The murine MSPL and TMPRSS13 orthologue
encompass 12 exons and 13 exons, respectively on
chromosome 9AS.

3.2. Primary amino acid sequences and domain
architectures

The deduced amino acid sequences show 581
residues for MSPL and 567 residues for TMPRSS13. There
are five potential N-glycosylation sites in both forms with
the canonical Asn-X-(Ser/Thr) sequence. The serine
protease domains at residues 321-581 for MSPL and 326—
567 for TMPRSS13 are identical except for the C-terminal
ends, i.e. 555-581 for MSPL and 560-567 for TMPRSS13
(Figure 1A). They have the typical catalytic triad (His,
Asp and Ser) of serine proteases (12), and a
characteristic disulfide bond pattern. The putative
proteolytic activation site (Arg) in the Arg-lle-Val-Gly-
Gly motif is identical to those in other serine proteases.
MSPL and TMPRSS13 have nine conserved cysteines
that are predicted to form and stabilize the catalytic
pocket. From the sequence similarity among trypsin-like
serine proteases, the S1 binding pocket of MSPL is
expected to be composed of Asp™ at its bottom, and Gly**’
and Gly>*’ at its neck, and the corresponding amino acids in
TMPRSS13 are also detected, indicating that they are clan
SA/family S1-type trypsin-like serine proteases (13). The
consensus protease domain of MSPL/TMPRSS13 exhibits
42, 39 and 43% identity with those of human plasma
kallikrein (14), hepsin (15), and transmembrane protease
serine 2 (TMPRSS2) (16), respectively. MSPL and
TMPRSS13 have putative transmembrane domains (Pro'**—
Trp'®* and Pro'®’~Trp'®, respectively) at the N-terminal
sides. Cytoplasmic domain of these variants has tandem
repeat motifs corresponding to the phosphorylation sites
of cyclin-dependent kinase Cdc2, CaM kinase II and
protein kinase C (17, 18), and is the longest among
TTSPs known to date (Figure 1B). A scavenger receptor
cysteine-rich (SRCR) domain, which may be involved in
ligand binding (19), is found in the putative extra-
cellular region adjacent to the transmembrane domain. A
similar SRCR domain is also found in other TTSPs,
such as enteropeptidase (7), hepsin (8), corin (9) and
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TMPRSS2 (16), TMPRSS3 (20), TMPRSS4 (21) and
spinesin/TMPRSSS (22). These results indicate that MSPL
and TMPRSS13 are mosaic proteins with a central trypsin-
type serine protease domain and various potential
regulatory modules.

4. EXPRESSION PROFILES

Comparison of the mRNA expression levels
between MSPL and TMPRSS13 in various human tissues
is shown in Figure 2. The expressions of MSPL and
TMPRSS13 were assessed by reverse transcription-
polymerase chain reaction (PCR) with specific primer pairs
for each C-terminal of the serine protease domains. Both
genes are predominantly expressed in human lung,
placenta, pancreas and prostate, but are not detectable in
skeletal muscle. High expression of TMPRSS13 is
observed in thymus, spleen and peripheral blood
lymphocytes, especially CD8" cells and CD19" cells. In
contrast to the detectable expression of TMPRSS13, MSPL
expression in brain, colon and peripheral blood cells is
barely detected.

For the expression of recombinant protein, the
ORF of the MSPL gene was amplified by PCR,
subcloned into p3xFLAG-CMV14 at the EcoRI and
Xbal sites, and then transfected into HEK 293T cells
(11). On Western blotting analysis, the expected protein
band for MSPL is observed in the cell lysate. Although
the recombinant MSPL is labeled with
[*H]diisopropylfluorophosphate, which reacts with the
active sites of pro- and mature forms of serine proteases,
the recombinant MSPL does not show any enzyme
activity, suggesting that MSPL is synthesized in an
inactive precursor form and required to be converted
into the mature form by some protease. Then, the
sequence encoding the extracellular regions of MSPL
and TMPRSSI13 (i.e. SRCR domain and serine protease
domain) were amplified by PCR and subcloned into
p3xFLAG-CMV9 at site immediately after the
enteropeptidase recognition sequence (Asp-Asp-Asp-
Asp-Lys). The resulting constructs were then transfected
into HEK 293T cells and the recombinant proteins were
induced in the serum free culture medium (SFCM).
Under the conditions employed, purified recombinant
soluble human MSPL (hMSPL) and human TMPRSS13
(hTMPRSS13) from SFCM have enzyme activities.

5. ENZYMATIC CHARACTERIZATION

The substrate and inhibitor specificities of the
recombinant hMSPL are shown in Tables 1 and 2. Among
the substrates of trypsin-type proteases tested, MSPL
hydrolyzes preferentially dibasic substrates, such as Boc-
Gln-Arg-Arg-MCA, Boc-Leu-Arg-Arg-MCA, and Boc-
Leu-Lys-Arg-MCA. Unlike trypsin and plasmin, however,
Bz-Arg-MCA and Boc-Val-Leu-Lys-MCA are not
hydrolyzed by MSPL. In addition, no significant activity is
observed on the substrates for elastase and chymotrypsin-
type proteases. It is noteworthy that substrates with Arg at
position P1 and Arg or Lys in position P2 are effectively
hydrolyzed, whereas the examined substrates with Lys in
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A MSPL 1 MERDSHGNASPARTPSAGASPAQASPAGTPPGRASPAQASP. 60
TMPRSS13 1 MERDSHGNASPARTPSAGASPAQASPAGTPPGRASPAQASPAQASPAGTPPGRASPAQAS 60

MSPL 61 \PAGTPPGRASPGRASPAQASPA ----- RASPALASLSRSSSGRSSSARSASVTTSPTRVY‘ 115

TMPRSS13 61 |PAGTPPGRASPGRASPAQASPAQASPARASPALASLSRSSSGRSSSARSASVTTSPTRVY| 120
Ak ok ok ok
MSPL 116 [LVRATPVGAVPIRSSPARSAPATRATRESPGTSLPKFTWREGQKQLPLIGCV IA 175
TMPRSS13 121 |LVRATPVGAVPIRSSPARSAPATRATRESPGTSLPKFTWREGQKQLPLIGCVLLLIALVV| 180
MSPL 176 SLITLFQFWQGHTGIRYKEQRESCPKHAVRCDGYVDCKLKSDELGCYRFDWDKSLLKIYS 235
TMPRSS13 181 SLIILFOFWOGHTGIRYKEORESCPKHAVRCDGVVDCKLKSDELGCVRFDWDKSLLKIYS 240
MSPL 236 GSSHQWLPICSSNWNDSYSEKTCQQLGFESAHRTTEVAHRDFANSFSILRYNSTIQESLH 295
TMPRSS13 241 |GSSHOWLPICSSNWNDSYSEKTCQQLGFESAHRTTEVAHRDFANSFSILRYNSTIQESLH| 300
MSPL 296 RSECPSQRYISLQCSHCGLRAMTGRIVGGALASDSKWPWQVSLHFGTTHICGGTLIDAQW| 355
TMPRSS13 301 RSECPSQRYISLOCSHCGLRAMTGRAIVGGALASDSKWPWOVSLHFGTTHICGGTLIDAOW 360
h 4 ') A4
MSPL 356 MLTAAHCFFVTREKVLEGWKVYAGTSNLHQLPEAASIAEIIINSNYTDEEDDYDIALMRL| 415
TMPRSS13 361 NMLTAAHCFFVTREKVLEGWKVYAGTSNLHQLPEAASTAETIIINSNYTDEEDDYDIALMRL| 420
[ ]
MSPL 416 |SKPLTLSAHIHPACLPMHGQTFSLNETCWITGFGKTRETDDKTSPFLREVQVNLIDFKKC| 475
TMPRSS13 421 SKPLTLSAHIHPACLPMHGQTFSLNETCWITGFGKTRETDDKTSPFLREVQVNLIDFKKC| 480
v
MSPL 476 NDYLVYDSYLTPRMMCAGDLRGGRDSCQGDSGGPLVCEQNNRWYLAGVTSWGTGCGQRNK| 535
TMPRSS13 481 NDYLVYDSYLTPRMMCAGDLRGGRDSCQGDSGGPLVCEQNNRWYLAGVTSWGTGCGQRNK| 540
MSPL 536 PGVYTKVTEVLPWIYSKMEVRSLQQDTAPSRLGTSSGGDPGGAPRY 581
TMPRSS13 541 PGVYTKVTEVLPWIYSKMESEVRFRKS----------ccccmoom- 567

st 3k ok ok ok ok kok

B N

1 MERDSHGNASPARTPSAGASPAQASPAGTPPGRASPAQASPAQASPAGTPPGRASPAQAS
61 PAGTPPGRASPGRASPAQASPARASPALASL SRSSSARSSSARSASVTTSPTRYYLVRAT

121 PVGAVPIRSSPARSAPATRATRESPGTSLPKFTWRE GQKQ ICdc?2 substrate consensus: S/T-P-X-K/R
ICaM kinase II substrate consensus: R-X-X-S/T
PKC substrate consensus: R-X-X-S-X-R

Tandem

Figure 1. Alignment of the amino acid sequences of MSPL and TMPRSS13 and schematic representation of the domain
structures of MSPL. (A) Alignment of the amino acid sequences of human MSPL and TMPRSS13. Numbering starts with Met'
of the first amino acid. The putative transmembrane domain is bold-underlined. The arrow points to the putative cleavage site for
an active serine protease. The catalytic triad (His, Asp and Ser) are indicated by arrowheads. Potential N-glycosylation sites are
indicated by closed circles. TMPRSS13 differs from MSPL by the 5 amino acids insertion in the tandem repeat sequences (from
GIn® to Ala®) and the 8 amino acids extension at the C-terminus (from Ser*® to Ser®®’) (asterisks). (B) Schematic representation
of predicted domain structure of human MSPL. TM, transmembrane domain; SRCR, scavenger receptor cysteine-rich domain;
SPD, serine protease domain. The putative kinase phosphorylation sites found in the N-terminal side tandem repeat sequence.
The sequence motifs matching the consensus sequences, such as S/T-P-X-K/R of Cdc2, R-X-X-S/T of CaM kinase II and R-X-X-
S-X-R of protein kinase C, are in boldface. Homologous sequences, ASPA, are underlined.

Figure 2. Gene expression profiles of MSPL and TMPRSS13 in various human tissues and cells. RT-PCR analysis was carried
out by using MSPL and TMPRSS13 specific primers in various tissues and cells as indicated. As a template, Human Multiple
Tissue cDNA Panels were used. The expression level of GAPDH mRNA in each sample was used as an internal control.
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Table 1. Substrate specificities of recombinant soluble
hMSPL
Substrate (100 pM) Relative activity (%) hMSPL
Boc-Gln-Ala-Arg-MCA 100.0+1.8
Boc-Gln-Gly-Arg-MCA 20.0+£0.2
Boc-Leu-Arg-Arg-MCA 350.0+23
Boc-Gln-Arg-Arg-MCA 707.7+£5.9
Boc-Glu-Lys-Lys-MCA 57.8+0.8
Boc-Leu-Lys-Arg-MCA 1923+19
Boc-Val-Leu-Lys-MCA 0.0+0.1
Boc-Phe-Ser-Arg-MCA 33.3+0.2
Boc-Leu-Thr-Arg-MCA 18.9+0.1
Boc-Leu-Ser-Thr-Arg-MCA 46.7+0.3
Bz-Arg-MCA 0.0+0.1
Boc-Glu(OBzl)-Ala-Arg-MCA 66.7+1.1
Boc-Glu(OBzl)-Gly-Arg-MCA 11.14+0.1
Pro-Phe-Arg-MCA 12.2+0.1
Suc-Ala-Pro-Ala-MCA 0.0+0.1
Suc-Ala-Ala-Pro-Phe-MCA 0.0+0.1
Suc-Leu-Leu-Val-Tyr-MCA 154+0.1

The amidolytic activities of the purified hMSPL were
analyzed toward various synthetic peptides in 0.1 M Tris-
HCl, pH 8.0 at 37°C. The amount of 7-amino-4-
methylcoumarin liberated from the substrate was
determined fluorimetrically with excitation and emission
wavelengths of 370 and 460 nm, respectively (23). One
unit of enzyme activity was defined as the amount that
degraded 1 pmol of substrate per min. Data show mean
values = S.D. of three separate experiments and are
expressed as a percentage of activity toward Boc-Gln-Ala-
Arg-MCA.

Table 2. Inhibitor specificities of recombinant soluble
hMSPL

Inhibitor (final concentration, in Residual activity (%) hMSPL
mM)

None 100.0+ 1.2
PMSF (5.0) 77.9+0.8
DFP (1.0) 104.2+1.2
Aprotinin (0.01) 0.0+0.1
Leupeptin (0.01) 914+12
Benzamidine (1.0) 9.5+0.1
Soybean trypsin inhibitor (0.01) 13.7+0.1
Bowman-Birk trypsin inhibitor (0.01) 2.7£0.1
Elastatinal (0.01) 92.1+0.3
Chymostatin (0.01) 103.9+1.2
E-64c¢ (0.01) 96.1+04
Pepstatin A (0.01) 100.0 + 0.8
Phosphoramidon (0.01) 86.8+0.6
EDTA (1.0) 92.9+0.8
UTI (0.01) 322+0.3
o, -Antitrypsin (0.01) 109.0+ 1.1
SLPI (0.01) 27.5+0.2

Purified hMSPL was preincubated for 5 min with various
inhibitors indicated in 0.1 M Tris-HCI, pH 8.0 at 37°C, and
the residual enzyme activities were measured toward Boc-
Gln-Arg-Arg-MCA, one of the efficient substrates tested.
Data show mean values + S.D. of three separate
experiments and are expressed as a percentage of activity
toward Boc-Gln-Arg -Arg-MCA in the absence of
inhibitor.

the Pl position are less hydrolyzed. Recombinant
TMPRSS13 shows similar substrate specificity to that of
MSPL. The active site mutants, MSPLS506A and
TMPRSS13S511A, do not hydrolyze any substrates at all.
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The effects of various protease inhibitors on the
activity of MSPL are shown in Table 2. Aprotinin,
benzamidine and Bowman-Birk trypsin  inhibitor
significantly inhibit the enzymatic activity. However,
unlike trypsin, o,-antitrypsin does not inhibit the enzyme
activity. No effect of any other types of protease inhibitors,
such as cysteine-, aspartic- and metalloproteinase
inhibitors, is observed. Recombinant TMPRSS13 shows
similar inhibitor specificity to that of MSPL.

6. SUMMARY AND PERSPECTIVE

We report a cDNA isolated from a human lung
cDNA library that encodes a novel type II transmembrane
mosaic serine protease, named MSPL, and its transcript
variant that encodes a shorter version TMPRSS13. The
primary amino acid sequences of MSPL and TMPRSS13
encode a typical TTSP structure with a transmembrane
domain near the N-terminus and a trypsin-like serine
protease in the extracellular domain at the C-terminal side.
Compared with other TTSPs for protein and enzymatic
characteristics, MSPL and TMPRSS13 have following
unique characters. One is the longest cytoplasmic domain
of MSPL/TMPRSS13 with tandem repeat phosphorylation
motifs of various protein kinases. Studies on the roles of
each phosphorylation motif in signaling events are now
under investigation. The other is the substrate specificity of
MSPL/TMPRSS13. Active MSPL/TMPRSS13
preferentially recognizes and hydrolyzes at the carboxy-
terminal arginine (Arg) residue in the paired basic residues
of the substrates, like furin and the proprotein convertases
(24-26). No other TTSPs having similar substrate
specificities have been reported. These results suggest that
MSPL and TMPRSS13 on the membrane play roles in the
proteolytic activation of prohormones and precursors of
growth factors, and also play roles in the pathogenicity of
many viruses and bacteria.
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