THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2000 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 275, No. 34, Issue of August 25, pp. 26333-26342, 2000
Printed in U.S.A.

Cellular Localization of Membrane-type Serine Protease 1 and
Identification of Protease-activated Receptor-2 and Single-chain
Urokinase-type Plasminogen Activator as Substrates™

Received for publication, April 7, 2000, and in revised form, May 28, 2000
Published, JBC Papers in Press, May 30, 2000, DOI 10.1074/jbc.M002941200

Toshihiko Takeuchii$§, Jennifer L. Harrisi, Wei HuangT, Kelly W. Yan|, Shaun R. Coughlini, and

Charles S. Craiki**

From the tDepartment of Pharmaceutical Chemistry and Biochemistry and Biophysics, 1Cardiovascular Research
Institute, University of California, San Francisco, California 94143 and ||Center for Biomedical Laboratory Science, San
Francisco State University, San Francisco, California 94132

Membrane-type serine protease 1 (MT-SP1) was re-
cently cloned, and we now report its biochemical char-
acterization. MT-SP1 is predicted to be a type II trans-
membrane protein with an extracellular protease
domain. This localization was experimentally verified
using immunofluorescent microscopy and a cell-surface
biotinylation technique. The substrate specificity of MT-
SP1 was determined using a positional scanning-syn-
thetic combinatorial library and substrate phage tech-
niques. The preferred cleavage sequences were found to
be (P4-(Arg/Lys)P3-(X)P2-(Ser)P1-(Arg)P1’-(Ala)) and
(P4-X)P3-(Arg/Lys)P2-(Ser)P1(Arg) P1'(Ala)), where X is
a non-basic amino acid. Protease-activated receptor 2
(PAR2) and single-chain urokinase-type plasminogen
activator are proteins that are localized to the extracel-
lular surface and contain the preferred MT-SP1 cleav-
age sequence. The ability of MT-SP1 to activate PARs
was assessed by exposing PAR-expressing Xenopus oo-
cytes to the soluble MT-SP1 protease domain. The latter
triggered calcium signaling in PAR2-expressing oocytes
at 10 nm but failed to trigger calcium signaling in oo-
cytes expressing PAR1, PAR3, or PAR4 at 100 nMm. Single-
chain urokinase-type plasminogen activator was acti-
vated using catalytic amounts of MT-SP1 (1 nm), but
plasminogen was not cleaved under similar conditions.
The membrane localization of MT-SP1 and its affinity
for these key extracellular substrates suggests a role of
the proteolytic activity in regulatory events.

We recently reported the cloning and initial characterization
of membrane-type serine protease 1 (MT-SP1)! from the PC-3
human prostatic cancer cell line (1). Northern blotting showed
that MT-SP1 was strongly expressed in the gastrointestinal
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tract and the prostate, whereas lower expression levels were
observed in the kidney, liver, lung, and spleen. The function of
MT-SP1 and its possible role in pathological states are still
undetermined. However, potent macromolecular inhibitors of
MT-SP1 have been identified, and reagent quantities of a His-
tagged fusion of the MT-SP1 protease domain were expressed
in Escherichia coli, purified, and autoactivated (1). Biochemical
characterization of the catalytic domain of MT-SP1 may pro-
vide insight regarding its physiological role.

MT-SP1 is predicted to be a modular, type II transmembrane
protein that contains a signal/anchor domain, two complement
factor 1R-urchin embryonic growth factor-bone morphogenetic
protein domains, four low density lipoprotein receptor repeats,
and a serine protease domain (1). The mouse homolog of MT-
SP1, called epithin, recently was reported to be strongly ex-
pressed in fetal thymic stromal cells and highly expressed in a
thymic epithelial nurse cell line (2). Another report describes
the N-terminal sequencing of a protein called matriptase from
human breast milk (3). The reported matriptase sequence is
included in the translated sequence for the cDNA of MT-SP1.
The matriptase cDNA reported appears to be a partial MT-SP1
c¢DNA, lacking 516 of the coding nucleotides. However, since
the matriptase cDNA encodes a possible initiating methionine,
alternative splicing could yield a protein lacking the N-termi-
nal region of MT-SP1.

Although MT-SP1 and epithin are predicted to be type II
transmembrane proteins, the reported matriptase cDNA lacks
the 5’ end of the MT-SP1 ¢cDNA and therefore the translated
sequence lacks the signal/anchor domain, leading to a predicted
secreted protein. Determining the cellular localization of the
protein could help resolve this discrepancy and may also pro-
vide clues for understanding the function of the protein. For
example, another structurally similar membrane-type serine
protease, enteropeptidase, is involved in a proteolytic cascade
by which activation of trypsinogen leads to activation of other
digestive proteases (4). The membrane localization is essential
to restrict the activation of trypsinogen to the enterocytes of the
proximal small intestine. Since MT-SP1 is also predicted to be
a membrane-type protease, localization to the membrane may
be essential to the proper function of the enzyme. The localiza-
tion of MT-SP1 is addressed in this work using immunofluo-
rescent localization, immunoblot analysis, and cell-surface bi-
otinylation experiments.

Further understanding of the role of MT-SP1 may be ob-
tained by characterizing the activity of the protease domain.
Reagent quantities of a His-tagged fusion of the MT-SP1 pro-
tease domain were expressed in E. coli, purified, and autoacti-
vated, allowing determination of MT-SP1 substrate specificity.
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Synthetic substrates are typically used to determine the spec-
ificity of proteases. However, the use of single substrates can be
tedious for synthetic peptide substrates that contain multiple
amino acid residues; the exhaustive analysis of each substrate
for all combinations of amino acids at multiple positions rapidly
becomes impractical. By using pools of substrates through com-
binatorial techniques, rapid determination of the full specific-
ity profile for an enzyme can be obtained. Two methods have
been employed to determine the substrate specificity of the
MT-SP1 protease domain as follows: positional scanning syn-
thetic combinatorial libraries (PS-SCL) (5-8) and substrate
phage display (8-10).

PS-SCL of fluorogenic peptide substrates has been a very
powerful tool for determining protease specificity for proteases
that require an Asp in the P12 (11) position (6—8). However, the
synthetic strategy used to make the P1-Asp library is not
generalizable to all amino acids. However, a strategy allowing
diversity at P1 has been achieved through nucleophilic dis-
placement of the peptide library from the solid support by
condensation with a fluorogenic 7-amino-4-methylcoumarin
(AMC)-derivatized amino acid (12). This strategy was used to
create a PS-SCL library with the general structure Ac-X-X-X-
Lys-AMC (12), and can be applied to enzymes such as MT-SP1
that have basic P1 specificity. Since PS-SCL cannot be used to
determine the specificity C-terminal to the scissile bond (prime
side, P1',P2’, ... ,Pn’) due to the requirement of the AMC in
the P1’ position, substrate phage display was utilized (8—10).
An inexpensive, accessible phage display technique utilizes a
cleavable peptide sequence that is inserted between a histidine
tag affinity anchor and the M13 phage coat protein, pIIl. Bac-
teriophage containing preferred peptide recognition sequences
for a given protease are cleaved from the resin, recovered, and
amplified, whereas uncleaved phage remain bound to the Ni(II)
resin. After several rounds of cleavage and subsequent ampli-
fication of the phage, the phagemid DNA plasmids can be
sequenced and analyzed for protease substrate specificity pref-
erences (8).

Together, these techniques allowed the determination of the
extended substrate specificity of MT-SP1; this specificity was
used to identify protease-activated receptor 2 (PAR2) and sin-
gle-chain urokinase-type plasminogen activator (sc-uPA) as
macromolecular substrates of MT-SP1. PAR2 is expressed in
vascular endothelial cells and in a variety of epithelial cells and
may function in inflammation, cytoprotection, and/or cell ad-
hesion (13-16), whereas uPA has been implicated in tumor cell
invasion and metastasis (17, 18). Therefore, this study raises
potential biological and pathological consequences of MT-SP1
activity.

EXPERIMENTAL PROCEDURES

Materials—All primers used were synthesized on an Applied Biosys-
tems 391 DNA synthesizer. All restriction enzymes were purchased
from New England Biolabs (Beverly, MA). Automated DNA sequencing
was carried out on an Applied Biosystems 377 Prism sequencer, and
manual, chain termination, DNA sequencing was carried out under
standard conditions. Deglycosylation was performed using PNGase F
(New England Biolabs, Beverly, MA). All other reagents were of the
highest quality available and purchased from Sigma or Fisher unless
otherwise noted.

Antibody Production and Immunoblot Analysis—Polyclonal anti-
serum against purified His-MT-SP1 protease domain was raised in
rabbits (Covance Corp., Richmond, CA). This antiserum was further
purified by binding and elution from an antigen column, which had the
His tag fusion of the inactive Ser-805— Ala MT-SP1 protease domain

2 The nomenclature for the substrate amino acid preference is Pn,
Pn-1,... P2, P1, P1’, P2’,... ,Pm-1',Pm’. Amide bond hydrolysis oc-
curs between P1 and P1'. Sn, Sn-1, ..., S2, S1’,S2’, ..., Sm-1’, Sm’
denotes the corresponding enzyme-binding sites (11).
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Fic. 1. A, the proposed domain structure of human MT-SP1. SA
represents a possible signal anchor, CUB represents a repeat first
identified in complement components Clr and C1ls, the urchin embry-
onic growth factor and bone morphogenetic protein 1 (51), L represents
low density lipoprotein receptor repeat (52), SP represents a chymo-
trypsin family serine protease domain (45). The predicted disulfide
linkages are shown labeled as C-C. 2, the proposed translation of
matriptase. 3, recombinant, soluble MT-SP1 serine protease domain,
where H represents a 6-histidine tag. B, immunoblot analysis of recom-
binant MT-SP1 protease domain and analysis of PC-3 and HeLa cell
lysates, in vitro transcription/translation of MT-SP1 ¢cDNA, and iden-
tification of cell-surface biotinylated MT-SP1. Recombinant MT-SP1 is
shown in Ist lane. MT-SP1 is not expressed by HeLa S3 cells, 2nd lane.
Full-length native MT-SP1 appears at 87 kDa and the native protease
domain at 30 kDa, 3rd lane. The protease domain does not appear in
immunoblots when the PC3 cell lysates are run under non-reducing
conditions ((—)-B-mercaptoethanol (BME)), corroborating the predicted
disulfide linkage between the MT-SP1 pro-domain at Cys-604 and the
catalytic protease domain at Cys-731 (4¢h lane). Deglycosylation of the
PC-3 cell lysates is shown in the 6tk lane (+ PNGase F) compared with
similarly treated nondeglycosylated PC3 cell lysates, 5th lane. In vitro
transcription/translation of full-length MT-SP1 ¢cDNA, 7th lane. Immu-
noblotting of cell-surface biotinylated MT-SP1, 8th lane.

covalently linked to the column using N-hydroxysuccinimide-activated
Sepharose 4 Fast Flow (Amersham Pharmacia Biotech). Immunoblot
analysis was performed as described previously (19). Antibody-bound
protein bands were detected using a goat anti-rabbit horseradish per-
oxidase-conjugated secondary antibody (Pierce) and enhanced chemilu-
minescence (Amersham Pharmacia Biotech).

Cell Culture and Immunofluorescence—The PC-3 (CRL-1435) and
HeLa S3 (CCL-2.2) cell lines were purchased from ATCC (Manassas,
VA) and grown according to the instructions provided by ATCC. The
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Fic. 2. Immunofluorescence re-
veals extracellular surface localiza-
tion of MT-SP1. PC-3 cells treated with
MT-SP1 antiserum are shown in a. HeLa
S3 cells treated with MT-SP1 antiserum
are shown in b, negative control.

cells were plated on glass coverslips and were stained as described
previously (20). Permeabilization was performed with 0.5% Triton
X-100 in phosphate-buffered saline (PBS). Non-permeabilized cells
were treated with PBS. The primary antibody was either affinity-
purified anti-MTSP1 at 1:500 dilution, monoclonal anti-uPAR antibody
at 1:500 dilution, or an anti-vimentin antibody at 1:100 dilution in 5%
goat serum. The appropriate biotinylated anti-mouse or anti-rabbit
secondary antibody (Jackson ImmunoResearch, West Grove, PA) was
used at 1:1000 dilution in 5% goat serum. Subsequently, the cells were
treated with fluorescein isothiocyanate-conjugated streptavidin at
1:500 dilution in 5% goat serum. Coverslips were mounted using Gel
Mount (Biomeda, Foster City, CA), and samples were imaged using an
Olympus BX60 fluorescent microscope. Each of the antibody incubation
steps were for an hour with three 5-min PBS washes in between each
antibody incubation. Cell lysates were prepared using PBS containing
1% Triton X-100 and 5 mm EDTA.

Cell-surface Biotinylation—The cell-impermeable sulfosuccinim-
idobiotin (Pierce) was used to biotinylate surface proteins as described
earlier (21). Greater than 95% of the cells remained impermeable as
assayed by the impermeability of the cells to trypan blue. Cell lysates
were prepared using PBS containing 1% Triton X-100 and 5 mm EDTA.
Biotinylated proteins were captured using streptavidin-agarose (Life
Technologies, Inc.) and electrophoresed on a 10% SDS-polyacrylamide
gel. Immunoblot analysis was performed as described above. No MT-
SP1 was observed in the non-biotinylated PC-3 extracts.

Creation of a PI-Lysine Positional Scanning Combinatorial Li-
brary—The detailed synthesis and characterization of the combinato-
rial library used in this study are described elsewhere (12). Three
support-bound sub-libraries were prepared (P2, P3, and P4) employing
an alkane sulfonamide linker (22) and solid-phase peptide synthesis.
Each sub-library consisted of 19 resins (one unnatural amino acid,
norleucine, was included, but cysteine and methionine were excluded)
for which a single position was spatially addressed by the coupling of a
single amino acid. The two remaining positions of each resin were
supplied by the coupling of isokinetic mixtures of amino acid derivatives
(23) to give a resin-bound mixture of 361 different peptides. The 57
resins comprising the entire PS-SCL were put into individual wells and
cleaved from the resin with a lysine-coumarin derivative. Filtration,
side chain deprotection, and concentration provided a PS-SCL of 57
wells containing 361 tetrapeptide-coumarin derivatives per well for a
total of 6,859 peptide substrates per library.

Enzymatic Assay of the PS-SCL—The concentration of MT-SP1 was
determined by active-site titration as described earlier (1). Substrates
from the PS-SCL were dissolved in Me,SO. Approximately 2.5 X 10~°
mol of each sub-library (361 compounds) were added to 57 wells of a
96-well Microfluor White “U” bottom plate (Dynex Technologies, Chan-
tilly, VA). Final substrate concentration was approximately 0.25 um,
making the hydrolysis of the AMC group directly proportional to the
specificity constant, %, /K,,. Hydrolysis reactions were initiated by the
addition of enzyme (1 nM) and monitored fluorometrically with a Per-
kin-Elmer LS50B Luminescence Spectrometer 96-well plate reader,
with excitation at 380 nm and emission at 460 nm. Assays were per-
formed in a buffer containing 50 mm Tris, pH 8.8, 100 mm NaCl, 1%
Me,SO (from substrates), and 0.01% Tween 20.

Creation of His-tagged Substrate Phage Libraries—The phagemid
pHisX3P3, derived from pBS, was used as described previously (8). In
the biased library, the cleavage sequence was based upon the consensus
sequence derived from the PS-SCL library results (X-(Arg/Gln/Lys)-
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(Ser/Ala/Gly)-Arg-XX), where X can encode any amino acid in the P4
position; P3 encodes at least arginine, glutamine, and lysine; P2 en-
codes at least serine, alanine, and glycine; P1 is fixed as arginine; and
both P1' and P2’ are completely randomized. In the unbiased library,
the randomized peptide sequence encoded in the vector is XXXRX,
where X can encode any amino acid. In this cleavage sequence, P1 is
fixed as arginine, and P4-P2 and P1’ are randomized. The degenerate
oligonucleotides synthesized to create the library contained the follow-
ing randomized sequences (where N indicates equimolar concentrations
of A, C, G, and T; S indicates equimolar concentrations of G and C; M
indicates equimolar mixtures of A and C; R indicates equimolar mix-
tures of A and G; and K indicates equimolar mixtures of G and T): NNS
MRG KSS AGG NNS NNS (biased library) and NNS NNS NNS AGA
(unbiased library). The phage library and phagemid vector were con-
structed by ligation into the cut pHisX3P3 vector followed by electro-
poration of the ligated vector into XL2-Blue MRF"’ cells (Stratagene, La
Jolla, CA) as described earlier (8). In the biased library, the transfor-
mation efficiency was 2.4 X 107 individual clones, and the transforma-
tion efficiency of the unbiased library was 2.1 X 107 individual clones,
allowing for >99% completeness of each library.

His-tagged Substrate Phage Cleavage—Two hundred microliters of
nickel(IT)-nitrilotriacetic acid resin (Qiagen, Santa Clarita, CA) was
washed with 10 ml of activity buffer (50 mMm Tris, pH 8.8, 100 mm NaCl,
0.1% Tween 20). Phage particles (10°) were added to the washed Ni(II)
resin and bound with gentle agitation for 1 h. The Ni(II) resin subse-
quently was washed with 5 ml of activity buffer and gently agitated for
30 min. This washing step was repeated for a total of four 30-min
washes. The activity buffer was removed, and the bound phage were
eluted twice with 0.5 ml of activity buffer containing 0.5 M imidazole.
The imidazole was removed using a PD-10 column (Amersham Phar-
macia Biotech). The resulting solution was concentrated to a volume of
0.5 ml using a Centricon-100 filter concentrator (Millipore, Bedford,
MA). The phage then were cleaved with 1 nM recombinant MT-SP1
protease domain for 1 h at 37 °C. A control sample lacking MT-SP1 was
used to monitor binding of uncleaved phage to the Ni(I) resin. The
cleaved phage were added to 200 ul of washed Ni(II) resin to rebind
uncut phage and allowed to bind for 3 h. Phage that are cleaved by
MT-SP1 lack the His tag and will not bind to Ni(II) resin. These
unbound phage were eluted and amplified as described earlier (8), and
the cleavage round was repeated. Five rounds of panning were com-
pleted with the biased library before sequencing, and eight rounds of
panning were performed for the unbiased library.

Molecular Modeling of the MT-SP1-Substrate Complex—All modeling
was performed using the Biopolymer and Homology modules within
Insight IT (Molecular Simulations, San Diego). The MT-SP1 amino acids
were threaded onto the B-tryptase crystal structure (24) (Protein Data-
base code 1AOL). A model of an inhibitor bound MT-SP1 structure was
produced by using a trypsin-ecotin crystal structure (25). The trypsin-
ecotin crystal structure was modeled onto the MT-SP1 structure by
overlaying the trypsin and MT-SP1 protease domains; subsequently the
trypsin was removed from the model. The active-site protease binding
loop of ecotin was used as a model of a substrate binding to the MT-SP1
active site. The preferred side chain rotamers of the modeled substrate
were explored manually to maximize interaction with the MT-SP1
active site.

Assay for PAR Activation—cDNAs encoding hPAR1, mPAR2, hPARS,
and hPAR4 tagged with a FLAG epitope were used (26-29). Xenopus
oocytes were microinjected with 25 ng of hPAR1, 0.25 ng of mPAR2, 25
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ng of hPAR3, and 2 ng of hPAR4 cRNA per oocyte. “°Ca release trig-
gered by soluble MT-SP1 protease domain was measured (26). PAR
expression on the oocyte surface was quantitated using a colorometric
assay that measures the level of the FLAG tag, which was displayed at
the extracellular N terminus of each PAR (26, 30).

Cleavage of sc-uPA—sc-uPA (5 um) was incubated with MT-SP1 (1
nM) in 50 mMm Tris, pH 8.8, 100 mMm NaCl at 37 °C. At specified intervals,
an aliquot was withdrawn and split into two portions. The first portion
was assayed for activity against Spectrozyme UK (carbobenzoxy-L-vy-
glutamyl(a-t-butoxy)-glycyl-arginine-p-nitroanilide; American Diagnos-
tica, Greenwich, CT), and the second portion was boiled in sample
buffer (125 mum Tris-HCI, pH 6.8, 4% SDS, 10% 2-mercaptoethanol, 20%
glycerol) and subjected to immunoblot analysis. Immunoblots were
prepared as described above for anti-MT-SP1 immunoblots, except that
polyclonal rabbit anti-human uPA antibodies (American Diagnostica,
Greenwich, CT) were used as the primary antibody.

RESULTS

Migration Pattern in SDS-PAGE and Cell-surface Localiza-
tion of MT-SP1—MT-SP1 is predicted to be a 95-kDa protein,
and upon activation of the protease domain, a disulfide link is
predicted to tether the catalytic domain to the non-catalytic
domains (Fig. 1A). Under non-reducing conditions, immuno-
blotting of Triton extracts derived from PC-3 cells shows a
doublet at approximately 80 kDa (Fig. 1B, 4th lane) using
polyclonal antibodies directed against the soluble, recombinant
MT-SP1 protease domain (Fig. 1, A and B, 1st lane). Under
reducing conditions, the predicted disulfide linkage between
the catalytic and non-catalytic domain should be severed, re-
sulting in release of the proteolytic domain. Indeed a band at 87
kDa and a band at 29 kDa are observed (Fig. 1B, 3rd and 5th
lanes). Upon deglycosylation of the PC-3 Triton extract with
PNGase F, only a single band is observed at 85 kDa, and the
band attributed to the protease domain decreases to the size of
the recombinant MT-SP1 (Fig. 1B, 6th lane). This proposed
glycosylation is consistent with the predicted N-linked glyco-
sylation sites in the pro-domain (residues 109, 302, and 485)
and the protease domain (residue 771) (see Ref. 1). The band at
85 kDa is smaller than the predicted 95 kDa of the full-length
protein. This decrease in size may be due to significant folding
of the protease even under reducing conditions with SDS. This
decrease in size appears more pronounced under non-reducing
conditions in the presence of SDS (Fig. 1B, 4th lane), where the
protease domain appears to be only 80 kDa in size. In vitro
transcription-translation of full-length MT-SP1 cDNA results
in a band at 85 kDa (Fig. 1B, 7th lane), which is the same size
as the deglycosylated MT-SP1 (Fig. 1B, 6th lane), supporting
the hypothesis that the full-length protein runs smaller than
the predicted molecular weight. The absence of the band at 29
kDa in this sample is presumably due to the reducing environ-
ment in the in vitro transcription/translation mixture, which
likely prevents proper folding and activation of the protease.

MT-SP1 is predicted to be an integral membrane protein
localized to the extracellular surface through a signal/anchor
domain (1). The extracellular surface localization of MT-SP1
was verified using two independent techniques, biotinylation of
cell-surface proteins and immunofluorescence. Cell-surface lo-
calization was determined by biotinylating cell-surface pro-
teins using a non-permeable biotinylation reagent (21, 31).
After removal of unreacted biotin, the cells are lysed with 1%
Triton X-100 and 5 mm EDTA in PBS, and biotinylated proteins
are bound to streptavidin-immobilized agarose. SDS-PAGE fol-
lowed by immunoblotting with anti-MT-SP1 antibodies showed
the presence of MT-SP1 in the biotinylated cell lysate (Fig. 15,
8th lane), whereas no MT-SP1 was observed in the non-bioti-
nylated lysate (data not shown). The non-permeability of the
cells was verified with trypan blue, which showed that >95% of
the cells were intact. The extracellular localization of MT-SP1
was independently verified using immunofluorescent micros-
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Fic. 3. Activity of MT-SP1 in a Pl-Lys positional scanning-
synthetic combinatorial library. Y axis is pM of fluorophore released
per s. x axis indicates the amino acid held constant at each position,
designated by the one-letter code (n represents norleucine).

copy. Fig. 2A shows extracellular staining of PC-3 cells under
non-permeabilizing conditions when treated with rabbit anti-
serum directed against the MT-SP1 protease domain. Similar
staining patterns are observed with treatment against the
urokinase plasminogen activator receptor (data not shown).
The specificity of anti-MT-SP1 antigen interaction was charac-
terized using both recombinant MT-SP1 (Fig. 1B, 1st lane) and
HeLa S3 cells, which do not express MT-SP1 (Fig. 1B, 3rd
lane). Little fluorescence staining is observed for HeLa S3 cells
(Fig. 2B), suggesting that the observed immunostaining in
PC-3 cells is due to specific interaction of the antibodies with
MT-SP1 protein. It should be noted that expression in COS
cells of MT-SP1, in which the signal/anchor domain was de-
leted, resulted in MT-SP1 that remained bound to the cell
surface (data not shown), suggesting that domains other than
the signal/anchor are involved in cell-surface interactions.
Determination of MT-SP1 Substrate Specificity—When a PS-
SCL library with the general structure Ac-X-X-X-Lys-AMC (12)
was used to profile MT-SP1, the specificity was found to be
(P4 = Lys — Arg; P3 = Arg/Lys/Gln; P2 = Ser — Phe/Gly) (Fig.



Characterization of MT-SP1 and Identification of Substrates

MTSP-1Library 1
Substrate Phage Clones

g 50 e - - ey st
2 }
§40
2. !
@ 30 | i
@
520
K- i :
g101
S
- O SR —— e BT e et s et B s e 14
ARNDQEGHILCKFPSTWYUVn
P2 Amino Acid
MTSP-1 Library 1
Substrate Phage Clones
B 12, - -
e |
§ 10| |
T 8 !
4] H
W 5 H
% ! :
2. | |
2 !
3 i
Z 9 I ] ﬁﬁ:
HILCKFPSTWYVHM
P3 Amino Acid
MTSP-1 Library 1
Substrate Phage Clones
10.00 e e o P—— e s —
©
[
2 8.00
[
3
o
[
17
B
[
Ke)
E .
2 a i
= R _EH B A BB

ARNDOQEGHI LCKFPSTWYVM
P4 Amino Acid

26337
B

MTSP-1 Substrate Phage Library 2
Substrate Phage Clones

Number Sequenced
o

o 1 K|
ARNDQEGH I LCKFPSTWYVn
P2 Amino Acid

MTSP-1 Substrate Phage Library 2
Substrate Phage Ciones

14
T
g 12
g 10
g 8
]
§ 6
£ 4
2 2

0 N

ARNDOQEGHI LCKFPSTWYVM
P3 Amino Acid
MTSP-1 Substrate Phage Library 2
Substrate Phage Clones

4
T s
g 3
g >
Q
N 2
21
]l il
Z 0

ARNDOQQEGHI L
P4 Amino Acid

K FPSTWYVM

Fic. 4. Cleavage frequency of amino acids in substrate phage clones. A, P4-P2 cleavage frequency is shown for the unbiased substrate
phage library from rounds 5 and 8. B, P4-P2 cleavage frequency is shown for the biased substrate phage library from round 5.

3). Thus the basic residues lysine and arginine are preferred
residues at the P4 position, whereas these basic residues as
well as glutamine are preferred at the P3 position. Interest-
ingly, glycine, serine, and phenylalanine are all well tolerated
at P2, despite their difference in size and hydrophobicity. The
preference for phenylalanine at the P2 position is not a result
of a biased library, since this library has been used to profile
other enzymes such as thrombin, and phenylalanine was not
cleaved efficiently at this position (12). This affinity for phenyl-
alanine in the P2 position was also validated using macromo-
lecular substrates, described below.

Two substrate phage libraries were utilized to determine the
substrate specificity C-terminal to the scissile bond and to
determine whether there are any interdependences among the
enzyme subsites. The first phage display library was an unbi-
ased library in which P1 was fixed as Arg, whereas P4—-P2 and
P1’ were completely randomized. The results of this library are
shown in tabular form in Table I, where individual peptide

cleavage sequences can be observed. However, the overall
cleavage affinities for a given subsite are better displayed in
graphical format as shown in Fig. 4A. The substrate specificity
observed in substrate phage display match closely with the
results from the PS-SCL (Fig. 3). In this phage display library,
basic residues appear in P4, although it is not to the same
extent observed in the PS-SCL. Similarly glycine is observed at
P2, whereas serine was the most favorable residue in PS-SCL.
This affinity for glycine at P4 and P2 may be a result of
increased flexibility of the peptide resulting in an increased
kinetic rate of cleavage for substrate phage. Similar results
were observed when substrate phage display was performed on
both tissue-type plasminogen activator and uPA (32).

One intriguing finding from the substrate phage display
(Table I) was the apparent dependence between P4 and P3. If
P3 is basic, then P4 tends to be non-basic (15 of 17 clones).
Similarly, if P4 is basic, then P3 tends to be non-basic (13 of 15
clones). Thus on average, basic residues are most abundant at
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B T

Fic. 5. The active site from a model of MT-SP1 is shown with the substrate Arg-Phe-Gln-Arg bound in the S1-S4 subsites,
respectively. MT-SP1 side chains are shown in red, and the substrate is shown in blue. The protease amino acids are labeled with MT-SP1

numbering and chymotrypsinogen numbering in parentheses.

both P3 and P4, but for each individual cleavage sequence
either P3 or P4 is basic but not both together. A second sub-
strate phage display library was constructed to explore this
possibility. The library was designed based upon the consensus
sequence obtained from the PS-SCL. The P3 and P2 positions
were fixed as a mixture of (Arg/Lys/Gln) and (Gly/Ala/Ser),
respectively, whereas P4 was allowed to vary. Based upon the
observations from the unbiased library, the expectation would
be that if P3 is basic, then P4 should be predominantly occupied
by neutral side chains. The results from this biased library are
displayed in Table II and Fig. 4B. Indeed, since P3 is con-
strained to be a basic residue or glutamine, the predominant
occupation of P4 is with a neutral residue, further verifying the
observed dependence between P4 and P3.

To assist in defining the molecular determinants of substrate
specificity, a homology model of MT-SP1 was constructed. The
MT-SP1 amino acids were threaded onto the B-tryptase crystal
structure (24) (Protein Data Bank code 1AOL). A substrate for
MT-SP1 was modeled in the putative binding pocket using the
active-site protease binding loop of ecotin that was derived
from an ecotin-trypsin crystal structure (25).The S1 subsite
specificity for basic amino acids can be attributed to the pres-
ence of aspartate 799 at the bottom of this S1 binding pocket.
The S2 subsite is predicted to be a shallow groove; however, a
Phe in the P2 position would be expected to make favorable
interactions with Phe-706 of MT-SP1. Asp-828 of MT-SP1 could
potentially form a salt bridge with either P4 or P3 depending on
the conformation of the side chain, resulting in basic specificity
in both P4 and P3. The active site from this MT-SP1 model
complexed to a substrate Arg-Phe-Gln-Arg in P1 through P4,
respectively, is displayed in Fig. 5.

Macromolecular Substrate Determination—Determinination
of the substrate specificity of MT-SP1 may provide insight into

the natural function of the enzyme. Information regarding the
peptide substrate specificity combined with the knowledge of
enzyme localization led to the testing of logical macromolecular
substrates of MT-SP1 that are localized to the extracellular
surface. Potential candidates for MT-SP1 cleavage are the pro-
tease-activated receptors (see Ref. 33 and references therein).
PARs are activated by cleavage of a single site in their N-
terminal exodomains. Of the four PARs known, only the cleav-
age site of PAR2 contains a basic residue in P4 (Ser) or P3 (Lys)
and a small residue or phenylalanine in P2 (Gly). This led to
the expectation that MT-SP1 would activate PAR2 but not
activate PAR1, -3, and -4. The activation of these receptors was
tested by injecting Xenopus oocytes with PAR cRNAs and mon-
itoring activation of the receptors upon addition of exogenous
protease. Addition of MT-SP1 catalytic domain to a final con-
centration of 1, 10, or 100 nM led to activation of mPAR2 and
hPAR2 (data not shown) at 10 and 100 nM, and activation of
hPAR1, -3, or -4 was not observed at any of the three concen-
trations (Fig. 6A). This specificity for PAR2 was seen even
when PAR2 was expressed at much lower levels than PARI,
PAR3, or PAR4 (Fig. 6B). In addition to MT-SP1, 0.5 nM trypsin
was also shown to activate PAR2. The PARI1, -3, and -4 recep-
tors were functional, since these receptors were activated by
thrombin. These data show that the MT-SP1 catalytic domain
can selectively activate PAR2 over the other receptors, validat-
ing the substrate specificity determined by PS-SCL and phage
display.

Another potential substrate that is consistent with the MT-
SP1 specificity profile is single-chain urokinase-type plasmin-
ogen activator (sc-uPA). sc-uPA contains a neutral P4 (Pro)
with a basic P3 (Arg), a Phe at P2, and a Lys at P1. The
macromolecular substrate sc-uPA is a good test for the ex-
pected P2 Phe specificity. Indeed, sc-uPA is an excellent sub-
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Fic. 6. Activation of PAR2 by soluble MT-SP1 protease domain. a, Xenopus oocytes were injected with cRNA encoding the indicated PAR,
and protease-triggered “°Ca release was assessed. Data shown are expressed as fold increase over basal (*°Ca released in the 10 min after agonist
addition/**Ca released in the 10 min before). B, surface expression of the PARs in a was determined by binding of a monoclonal antibody to a FLAG
epitope displayed at the N terminus of each receptor. @ and b, the data shown are means of duplicate determinations, and the results shown are

representative of those obtained in three separate experiments.

strate for MT-SP1 as shown in Fig. 7. There is an increase in
proteolytic activity that is dependent upon the presence of both
sc-uPA and MT-SP1 that increases in time (Fig. 7). Concomi-
tant with this increase in activity is cleavage of sc-uPA to the A-
and B-chain components, as expected upon activation of the
enzyme (Fig. 7). Under the same conditions, plasminogen was
not activated by MT-SP1 (data not shown). Plasminogen has a
small P2 residue (Gly) but lacks a basic P4 or P3 residue. These
results further verify the specificity of MT-SP1 derived from
the substrate libraries.

Plasmin has been shown to activate sc-uPA in vitro (34); this
activation presumably would represent a feedback cycle where
a small amount of active uPA would activate plasminogen to
plasmin, and the resulting plasmin would activate sc-uPA.
Other enzymes have also been reported to activate sc-uPA,

including plasma kallikrein (35), cathepsin B (36), cathepsin L
(87), mast cell tryptase (38), and prostate-specific antigen (39).
In these studies, sc-uPA was activated using a substrate to
enzyme ratio of 30:1, 10:1, 200:1, 50:1, and 10:1, respectively.
Under similar conditions, MT-SP1 activates sc-uPA at a sub-
strate:enzyme ratio of 5,000:1. These assays were performed
with 1 nMm MT-SP1, suggesting highly potent activation of
sc-uPA (Fig. 7).

DISCUSSION

We previously reported the cloning and characterization of
MT-SP1 derived from the ¢cDNA of the PC-3 human prostatic
carcinoma cell line (1). From the translation of the cDNA,
MT-SP1 was predicted to be a type II transmembrane protein.
A partial MT-SP1 ¢DNA had been reported by another labora-
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TABLE I
Substrate specificity of MT-SP1 determined by substrate phage

The unbiased library has P1 fixed as R, whereas P4, P3, P2, and P1’ can encode any amino acid; sequences are shown from round 8.

Unbiased
library clone P4 P3 P2 P1 P1’
number®
1 Val Thr Gly Arg Ser
2 Val Arg Gly Arg Ser
3 Ala Gln Gly Arg Met
4 Arg Glu Gly Arg Met
5 Arg Glu Gly Arg Thr
6 Gly Ser Gly Arg Trp
7 Gln Gly Arg Arg
8 Gly Gln Gly Arg
9 Lys Gln Gly Arg Ala
10 Arg Lys Gly Arg Ser
11 Gly Arg Gly Arg
12 Gly Lys Gly Arg Thr
13 Glu Arg Gly Arg Ser
14 Ala Arg Gly Arg Arg
15 Lys Met Gly Arg Arg
16 Arg Arg Gly Arg Thr
17 Pro Leu Gly Arg Ser
18 Lys Glu Gly Arg Leu
19 Arg Glu Gly Arg Val
20 Arg Met Gly Arg Ala

TaBLE II
Substrate specificity of MT-SP1 determined by substrate phage

The biased library has P3 fixed as (Arg/Lys/Gln), P2 fixed as (Ser/Ala/Gly), and P1 fixed as R, whereas P4, P1’, and P2’ can encode any amino

acid sequences that are shown from round 5.

Biased library P4 P3 P2 P1 P’ P2’
1 Leu Lys Ser Arg Val Lys
2 Ser Lys Ser Arg Thr Leu
3 Phe Gln Cys Arg Val Phe
4 Leu Lys Ser Arg Leu Ser
5 Ser Lys Ser Arg Leu Ser
6 Phe Lys Ala Arg Asn Cys
7 His Lys Gly Arg Ala Lys
8 Phe Gln Ser Arg Met Glu
9 Ile Arg Ser Arg Tyr Val

10 Tyr Lys Ser Arg Asn Leu
11 Trp Lys Ser Arg Ser Asn
12 Val Lys Ser Arg Thr Ser
13 Val Asn Cys Arg Thr Asn
14 Ser Lys Ala Arg Thr Thr
15 Leu Lys Ser Arg Val His
16 Ala Gln Ser Arg Met Ser
17 Ile Lys Gly Arg Met Ala
18 Asp Gln Ser Arg Met Thr
19 Arg Gln Ser Arg Leu Cys
20 Phe Gln Ser Arg Gly Asn
21 Val Lys Ser Arg Leu Cys

tory and referred to as “matriptase” (3). The matriptase cDNA
lacks the 5'-coding region of the MT-SP1 ¢DNA, resulting in
the truncation of the predicted signal anchor domain and,
instead, is reported to contain a signal peptide. We report
immunofluorescence and cell-surface biotinylation studies that
show MT-SP1 protein is localized to the extracellular cell sur-
face. Moreover, earlier work from the same laboratory that
published the matriptase cDNA clone supports the extracellu-
lar surface localization (40). In that work, a protein that cross-
reacts with matriptase antibodies shows extracellular localiza-
tion on the surface of breast cancer cells using a cell-surface
biotinylation assay and subcellular fractionation further local-
izes matriptase to the membrane. Their conclusion was that
the protein that cross-reacts with matriptase antibodies is an
integral membrane protein. Therefore, these data are consist-
ent with the presence of a signal/anchor transmembrane do-
main in the translated MT-SP1 ¢cDNA and are inconsistent
with the presence of a signal peptide as suggested for the
matriptase cDNA translation.

One possible explanation for the observed soluble forms of
MT-SP1/matriptase protein is through shedding from the ex-
tracellular surface. For example, the protein sequenced for the
matriptase clone was isolated from breast milk and not from
the extracellular surface of cells (3). N-terminal amino acid
sequencing showed sequence corresponding to amino acids
350-358 in the MT-SP1 protein translation and amino acids
228-236 in the matriptase translation, suggesting that the
form of MT-SP1 isolated in breast milk most likely is cleaved
from the extracellular surface and released into milk. These
data, therefore, do not conflict with the proposed localization
and protein translation for MT-SP1. Another possibility is that
the matriptase clone is produced through alternative splicing,
resulting in a soluble form of the protein. Isolation and N-
terminal sequencing of the soluble forms may be necessary to
differentiate between shed forms of the protein and secreted
forms of the protein.

MT-SP1 protein has a predicted molecular mass of 95 kDa,
and matriptase has a predicted size of 76 kDa. The previous
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matriptase studies reported that the protein isolated from
breast cancer cells is 80 kDa under non-reducing conditions
(40, 41). MT-SP1 under non-reducing conditions has an appar-
ent size of 80 kDa (Fig. 1, 4th lane). However, deglycosylated
and reduced MT-SP1 derived from PC-3 cells (Fig. 1, 6th lane)
has an apparent size of 87 kDa. Thus, there appears to be
significant folding of the protein under non-reducing condi-
tions, leading to a molecular weight that is smaller than the
predicted molecular weight. In vitro transcription/translated
product from the full-length MT-SP1 ¢cDNA clone (Fig. 1, 7th
lane) also appears to be 87 kDa; therefore, the full-length
protein may run slightly smaller than the expected 95 kDa.

In a previous paper, the matriptase cDNA clone was trans-
fected into COS-7 cells. Membrane extracts of these cells were
compared in an immunoblot to matriptase derived from the
conditioned medium of T-47D human breast cancer cells (3).
Presumably matriptase is cell-surface bound, similar to expres-
sion of MT-SP1 constructs lacking the signal/anchor domain.
Under non-reducing conditions, the size of matriptase appears
to be the same size as the protein isolated from the breast
cancer cells; unfortunately, no molecular weight was desig-
nated in the figure, making it difficult to ascertain the size of
the proteins. Since the matriptase from the breast cancer cell
line was derived from the conditioned media and not from the
cell surface, this protein may be cleaved from the surface of the
cells or result from an alternatively spliced form of the protein,
resulting in a molecular weight that corresponds to a size
similar to the predicted matriptase protein (76 kDa).

There is strong sequence conservation between MT-SP1 and
the mouse homolog epithin (2), which also has a predicted
signal anchor domain. If the N-terminal transmembrane do-
main were untranslated, then divergence would be expected at
both the cDNA and protein level. Instead, strong conservation
of amino acids is observed in this N-terminal region, support-
ing the suggested protein translation and localization sug-
gested for MT-SP1.

The results from PS-SCL implied that the most effective
substrate would contain Lys-Arg-Ser-Arg in the P4 to P1 sites,
respectively. However, since PS-SCL reveals the ideal amino
acid for a given position on average, interdependences between
positions are not apparent. However, the clones derived from
substrate phage studies (Table I) revealed a striking trend; if
P3 is basic, then P4 tends to be non-basic (15 of 17 clones);
similarly, if P4 is basic, then P3 tends to be non-basic (13 of 15
clones). Thus on average, basic residues are the most abundant
of the amino acids at P3 and P4, but for each individual se-
quence either P3 or P4 is basic but not both simultaneously.
Taking the PS-SCL and the substrate phage together, the ideal
sequence should be P4-(Arg/Lys)P3-(X)P2-(Ser)P1-(Arg)P1’-
(Ala) and P4-(X)P3-(Arg/Lys)P2-(Ser)P1(Arg)P1'(Ala), where X
must be a non-basic amino acid. Although insight into the
function of the protease cannot be gained from this substrate
specificity alone, the specificity can be used to identify possible
macromolecular substrates, and these substrates can be tested
in vitro.

Since MT-SP1 is localized to the extracellular surface of cells,
logical substrates might have similar localization and should
be cleaved/activated by proteases. This candidate approach
revealed that PAR2 and sc-uPA were macromolecular sub-
strates of MT-SP1. PAR2 is highly expressed in human pan-
creas, kidney, colon, liver, and small intestine and is expressed
to a lower extent in the prostate, heart, lung, and trachea (42).
In the small intestine, trypsin may be the physiological activa-
tor of PAR2; activation of PAR2 through trypsin cleavage may
regulate the epithelium and mediate inflammation and cyto-
protection (13). Trypsin may also activate PAR2 in the airways
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Fic. 7. Activation of sc-uPA with MT-SP1. Data from a represent-
ative experiment are shown. 5 um uPA activation with 1 nm MT-SP1at
37 °C is assayed at specified times by removing aliquots and monitoring
activity at 25 °C against the substrate Spectrozyme uK. Activity shown
represents a 133-fold dilution from the original reaction mixture. Cleav-
age of 5 uM sc-uPA with 1 nm MT-SP1 at 37 °C is examined over time
using immunoblot analysis. sc-uPA is cleaved into an A-chain and
B-chain upon activation. Native, active uPA, which is used as a control
(+), has different glycosylation compared with recombinant sc-uPA
used in the assay, leading to differences in molecular weight. Unreacted
sc-uPA incubated under the same conditions is shown in the — lane.

to initiate a bronchoprotective response (14).However, trypsin,
most likely, is not the only physiological activator of PAR2,
since trypsin is not coexpressed in all tissue types listed above.
Another possible activator of PAR2 is mast cell tryptase, which
has been shown to activate PAR2 in a tissue culture system
(43). However, the cleavage of PAR2 by tryptase would require
the presence of mast cells, which are usually involved in an
inflammatory response; thus other activators of PAR2 may
exist. MT-SP1 has a similar profile of tissue expression as
PAR2 (1), and MT-SP1 and PAR2 are coexpressed in some cell
types, including the prostate carcinoma cell line, PC-3 (1, 42).
Furthermore, both proteins share the same extracellular sur-
face localization, so it is possible that MT-SP1 may be a natural
activator of PAR2.

sc-uPA is the other candidate that was activated by MT-SP1.
Although the biology of PAR2 still is being elucidated, the
biological roles of uPA are well established (see e.g. Refs. 17
and 18). For example, uPA has been implicated in tumor cell
invasion and metastasis; cancer cell invasion into normal tis-
sue can be facilitated by uPA through its activation of plasmin-
ogen, which degrades the basement membrane and extracellu-
lar matrix. Thus, activators of sc-uPA would be expected to
increase invasiveness and possibly the metastatic capacity of
tumor cells. The PC-3 prostate cancer cell line coexpresses
MT-SP1 (1), uPA (44), and the uPA receptor by immunofluo-
rescence,’ allowing cell-surface localization of the protease.
Thus, MT-SP1 may activate sc-uPA on the surface of PC-3 cells
and thereby increase the invasiveness of these cells. Indeed,
potent inhibitors of MT-SP1 inhibit the proliferation and me-
tastasis of PC-3 cells in SCID mice.* However, further studies
are being performed to identify clearly MT-SP1 as the selective
target of the protease inhibitor. Nevertheless, the finding that
MT-SP1 activates sc-uPA may have interesting implications for
the role of proteolysis in cancer.

MT-SP1 is a highly active enzyme with &, /K,, for synthetic
peptide substrate turnover approaching levels of the digestive

3T. Takeuchi, M. Shuman, and C. S. Craik, unpublished results.
4F. Elfman, T. Takeuchi, M. Conn, C. S. Craik, and M. Shuman,
unpublished results.
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enzyme trypsin (1). However, MT-SP1 is not a nonspecific
degradative enzyme. The specificity of MT-SP1 for macromo-
lecular substrates closely matches the specificity determined in
PS-SCL and substrate phage display. Thus, although PAR2 is
activated, the highly similar PAR1, -3, and -4 are not activated.
The substrate sc-uPA is activated, but the plasminogen is not
cleaved even at much higher concentrations of MT-SP1. Inter-
estingly, the activation site of pro-MT-SP1 matches the sub-
strate specificity determined for the active enzyme, and recom-
binant MT-SP1 was found to autoactivate upon removal of
denaturant (1). The high activity of the MT-SP1 catalytic do-
main may allow residual activity of the pro-enzyme, allowing
autoactivation to occur. Thus, MT-SP1 could autoactivate and
initiate signaling and proteolytic cascades via activation of
PAR2 or sc-uPA. Other membrane-type serine proteases in-
volved in proteolytic cascades are enteropeptidase (4), which
activates trypsinogen in the gut for digestion, and hepsin (46),
which has been shown to activate factor VIIa in a blood coag-
ulation cascade (47). Other membrane-type serine proteases
include TMPRSS2 (48), human airway trypsin-like protease
(49), and corin (50). Membrane-type serine proteases as signal-
ing molecules that play key regulatory roles may become more
prevalent as these novel proteases are further characterized.
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