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MT-SP1 (membrane-type serine protease 1)/matriptase is an epi-
thelial-derived integral membrane enzyme. The purpose of the
present study was to examine whether the enzyme exists on
the basolateral side of simple columnar epithelial cells, such as en-
terocytes, of normal adult animals. Using COS-1 monkey kidney
cells transiently transfected with rat MT-SP1/matriptase expres-
sion plasmids, we found that the enzyme is post-translationally
processed by the cleavage between Gly'* and Ser'™, that a
portion of the C-terminal part (Ser'*—Val®*®) remains in the cells
by association with the NTF (N-terminal fragment) (Met'-Gly'#’),
while the other portions are released into the medium and that the
release is increased on activation by co-expression with hepato-
cyte growth factor activator inhibitor type-1. Western-blot analy-
sis of crude membranes prepared from rat jejunum demonstrated
the presence of the NTF but negligible or no occurrence of the
C-terminal part of the protein. Fractionation of the crude mem-

branes by ultracentrifugation with Percoll followed by Western-
blot analysis showed that the fractionation profile of the NTF
correlated significantly with that of E-cadherin, an adhesion mol-
ecule on the lateral membrane. Immunostaining of the jejunum
demonstrated the occurrence of the NTF on the lateral membranes
but not on the apical membranes. These results suggest that con-
siderable MT-SP1/matriptase molecules occur on the basolateral
sides of normal epithelial cells and support our hypothesis that
a possible physiological function of this enzyme is the control
of epithelial-cell turnover by regulating cell-cell and/or cell-
substratum adhesions.

Key words: cell-cell and/or cell-substratum adhesion, entero-
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INTRODUCTION

Cell—cell and/or cell-substratum adhesions are complex and
tightly regulated processes that play crucial roles in tissue homo-
eostasis [1]. This is particularly important for cells with short
life cycles and high rates of proliferation, such as enterocytes [2].
Enterocytes, simple columnar polarized epithelial cells, are gener-
ated by stem cells at the crypt base and migrate towards the
lumen within a few days [2]. At the villus tip, their short life
cycle is terminated as the cells undergo apoptosis, lose cell—ell
and/or cell-substratum adhesions and are shed into the lumen
[2,3]. Although various proteolytic events may be involved in
the regulation of the cell—cell and/or cell-substratum adhesions,
details of the underlying mechanisms are largely unknown.
MT-SP1 (membrane-type serine protease 1)/matriptase is a
member of the type II membrane serine proteases and shows pro-
teolytic activity with trypsin-like specificity [4-6]. MT-SP1/
matriptase has a multidomain structure consisting of a short cyto-
solic domain, a putative transmembrane domain, an SEA (sea-
urchin sperm protein, enterokinase and agrin) domain, two CUB
(complement protein subcomponents C1r/Cls, urchin embryonic
growth factor and bone morphogenetic protein 1) domains, four
LDLRA (low-density lipoprotein receptor A) modules and a
C-terminal serine protease (catalytic) domain (Figure 1A). The
enzyme activity was initially discovered in 1993 by Shi et al. [7]

in a human breast cancer cell line (T-47D) and was considered to
control breast cancer invasion and metastasis. Later, the protein
was purified from human breast milk and named matriptase [8].
The purified matriptase was a soluble form of MT-SP1, which
lacks the N-terminal transmembrane domain. MT-SP1/matriptase
has been shown in vitro to cleave and activate single-chain uro-
kinase-type plasminogen activator [5,9,10], to activate protease-
activated receptor-2 [10], to cleave the precursor form of HGF
(hepatocyte growth factor) to produce its active form [9] and
to digest the extracellular matrix proteins directly [5,8]. The
identification of these molecules as putative in vivo substrates
suggests that MT-SP1/matriptase regulates the functions mediated
by these molecules such as cell-cell and/or cell-substratum
adhesion, as well as cancer invasion and metastasis [11,12].
MT-SP1/matriptase is expressed by the epithelial elements of
almost all the organs examined so far [5,13]. The pattern of ex-
pression in normal tissues suggests that the enzyme plays a
ubiquitous role in the biology of surface-lining epithelial cells.
Recently, MT-SP1/matriptase™~ knockout mice showed that this
enzyme is essential for postnatal survival. The postnatal death
of the MT-SP1/matriptase ™~ mice resulted from a deficient
epidermal barrier function in the skin of newborn mice [14].
However, its physiological role in normal adult animals and its
localization in simple columnar epithelial cells such as enterocytes
remain to be elucidated. We previously found that the mRNA for
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Figure 1 Domain structures of rat MT-SP1 and rat HAI-1 and diagrams of
the expression constructs

(A) Schematic representation of the structure of rat MT-SP1 and diagram of an expression
construct. Wild-type MT-SP1/matriptase (MT-SP1wt) consists of 855 amino acids. The amino
acid numbering starts from the putative N-terminus of the protein. The predicted disulphide
linkages are shown as SS. The potential N-glycosylation sites are marked with a ‘lollipop’
symbol. The putative activation cleavage site is indicated by an arrowhead. The site of antibody
production (Spr992) is indicated by appropriate underlining in the amino acid sequence in
single-letter code. MT-SP1MycHis represents a recombinant form fused to the myc epitope
(Myc) and Hisg tag at the C-terminus. (B) Schematic representation of the structure of rat HAI-1
and diagram of an expression construct. Wild-type rat HAI-1 consists of 508 amino acids. The
amino acid numbering starts from the putative N-terminus of the protein. sHAI-1 represents a
recombinant form in which the N-terminal region containing the signal peptide (Met'—Pro%®)
is replaced by the human IgG «-chain signal peptide and S tag. TM, transmembrane domain;
SEA, SEA domain; CUB, CUB domain; L, LDLRA; CA, catalytic domain; SP, signal peptide; KD,
Kunitz domain.

rat MT-SP1/matriptase is expressed most strongly in the small
intestine of the normal tissues examined and that the signal is most
prominent in the epithelium of the villus tip, where cell—ell and
cell-substratum adhesions are loose and cells frequently undergo
apoptosis [5]. These results led us to hypothesize that the enzyme
participates in the control of epithelial cell-cell and/or cell-
substratum adhesions, which are key processes in cell turnover.
The plasma membranes of simple columnar epithelial cells,
including enterocytes, are characterized by two structurally and
functionally different domains: the apical and basolateral domains
[15]. If our hypothesis regarding the role of MT-SP1/matriptase
is correct, this enzyme must exist on the basolateral side where
cell—cell and/or cell-substratum adhesion occurs. However, the
subcellular distribution of this enzyme in the enterocytes is con-
troversial. We have previously showed that the precursor form
of MT-SP1/matriptase localized predominantly on the basolateral
surfaces of transfected Caco-2 cells, a human colonic cancer cell
line [5]. However, Caco-2 cells have been shown apparently to lose
their polarity and to mimic a pathological situation, and thus they
do not reflect the normal physiological situation [16]. Kishi et al.
[17] showed, by the immunostaining of normal adult rat duo-
denum with an antibody raised against the catalytic domain, that
a membrane-bound arginine-specific serine proteinase, identical
with MT-SP1/matriptase, localized to the brush border (apical)
membranes of epithelial cells. They proposed that the enzyme
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participates in the processing or digestion of some specific pro-
teins or peptides on the brush border membranes. Furthermore,
the existence of a soluble form of MT-SP1/matriptase in human
breast milk [8] suggests the apical sorting of the enzyme in normal
epithelial cells.

The purpose of the present study was to determine the sub-
cellular distribution of MT-SP1/matriptase in simple columnar
epithelial cells, such as enterocytes, of normal adult animals. For
this purpose, we characterized the post-translational processing of
the enzyme and prepared an antibody that can detect the enzyme
when associated with cells. In the present study, we provide evi-
dence that a considerable number of MT-SP1/matriptase mol-
ecules occur on the basolateral sides of normal enterocytes. The
results presented here support our hypothesis that a physiological
role for this enzyme is in the control of epithelial cell—cell and/or
cell-substratum adhesion.

EXPERIMENTAL
Materials

Male Wistar rats and male Dutch rabbits were purchased from
the Japan Shizuoka Laboratory Center (Shizuoka, Japan). HRP
(horseradish peroxidase)-conjugated S-protein was purchased
from Novagen (Madison, W1, U.S.A.). Anti-myc-tagged antibody
and synthetic oligonucleotides were purchased from Invitrogen
(Carlsbad, CA, U.S.A.). Complete™, a protease inhibitor cock-
tail, neuraminidase (from Arthrobacter ureafaciens), endo H
(endoglycosidase H; from Streptomyces plicatus) and O-glyco-
sidase (from Diplococcus pneumoniae) were purchased from
Roche Diagnostics (Mannheim, Germany). Glycopeptidase F (V-
glycosidase F; from Flavobacterium meningosepticum) was pur-
chased from Takara Bio (Otsu, Shiga, Japan), prestained protein
markers (broad range) and restriction endonucleases were pur-
chased from New England Biolabs (Beverly, MA, U.S.A.) and
Kaleidoscope Polypeptide Standards from Bio-Rad Laboratories
(Hercules, CA, U.S.A.). All other reagents used were of analytical
grade.

Animal care

The animals were maintained in accordance with the guidelines of
Kyoto University for the care and use of laboratory animals. This
study was approved by the Kyoto University Animal Committee,
Graduate School of Agriculture.

Antibody preparation

Polyclonal antibodies (Spr992 and Tmc172) were raised against
rat MT-SP1/matriptase using the synthetic peptides SKRSAS-
GVQEHKLKRC and GCGPYHKKSTVTAFSEG, corresponding
to the catalytic domain of rat MT-SP1/matriptase (Figure 1A)
and the C-terminus of the NTF (N-terminal fragment) (Met'—
Gly'?; Figure 3B) respectively, each of them conjugated with
haemocyanin. Synthesis of the peptides and production of the
peptide—haemocyanin conjugates were performed by the Peptide
Institute (Osaka, Japan). Male Dutch rabbits were immunized
with 1 mg of each conjugate/Freund’s complete adjuvant (50:50)
at five subcutaneous sites. Booster immunizations (0.5 mg of
conjugate/Freund’s incomplete adjuvant) were administered over
a 3 month period. The antibodies were affinity-purified on a
peptide-antigen-coupled Sepharose column (Amersham Biosci-
ences, Piscataway, NJ, U.S.A.) following the manufacturer’s
instructions.
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Construction of expression plasmids for MT-SP1/matriptase

Procedure for the construction of the vector pcMT-SP1MycHis
has been described previously (Figure 1A) [5]. An expression
plasmid for MT-SP1wt was constructed as follows. A DNA frag-
ment containing the sequence of rat MT-SP1/matriptase (Met'—
Val®) was amplified by PCR using synthetic oligonucleotides
(5'-ATGGGGAACAATCGGGGC-3' and 5'-CTATACCCCAGT-
TTGCTC-3') as primers and rat small-intestinal cDNA (Nippon
Gene, Tokyo, Japan) as the template. The PCR product was ligated
into the Pmel-linearized pcDNA3.1(+) vector (Invitrogen). This
expression plasmid was designated pcMT-SP1wt. Sequences of
the expression plasmids constructed in the present study were
determined in both directions by the dideoxynucleotide chain-
termination method as described previously [5].

Cloning of rat HAI-1 (HGF activator inhibitor type-1) cDNA and
construction of the expression plasmid

PCR amplification of HAI-1 cDNA from rat small-intestine cDNA
(Nippon Gene) was performed with various synthetic oligonu-
cleotides. One set of primers, 5'-CTGGGCAACAAGAACAA-
CTA-3' and 5-CATCCTTCTTGGAGATGC-3', yielded a frag-
ment of approx. 400 bp. Using the PCR product as a probe, a rat
jejunal cDNA library (Stratagene, La Jolla, CA, U.S.A.) was
screened by plaque hybridization to obtain the full-length cDNA.
The longest clone was subcloned into the pBluescript KS(-) vector
(pBlueHAI-1) and its DNA sequence was determined. Construc-
tion of an expression plasmid for rat HAI-1 was performed as
follows. A DNA fragment containing the sequence of rat HAI-1
(Pro*-Leu®”; amino acid numbering starts from the putative
N-terminal methionine residue of the protein) was amplified by
PCR using the synthetic oligonucleotides 5-CCCTGAGTTT-
TCCGGGGG-3' and 5'-GCTCTAGAGCTCAGAGAGGCTGG-
GTTGT-3" as primers and pBlueHAI-1 as the template. The
PCR product was subcloned into the Smal-linearized PT7Blue-2
vector (Novagen) (PT7HAI-1) and, then, PTTHAI-1 was double-
digested with Kpnl and Xbal. The restriction fragment was
subcloned into Sfil- and Xbal-digested pSecTag/Hygro vector
(Invitrogen). This construct was designated pSecHAI-1.

Expression and detection of recombinant rat MT-SP1/matriptases

The procedure for the transfection of constructs into COS-1
cells using Lipofectamine 2000™ (Invitrogen) has been described
previously [5]. Cells were left undistributed for 24 h after trans-
fection. COS-1 cells expressing MT-SP1wt, MT-SP1MycHis or
sHAI-1 (Figure 1) were then washed three times with PBS (8 mM
Na,HPO,, 1.5 mM KH,PO,, 136 mM NaCl and 2.7 mM KClI,
pH 7.4), and then cultured for an additional 24 h in Dulbecco’s
modified Eagle’s medium without foetal bovine serum. After the
conditioned media were collected, the cells were washed three
times with ice-cold PBS, mechanically scraped and collected by
centrifugation at 3000 g for 5 min at 4°C. The cells were re-
suspended in a hypo-osmotic buffer (50 mM Tris/HCI, pH 7.0,
containing Complete™) and quickly lysed in liquid nitrogen.
After thawing and centrifugation at 500 g for 5 min at 4°C,
the postnuclear supernatants were re-centrifuged at 48000 g for
30 min at 4°C. The resulting pellets (crude membranes) were
solubilized with Laemmli buffer [0.05 M Tris/HCl (pH 6.8), 10 %
(v/v) glycerol, 2% (w/v) SDS and 0.005 % (w/v) Bromophenol
Blue with dithiothreitol at a final concentration of 12 mM] [18] and
stored at — 20 °C until use. The conditioned media collected were
concentrated by ultrafiltration (Ultrafree; Millipore, Bedford,
MA, U.S.A.) and stored at — 20 °C until use. Samples were heated
to 95°C for 5 min and subjected to SDS/PAGE under reducing
conditions. After separation, the proteins were transferred by

electroblotting on to a PVDF membrane (Fluorotrans W; Nihon
Genetics, Tokyo, Japan) and then the blots were incubated with
PBST [PBS containing 0.1 % (v/v) Tween 20] and the primary
antibody Spr992 (1:200 dilution) or Tmc172 (1:1000 dilution).
Protein bands were visualized using HRP-conjugated anti-rabbit
IgG secondary antibody (Dako Japan, Kyoto, Japan) and the
ECL® detection system (Amersham Biosciences).

N-terminal sequencing of recombinant MT-SP1/matriptases

Procedures for the purification of a His-tagged recombinant pro-
tein (MT-SP1MycHis) with Ni*"-charged resin and for N-terminal
sequencing have been described previously [19].

Glycosidase digestions

Samples (30 1 of crude membranes or concentrated conditioned
media) were heated to 95°C for 5 min in 20 mM sodium citrate
phosphate (pH 5.5) containing 0.2 % (w/v) SDS and 5 % (v/v) 2-
mercaptoethanol, and cooled to 22 °C. The detergent Nonidet P40
was added to a final concentration of 2 % (v/v), and the samples
were incubated at 37°C for 18 h with or without 1 m-unit/ul
endo H. Reactions with glycopeptidase F were performed simi-
larly, except that the buffer was 20 mM sodium phosphate (pH 7.5)
containing 50 mM EDTA, 5 % 2-mercaptoethanol and 0.2 % (v/v)
SDS with 0.5 unit of enzyme. To analyse proteins for O-glyco-
sylation, samples (30 ul) were digested with 0.5 m-unit/u1 neura-
minidase at 37°C for 1h in 100 mM sodium acetate (pH 5.0),
then digested with 0.05 m-unit/ul O-glycanase in 100 mM sodium
phosphate (pH 6.0) and 100 pg/ml BSA at 37°C for 16 h. Diges-
ted samples were analysed by SDS/PAGE and Western blotting.

Cell-surface biotinylation of recombinant MT-SP1/matriptases
expressed in COS-1 cells

The procedures for cell-surface biotinylation with sulpho-NHS-
SS-biotin [sulphosuccinimidyl 2-(biotinamido)ethyl-1,3-dithio-
propionate; Pierce, Rockford, IL, U.S.A.] and precipitation of
the biotinylated proteins with streptavidin—agarose (Invitrogen)
have been described previously [5]. The flow-through fractions
were precipitated with the SDS/PAGE Clean-Up kit (Amersham
Biosciences) and analysed by Western blotting.

Preparation of samples from rat jejunum

Male Wistar rats (200-300 g) were killed by cervical dislocation
and the proximal quarter of their small intestines (jejunum) was
excised. The excised intestines were washed thoroughly with
ice-cold 0.155M NaCl solution and then the mucosae were
scraped off with a stainless-steel spatula and suspended in ice-
cold buffer A (250 mM sucrose/10 mM triethanolamine, pH 7.6).
The mucosae were suspended in buffer A at a concentrationof 1 g
of cells/3 ml of buffer and were homogenized using a Polytron
homogenizer (setting 7; three 10s bursts) to produce a crude
homogenate, which was centrifuged at 2500 g for 10 min at 4 °C.
The resulting supernatants were removed and re-centrifuged at
19500 g for 20 min at 4 °C. This spin resulted in a double pellet
composed of a dark centre surrounded by a ‘fluffy’ white layer that
represents the crude membranes [20]. The supernatant resulting
from this spin was concentrated by ultrafiltration, subjected to
gel filtration equilibrated with buffer B (20 mM Tris/HCI, pH 8.0,
and 145 mM NaCl) and purified with benzamidine—Sepharose
resin (Amersham Biosciences) as described below. Portions of the
crude membranes were further separated with Percoll (described
below). Other portions were washed once with buffer A and
solubilized with 2 % (v/v) Triton X-100 (1 ml/proximal quarter of
the small intestine) as described above. Triton X-100 extracts were
subjected to gel filtration equilibrated with buffer B and purified
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on a benzamidine column. Purification, using benzamidine, of
MT-SP1/matriptase from the supernatants of initial homogenates
or the Triton X-100 extracts was performed as follows. The benz-
amidine resin (30 ul) was added to 1 ml of each mixture, and the
mixtures were incubated for 2h at 22°C. After precipitating
the resin by a brief centrifugation, the resin was washed three
times with buffer B and suspended in Laemmli buffer. After
the resin was heated at 95°C for 5 min, the eluted protein was
subjected to SDS/PAGE (12 % polyacrylamide) followed by
probing of Western blots with Spr992. When purification with
benzamidine resin was not performed, the Triton X-100 extracts
were precipitated with the SDS/PAGE Clean-Up kit and analysed
by SDS/PAGE (16 % polyacrylamide), and Western blots were
probed with Tmc172 (see Figure 6A).

Fractionation of crude membranes by Percoll density gradient and
detection of MT-SP1/matriptase

The procedure used to fractionate crude membranes was based
on previously reported methods with some modifications [20,21].
Crude membranes were prepared as described above, except for
the inclusion of Complete™ in all the solutions used. Crude
membrane fractions suspended in buffer A were homogenized (15
strokes at setting 12) in a Teflon/glass Potter homogenizer. This
crude membrane suspension was diluted with Percoll (Amersham
Biosciences) to a final Percoll concentration of 15 % (v/v). The
mixture was rehomogenized and subsequently spun in a fixed-
angle ultracentrifuge rotor at 48 000 g for 1 h at 4 °C. The sponta-
neously formed gradient was divided, from top to bottom, into
eight fractions of 2.5ml each, which were removed with a
syringe and an 18-gauge needle. These were diluted with buffer A
and subsequently repelleted by centrifugation at 190000 g for
90 min at 4°C. The pellets from this spin were then resuspended
in small aliquots of buffer A. The protein content of each mem-
brane fraction was measured using the BCA (bicinchoninic acid)
protein assay kit (Pierce) with BSA as the standard. Portions of
the prepared membrane fractions (30 g for the NTF of MT-SP1/
matriptase and 5 pg for other membrane proteins) were heated at
95°C for 5 min, subjected to SDS/PAGE and Western blots were
probed with Tmc172 or an anti-alkaline-phosphatase antibody
(Research Diagnostic, Flanders, NJ, U.S.A.; 1:1000 dilution) or an
anti-Na,K-ATPase antibody (Upstate Biotechnology, Lake Placid,
NY, U.S.A.; 1:3000 dilution) or an anti-E-cadherin antibody
(Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.; 1:2000
dilution). Blots were digitally scanned with an Epson GT-5000
flatbed scanner (Seiko Epson, Nagano, Japan) and densitometric
analysis of band intensities was performed with public domain
NIH Image software. The fractionation profiles were compared
by linear correlation analysis using Instat statistical software
(GraphPAD Software for Science, San Diego, CA, U.S.A.).

Immunostaining of rat jejunum

Male Wistar rats of approx. 220 g body weight were anaesthetized
with pentobarbital and perfused through the aorta with 0.155 M
NaCl solution followed by 300 ml of periodate/lysine/paraformal-
dehyde mixture for a 5-10 min period. The jejunum was then
removed and immersed in the same fixative for an additional 6 h.
The tissue was incubated in 30 % (w/v) sucrose solution overnight
at4°C and frozen rapidly in liquid nitrogen. Immunostaining was
performed using the Vectastain ABC kit (Vector Laboratories,
Burlingame, CA, U.S.A.) with minor modifications to the manu-
facturer’s instructions. Frozen sections, approx. 5 um in thick-
ness, were hydrated with PBS for 10 min and then incubated for
20 min with PBST containing 5 % (v/v) normal goat serum. After
the sections were washed with PBST, they were incubated with
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Figure 2 Representative Western blots showing the expression of MT-
SP1wt or sHAI-1 expressed in COS-1 cells and the activation of MT-SP1wt by
co-expression with sHAI-1

Transfection was performed when cells cultured on 100 mm dishes reached approx. 90%
confluence. Samples were prepared as described in the Experimental section. All samples were
separated by SDS/PAGE (12% polyacrylamide) under reducing conditions; Western blots
were probed with Spr992 (lanes 1-6) or HRP-conjugated S-protein (lanes 7—12). Lanes 1and 7,
crude membranes from cells transfected with pcMT-SP1wt (12.5 1) and pSecTagHygro vector
(12.5 10); lanes 2 and 8, crude membranes from cells transfected with pSecHAI-1 (12.5 eg)
and pcDNA3.1(+) vector (12.5 eg); lanes 3 and 9, crude membranes from cells transfected
with pcMT-SP1wt (12.5 14q) + pSecHAI-1 (12.5 1.g); lanes 4 and 10, conditioned media of
cells transfected with pcMT-SP1wt (12.5 1g) and pSecTagHygro vector (12.5 10); lanes 5
and 11, conditioned media of cells transfected with pSecHAI-1 (12.5 g) and pcDNA3.1(+)
vector (12.5 g); lanes 6 and 12, conditioned media of cells transfected with pcMT-SP1wt
(12.5 1g) + pSecHAI-1 (12.5 g). The 28 kDa band, which represents the catalytic domain of
MT-SP1/matriptase after activation cleavage, is apparent in lane 6 but not in lane 3. A protein
with a mass of approx. 50 kDa visible in lanes 1-6 is a non-specific band representing an
unknown protein. The molecular-mass standards are indicated on the left in kDa.

Tmc172 (1:5000 dilution) in PBST containing 5 % goat serum in
ahumid chamber for 2 h at 22 °C. After several washes with PBST,
the sections were incubated with biotinylated goat anti-rabbit IgG
(1:200 dilution) for 1 h at 22°C. Endogenous peroxidase activity
was blocked by incubating the sections for 45 min in 1 % (v/v)
H,O, in water. The sections were then washed with PBST and
incubated with streptavidin—-HRP conjugate (1:300 dilution) for
10 min. The immunoperoxidase colour reaction was developed by
incubating the sections in diaminobenzidene substrate chromogen
solution. The sections were counterstained with haematoxylin
and further processed according to routine procedures. To assess
the specificity of Tmc172, control experiments were performed
by incubating the sections with Tmc172 preadsorbed with the
antigenic peptide at a final concentration of 1 mM. All other steps
and conditions were the same as those used for experimental
immunostaining.

RESULTS

Detection of MT-SP1/matriptase using Spr392 antibody

In the present study, MT-SP1wt (Figure 1A) was expressed in
COS-1 cells with or without recombinant rat HAI-1 (sHAI-1,
Figure 1B), cognate inhibitor of MT-SP1/matriptase, which para-
doxically facilitates the activation of this protease [22]. Probing
of the Western blots with HRP-conjugated S-protein revealed that
recombinant HAI-1 was visualized with a mass of 66 kDa in
the crude membrane fraction (Figure 2, lane 8 or 9) and with
masses of 58 and 40 kDa in the conditioned medium (lane 11
or 12), confirming the expression of sHAI-1. When the blot was
probed with Spr992 (Figure 1A), which was designed to recognize
the catalytic domain of MT-SP1/matriptase (Figure 2), a 90 kDa
band was visualized in the crude membranes of COS-1 cells
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transfected with pcMT-SP1wt plasmid (lane 1) but not in those
of the cells transfected with pSecHAI-1 (lane 2) or the parent
pcDNA3.1(+) vector alone (results not shown). The 90 kDa band
was also detected in the conditioned medium from the cells trans-
fected with pcMT-SP1wt (lane 4) but not that from cells
transfected with pSecHAI-1 (lane 5) or the pcDNA3.1(+) vector
alone (results not shown), indicating that a portion of the MT-SP1/
matriptase is released. A 28 kDa band that shows the occurrence
of activation cleavage between Arg®* and Val®" of this enzyme
[5] was detected in the conditioned medium (lane 6) but not in the
crude membranes (lane 3) of cells transfected with both pcMT-
SP1wt and pSecHAI-1. This indicates that the activation cleavage
of MT-SP1/matriptase also occurs in COS-1 cells when it is co-
expressed with HAI-1 and that the activated enzyme is no longer
present in the cells. Release of the 90 kDa non-activated enzyme
was also greater in the co-expressing cells (lane 6) compared
with the cells expressing MT-SP1wt alone (lane 4). On the other
hand, the signal for the 90 kDa band was lower in the crude
membranes of co-expressing cells (lane 3) compared with those
of cells expressing MT-SP1wt alone (lane 1).

We probed Western blots of normal rat enterocytes using
Spr992. However, neither the 90 kDa nor the 28 kDa band could
be detected in the crude membranes from the tissues (results
not shown). We then concentrated the MT-SP1/matriptase using
benzamidine—Sepharose, which can be used to purify the active
enzyme [16], either from the 2 % (v/v) Triton X-100-soluble frac-
tion of the crude membranes or from the supernatants of the initial
jejunal homogenates. However, no MT-SP1/matriptase signal was
detected in any sample (results not shown).

N-terminal sequencing of recombinant MT-SP1/matriptase
expressed in COS-1 cells

We purified MT-SP1MycHis from Triton X-100 extracts of the
transfected COS-1 cells using Ni*"-charged resin. Partial N-ter-
minal sequencing of the 90 kDa fragment (Figure 3A, lane 1) gave
the sequence SVIAYYWSEF, demonstrating post-translational
processing of the enzyme by cleavage between Gly'* and Ser'™
within the SEA domain (Figure 3B) [23]. N-terminal sequencing
of the MT-SP1MycHis released into the medium (Figure 3A,
lane 2) gave the same result. The 110 kDa form (Figure 3A, lane 1)
appeared to be the unprocessed enzyme, possibly persisting by
evading N-terminal cleavage due to the high level of expression
from exogenous cDNA under the control of strong promoters. The
amino acid sequence could not be determined, probably because
of modifications to the N-terminus of the protein.

Glycosidase digestion of the CTF (C-terminal fragment)
of recomhinant MT-SP1/matriptase

We analysed the oligosaccharides that were added to recombinant
MT-SP1/matriptase (Figure 4). Digestion with glycopeptidase F
of the MT-SP1wt released into the medium (90 kDa) decreased its
mass to the calculated mass (78.2 kDa) of the C-terminal region
(Ser'™®*—Val®®; CTF). Endo H digestion decreased the mass to
approx. 86 kDa, indicating that one (or at most two) potential
N-glycosylation site on the recombinant protein is modified with
high-mannose-type oligosaccharides. Neuraminidase digestion
slightly decreased the mass, whereas O-glycosidase digestion did
not affect the mass, irrespective of pretreatment with neuramin-
idase or not.

Analysis of the NTF of recombinant MT-SP1/matriptase

We prepared another antibody (Tmc172), using as the immunogen
a synthetic peptide corresponding to the C-terminus of the NTF,

A

110 kDa >
90 kDa >

CTF

NTF
.lE:::

S50y IAYUWSEF——-

MGNNRGRKAGGGSQDFGAGLKY
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VFNGHLRITNENFLDAYENSTS
TEFISLASQVKEALKLMYSEVP
VLGPYHKKSTVTAFSEG!4?

Figure 3 Post-translational cleavage of MT-SP1/matriptase at Gly'* and
Ser'® within the SEA domain

(A) Representative Western blot showing the expression of MT-SP1MycHis in COS-1 cells.
Samples were separated by SDS/PAGE (8 % polyacrylamide) under reducing conditions, and
Western-blot analysis was performed using anti-myc-tagged antibody. Lane 1, crude membrane
sample; lane 2, conditioned media. The molecular masses of the bands are indicated on the left.
(B) Schematic representation of the post-translational cleavage between Gly™® and Ser™. The
association between the NTF and CTF is illustrated with three broken lines. The predicted amino
acid sequence of the NTF and the amino acid sequence of the N-terminus of the CTF, which
was determined in the present study, are shown by their single-letter codes. The C-terminal
glycine residue (Gly™®) of the NTF and the N-terminal serine residue (Ser'®) of the CTF are
indicated. The highlighted amino acid sequence represents the putative transmembrane domain.
A potential N-glycosylation site (Asn'%) is boxed. The region corresponding to the antigenic
peptide for the production of antibody (Tmc172) is double-underlined.
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Figure 4 Glycosidase digestion of recombinant MT-SP1/matriptase
expressed in COS-1 cells

Concentrated conditioned medium of COS-1 cells expressing MT-SP1wt was incubated with (+)
or without (—) glycopeptidase F (GPF), endo H or O-glycosidase (0-gly) and neuraminidase
(Neu). The digested samples were separated by SDS/PAGE (12% polyacrylamide), and
Western-blot analysis was performed with Spr992. The molecular-mass standards are indicated
on the left in kDa.

consisting of the cytosolic and transmembrane domains and the
N-terminal part of the SEA domain (Figure 3B). By probing
Western blots with Tmc172 (Figure 5A), a 22 kDa band was
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Figure 5 Western-blot analysis of the NTF of a recombinant MT-SP1/
matriptase expressed in COS-1 cells

(R) Representative Western blot showing the 22 kDa band derived from the recombinant
MT-SP1/matriptases expressed in COS-1 cells. Transfection was performed when cells cultured
on 100 mm dishes reached approx. 90 % confluence. Samples were separated by SDS/PAGE
(12% polyacrylamide) under reducing conditions, and Western-blot analysis was performed
using Tmc172. Lane 1, sample from COS-1 cells transfected with pcMT-SP1MycHis (25 1q);
lane 2, sample from COS-1 cells transfected with pcMT-SP1wt (12.5 ng) and pSecTagHygro
vector (12.5 ug); lane 3, sample from COS-1 cells transfected with pcMT-SP1wt (12.5 1)
and pSecHAI-1 (12.5 ng); lane 4, sample from COS-1 cells transfected with pSecHAI-1
(12.5 @) and pcDNA3.1(+) vector (12.5 .g); lane 5, sample from COS-1 cells transfected
with pcDNA3.1(+) vector (25 ng). (B) Representative Western blot showing the cell-surface
localization of the NTF. Transfection was performed when cells cultured on 100 mm dishes
reached approx. 90 % confluence. Samples were separated by SDS/PAGE (16 % polyacrylamide)
under reducing conditions, and Western blots were probed with Tmc172. Lanes 1 and 2, the
eluate and flow-through fractions respectively from streptavidin—agarose-precipitated proteins of
CO0S-1 cells transfected with pcMT-SP1wt (12.5 1g) + pSecTagHygro vector (12.5 g); lanes
3 and 4, eluate and flow-through fractions respectively from streptavidin—agarose-precipitated
proteins of COS-1 cells transfected with pcMT-SP1wt (12.5 @) + pSecHAI-1 (12.5 ug).
Note that the biotinylated NTF (indicated by an arrow) migrated more slowly than the NTF
in the flow-through fraction (indicated by an arrowhead) because of the addition of the
sulpho-NHS-SS-biotin spacer.

visualized in the crude membranes from COS-1 cells expressing
either MT-SP1MycHis (lane 1) or MT-SP1wt (lane 2) but not
in those from cells transfected with pSecHAI-1 (lane 4) or the
pcDNA3.1(+) vector (lane 5). The 22 kDa band was not detected
when the antibody was preadsorbed with the antigenic peptide at a
concentration of 1 mM (results not shown). The crude membranes
of COS-1 cells expressing MT-SP1wt with HAI-1 contained the
22 kDa protein (lane 3) at almost the same level observed in cells
expressing MT-SP1MycHis or MT-SP1wt alone. The 22 kDa band
was not detected in the conditioned medium from these transfected
COS-1 cells (results not shown).

The 22 kDa band was also detected when the MT-SP1MycHis
purified from the Triton X-100 extracts of the crude membrane
fraction with Ni*"-charged resin was probed with this antibody
(results not shown). In contrast, purification of the 90 kDa protein
from the conditioned medium with Ni**-charged resin did not
produce this signal (results not shown). This indicates that the NTF
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Figure 6 Western-blot analysis of the NTF of MT-SP1/matriptase expressed
in jejunal enterocytes of normal adult rats

() Representative Western blot showing the presence of the 22 kDa band in the crude membranes
from jejunal enterocytes. Triton X-100 extracts of crude membranes were separated by SDS/PAGE
(16 % polyacrylamide) under reducing conditions, and Western blots were probed with Tmc172.
The 22 kDa band was detected in the crude membrane extracts (lane 1) but not when the
antibody was preadsorbed with the antigenic peptide at a concentration of 1 mM (lane 3). For
comparison, a sample from the crude membranes of COS-1 cells expressing MT-SP1wt is
shown in lane 2. Molecular masses of the standards (Kaleidoscope Polypeptide Standards)
are indicated on the left. (B) Glycosidase digestion of the NTF. The crude membranes from
rat jejunal enterocytes were incubated with glycopeptidase F (GPF), endo H or O-glycosidase
(0-gly) and neuraminidase (Neu). The digested samples were separated by SDS/PAGE (16 %
polyacrylamide), and Western-blot analysis was performed with Tme172.

was non-covalently associated with the CTF, even after the cleav-
age between Gly'® and Ser'°, and that the NTF can act as anchor
for the CTF before the extracellular release of the CTF. A cell-
surface-biotinylation technique localized the NTF to the surfaces
of COS-1 cells expressing MT-SP1wt and MT-SP1wt with sHAI-1
(Figure 5B). A signal (22 kDa) was also detected in each flow-
through fraction (Figure 5B), indicating that considerable
amounts of the NTF exist in intracellular compartments. The N-
terminal sequence of the 22 kDa fragment could not be deter-
mined.

Detection and analysis of the NTF of MT-SP1/matriptase in the
jejunal enterocytes of normal adult rats

Western-blot analysis of the crude membrane samples (Triton
X-100 extracts) prepared from rat jejunal mucosae and probed
with Tmc172 revealed a 22 kDa band (Figure 6A, lane 1). The
molecular mass was similar to that of MT-SP1wt produced in
COS-1 cells (lane 2), but there was no signal when Tmc172 was
preadsorbed with the antigenic peptide (lane 3).

Digestion with glycopeptidase F decreased the apparent mass
to 18 kDa (Figure 6B), which is similar to the calculated mass of
the NTF (16.8 kDa). Digestion with endo H, neuraminidase or
O-glycosidase did not affect its mass (Figure 6B). Similar results
were obtained when the crude membranes from COS-1 cells
transfected with pcMT-SP1wt were used, except that endo H
decreased the mass to 18 kDa in some preparations of the recombi-
nant protein (results not shown).
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Figure 7 Percoll density gradient and Western-blot analysis of crude membranes extracted from the jejunum of normal adult rats

Percoll density gradients were fractionated (eight fractions; fraction 8 is the bottom of the gradient and fraction 1 is the top of the gradient), the fractions were separated by SDS/PAGE [16 %
polyacrylamide for the NTF of MT-SP1/matriptase (MT-SPINTF) and 12 % polyacrylamide for alkaline phosphatase (ALK Phos), Na,K-ATPase and E-cadherin] and the Western blots were probed
with Tmc172, anti-alkaline phosphatase antibody, anti-Na,K-ATPase antibody and anti-E-cadherin antibody respectively. The most intense signal in a fraction was given the value of 100 %. The

results are the means + S.D. for six different preparations.

Localization of MT-SP1/matriptase (NTF) in jejunal enterocytes
of normal adult rats

We examined the subcellular distribution of MT-SP1/matriptase
(NTF) using a conventional biochemical approach. The crude
membrane fraction of the rat jejunum was separated into eight
fractions by ultracentrifugation in the presence of Percoll.
The fractionation profile of the NTF was compared with those of
other proteins expressed in enterocytes. Representative Western
blots and the signal densities quantified by densitometry in each
fraction are shown in Figure 7. Alkaline phosphatase, a marker
for the apical membrane, was observed at 65 and 90 kDa [24], and
these bands were most intense in the highest density fraction of the
Percoll gradient. A monoclonal antibody directed against the o1
subunit of Na,K-ATPase, a marker of the basolateral membrane,
detected an immunoreactive 1 protein band (~96 kDa) [25].
The signal intensity was strongest in a lower-density fraction
(fraction 2). E-cadherin, an adhesion molecule present in a specific
region of the lateral membranes (the adherens junction), was
visualized as 80 and 120 kDa bands [25]. The 80 and 120 kDa
bands as well as the 22 kDa band representing the NTF of MT-
SP1/matriptase were most enriched in an intermediate-density
fraction (fraction 5). Linear correlation analysis revealed that
the fractionation profile of the NTF was correlated with neither
that of alkaline phosphatase (P =0.4771, r=0.291) nor that of
Na,K-ATPase (P =0.5548, r=0.248) but was correlated signi-
ficantly with that of E-cadherin (P = 0.0005, r = 0.9426). Neither
the 90/110 kDa nor the 28 kDa band recognized by Spr992 was
detected in all fractions (results not shown).

The subcellular distribution of MT-SP1/matriptase in the rat
jejunum was further analysed by immunostaining with Tmc172.
Positive staining occurred in the upper epithelial cells (Figure 8A);

Figure 8

Immunostaining of rat jejunum with Tme172

(A) Staining of the rat jejunum along the crypt-villus axis. (B) Staining on the villus tip. Staining
on the lateral membranes and in the cytosol close to the basal membrane is indicated by open
arrowheads and arrows respectively. (C) Staining on the villus tip when Tmc172 was preadsorbed
with the antigenic peptide at a concentration of 1 mM. Counterstaining was with haematoxylin.
Scale bars: 200 «m for (A) and 10 zem for (B, C).
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these sites are consistent with those of mRNA expression [5].
Weak-to-moderate immunoreactivity was demonstrated on the
lateral membrane, but no apparent immunoreactivity was detected
on the apical membrane (Figure 8B). Immunoreactivity was also
visible in the cytosol, close to the basal membrane (Figures 8A
and 8B), this being consistent with the existence of NTF in
the intracellular compartments of the transfected COS-1 cells
(Figure 5B). Staining was significantly decreased when Tmc172
was preadsorbed with the immunogenic peptide (Figure 8C).
When the tissue was treated with Spr992, no apparent immuno-
reactivity was observed (results not shown), confirming that CTF
is released from enterocytes.

DISCUSSION

The physiological roles of MT-SP1/matriptase in simple columnar
epithelial cells of adult animals have been unclear. To assess
these roles, we examined the subcellular distribution of this en-
zyme at the site of expression, such as in the enterocytes of
normal adult rats. For this purpose, characterization of the post-
translational processing of MT-SP1/matriptase was a prerequisite.
Post-translational cleavage and the extracellular release of MT-
SP1/matriptase were demonstrated by Cho et al. [26] using COS-
7 cells transfected with a cDNA of epithin, a mouse orthologue
of this enzyme. Cleavage between Gly'* and Ser' was clearly
demonstrated in this study by N-terminal sequencing of the CTFE.
Although a portion of the single-chain CTF (90 kDa) was released
into the medium, other portions remained in the cells, anchored
by the NTF. However, on activation of the protein facilitated by
its co-expression with HAI-1 [22], the release of the single-chain
CTF increased, and the activated form (the two-chain form of
the CTF) was no longer associated with the cells (Figure 2). It has
been shown that the tissue- and cell-specific expression of HAI-1
is consistent with the tissue- and cell-specific expression of MT-
SP1/matriptase, as far as has been examined [13,27]. This strongly
suggests that major portions of the single-chain CTF or the activ-
ated two-chain form are extracellularly released in vivo. This re-
lease may account for the difficulty in detecting CTF signal in the
crude membranes of enterocytes. Therefore the use of antibodies
to recognize the region corresponding to the CTF is probably not
suitable for the determination of subcellular localization.
Probing Western blots of crude membranes from rat jejunal
enterocytes with the antibody Tmc172 revealed detectable levels
of the NTF. Fractionation of the crude membranes by ultracentri-
fugation with Percoll, followed by probing of Western blots
with Tmc172, showed that the fractionation profile of the NTF
correlated with that of E-cadherin. E-cadherin is stably tethered
to components of the cytoskeleton through associated molecules
such as catenin [28], thereby showing a distribution profile dif-
ferent from that of Na,K-ATPase after the isolation of intestinal
epithelial cells [25]. However, it is unlikely that the NTF is
stabilized by specific interactions with such molecules since the
NTF (Figure 6A), but not E-cadherin, is extractable with Triton
X-100. Hung et al. [29] recently reported that MT-SP1/matriptase
was localized coincident with markers of adherens junctions at
cell—cell contacts in cultured mammary epithelial cells. However,
it is unlikely to be incorporated into the tightly bound adhesion
plaques [29]. Therefore it is suggested that the NTF is localized
in the perijunctional areas of polarized epithelial cells, including
enterocytes. Immunostaining of the rat jejunum with Tmc172 also
revealed the presence of the NTF on the lateral membranes. These
results showing the presence of NTF on the lateral membranes
strongly suggest the occurrence of MT-SP1/matriptase (CTF)
on the basolateral side of the enterocytes, since the NTF can
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anchor the CTF. The basolateral occurrence is also supported by
the fact that HAI-1 is exclusively localized to the lateral mem-
branes of all tissues examined [27].

The presence of a soluble form of MT-SP1/matriptase (CTF) in
human breast milk [8] suggests an apical sorting of the enzyme
in mammary epithelial cells. In the present study, the NTF in the
cytosol (intracellular compartments) was demonstrated in entero-
cytes (Figures 8A and 8B) as well as in COS-1 cells expressing
MT-SP1wt (Figure 5B). One possible explanation for the signal
is that the NTF is endocytosed after its dissociation from the
CTF at the cell surface. Also, we cannot exclude the possibility
that some newly synthesized NTFs are retained in intracellular
compartments where the NTF releases the CTF. The assumption
that the dissociated CTF within intracellular compartments of
mammary epithelial cells is secreted in a non-vectorial fashion
could account for the presence of this enzyme in milk [8].
Although we cannot rule out the possibility that enterocytes also
secrete the CTF apically, the absence of the NTF in the apical
membrane (Figure 8B) strongly suggests that the CTF is not pre-
sent on the apical surface of the cells. The staining of apical
(brush border) membranes of the rat duodenum with an antiserum
raised against the protease domain of MT-SP1/matriptase is pro-
bably non-specific [17]. In fact, the signals along the villus-crypt
axis are inconsistent with the expression of MT-SP1/matriptase
mRNA [5]. Many of the membrane enzymes expressed in entero-
cytes, such as enteropeptidase, a type Il transmembrane serine pro-
tease, are O-glycosylated extensively in their extracellular serine/
threonine-rich domains, and this domain is involved in direct
apical sorting [30]. No such domains exist in MT-SP1/matriptase.
Moreover, this enzyme does not appear to be O-glycosylated as
far as we examined it (Figures 4 and 6B). This also supports the
proposition that MT-SP1/matriptase is an enzyme distinct from
those that are sorted to the apical surface.

Most basolaterally sorted proteins on polarized epithelial cells
contain sorting signals, such as the di-leucine motif, the NPXY
motif or the PXX® motif (where X is any amino acid and & is an
amino acid with a bulky hydrophobic group), in their cytosolic
regions [15,31]. However, no typical basolateral sorting signals
occur in the cytosolic region of MT-SP1/matriptase (Figure 3B).
The N-terminal sequence of the unprocessed recombinant MT-
SP1/matriptase (Figure 3A, lane 1) or the NTF could not be deter-
mined, indicating some modifications of the N-terminus. The pre-
dicted N-terminal amino acid sequence of rat MT-SP1/matriptase
(M'GNNRGRK—) (Figure 3B) is highly homologous with that
of c-Src and related proteins in which the second glycine residue
is modified by myristoylation [32]. The myristoylated N-terminal
region is required for the sorting of c-Src to its site of function
(the cytosolic part of the adherens junction), where E-cadherin
is also concentrated [33]. If the second glycine residue of MT-
SP1/matriptase is myristoylated, it is possible that the N-terminal
region is involved in sorting to such a site. Further studies are
required to identify the specific site of and signal for the sorting
of MT-SP1/matriptase.

In the present study, we have provided evidence that MT-
SP1/matriptase occurs on the basolateral side of normal simple
columnar epithelial cells. This localization allows the enzyme to
interact with the putative substrates that are involved in cell—cell
and/or cell-substratum adhesions. Activation cleavage of pro-
HGF by MT-SP1/matriptase on the lateral membranes may
facilitate the binding of the growth factor to its receptor, c-
Met [34], which activates the intracellular signalling pathways
required for the disassembly of epithelial cells [11]. Furthermore,
the release of MT-SP1/matriptase allows the enzyme to come in
contact with other candidate substrates such as extracellular
matrix proteins and pro-urokinase-type plasminogen activator, all
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of which are critical for cell-substratum adhesion [12]. These pro-
cesses are essential for epithelial homoeostasis, including prolifer-
ation, migration, survival, differentiation and death. Therefore
MT-SP1/matriptase may be the key upstream regulator of the turn-
over of epithelial cells.

This work was supported by Grants-in-Aid for Scientific Research from the Ministry of
Education, Science and Culture of Japan, the Uehara Memorial Foundation, the Asahi
Glass Foundation and Japan Foundation for Applied Enzymology.
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