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Glycosylation and the activation of proteinase-activated receptor 2
(PAR,) by human mast cell tryptase

*ISteven J. Compton, 'Bernard Renaux, 'Suranga J. Wijesuriya & “*Morley D. Hollenberg

'Diabetes & Endocrine Research Group, Department of Pharmacology & Therapeutics University of Calgary, Faculty of
Medicine, Calgary, AB, Canada T2N 4N1 and *Department of Medicine, University of Calgary, Faculty of Medicine, Calgary,

AB, Canada T2N 4NI1.

1 Human mast cell tryptase appears to display considerable variation in activating proteinase-
activated receptor 2 (PAR,). We found tryptase to be an inefficient activator of wild-type rat-PAR,
(wt-rPAR,) and therefore decided to explore the factors that may influence tryptase activation of
PAR,.

2 Using a 20 mer peptide (P20) corresponding to the cleavage/activation sequence of wt-rPAR,,
tryptase was as efficient as trypsin in releasing the receptor-activating sequence (SLIGRL...).
However, in the presence of either human-PAR, or wt-r PAR, expressing cells, tryptase could only
activate PAR, by releasing SLIGRL from the P20 peptide, suggesting that PAR, expressed on the
cells was protected from tryptase activation.

3 Three approaches were employed to test the hypothesis that PAR, receptor glycosylation
restricts tryptase activation. (a) pretreatment of wt-rPAR, expressing cells or human embryonic
kidney cells (HEK293) with vibrio cholerae neuraminidase to remove oligosaccharide sialic acid,
unmasked tryptase-mediated PAR, activation. (b) Inhibiting receptor glycosylation in HEK293 cells
with tunicamycin enabled tryptase-mediated PAR, activation. (¢) Wt-rPAR, devoid of the N-
terminal glycosylation sequon (PAR,T257), but not rPAR, devoid of the glycosylation sequon
located on extracellular loop-2 (PAR,T224A), was selectively and substantially (>30 fold) more
sensitive to tryptase compared with the wt-rPAR,.

4 Immunocytochemistry using antisera that specifically recognized the N-terminal precleavage
sequence of PAR, demonstrated that tryptase released the precleavage domain from PAR,T25~ but
not from wt-rPAR,.

5 Heparin : tryptase molar ratios of greater than 2:1 abrogated tryptase activation of PAR,T25".

6 Our results indicate that glycosylation of PAR, and heparin-inhibition of PAR, activation by
tryptase could provide novel mechanisms for regulating receptor activation by tryptase and possibly

other proteases.
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Introduction

Mast cell tryptase is the major secretory product of the
human mast cell (Schwartz er al., 1987). Within the mast
cell granules, tryptase is found associated with heparin
proteoglycan that serves to stabilize the enzyme and
regulate its biological function upon release (Schwartz &
Bradford, 1986). This 134 kDa tetrameric serine protease
adopts a square flat ring structure composed of four
monomers, whose active sites face a central pore (Pereira et
al., 1998), and consequently restrict access to potential
macromolecular substrates and proteinase inhibitors. Never-
theless, tryptase has profound actions on cells, such as
causing cytokine release from epithelial and endothelial cells
(Cairns & Walls, 1996; Compton et al., 1998), proliferation
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of fibroblasts, epithelial and smooth muscle cells (Brown et
al., 1995; Cairns & Walls, 1996; Ruoss et al., 1991), and
fibroblast collagen synthesis (Cairns & Walls, 1997).
Furthermore, injection of tryptase into the peritoneum of
mice induces considerable inflammatory cell recruitment (He
et al., 1997), and injection into the skin of guinea-pigs
induces oedema (He & Walls, 1997). These findings have
prompted suggestions that tryptase maybe implicated in
inflammatory disecase (Compton & Walls, 1999). However,
the mechanism whereby tryptase activates cells remains
unclear. Although it has recently been suggested that
tryptase can affect target cells via activation of protease-
activated receptor 2 (PAR,) (Corvera et al., 1997; Mirza et
al., 1997; Molino et al., 1997), others using recombinant
tryptase have failed to detect PAR, activation by tryptase
(Huang et al., 2001).
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PAR, is a member of the novel family of G-protein
coupled receptors activated by proteolytic cleavage (Dery et
al., 1998). Activation occurs by proteolysis of the amino-
terminal exodomain resulting in the exposure of a tethered
ligand, which presumably binds to, and activates the
receptor. There are currently three active members of the
PAR family, PAR 1, 2 and 4 (Bohm et al., 1996; Ishihara et
al., 1997; Vu et al., 1991; Kahn et al., 1998; Xu et al., 1998).
Family member, PARj3, has been found to be a co-factor for
PAR, and as such may not be considered as an active
receptor in its own right (Nakanishi-Matsui et al., 2000).
Interestingly, peptides corresponding to the first five to six
amino acids of the tethered ligand will activate these
receptors independently of proteolysis. Consequently these
PAR-activating peptides (PAR-APs) have become useful
tools for investigating the biological roles of PARs
(Vergnolle, 1999; Vergnolle et al., 1999). For example, the
administration of PAR,-APs into animal tissues generates all
the hallmarks of an inflammatory response (Vergnolle et al.,
1999). Furthermore, inflammatory cytokines upregulate the
expression of PAR, on endothelial cells for up to 96 h
(Nystedt et al., 1996).

Tryptase activation of PAR, has been demonstrated in a
number of cell types including cultured human endothelial cells
(HUVEC), rat colonic myocytes, keratinocytes and guinea-pig
myenteric neurons (Corvera et al., 1997; 1999; Molino et al.,
1997; Schechter et al., 1998). However, some reports (Alm et al.,
2000; Corvera et al., 1999; Molino et al., 1997; Schechter et al.,
1998), but not others (Corvera et al., 1997; Steinhoff ez al., 2000),
have indicated that tryptase appears to behave as a partial
agonist compared to trypsin for activating PAR,, implying that
PAR; activation by tryptase may be influenced by other factors.
Interestingly, Huang et al. (2001) demonstrated that recombi-
nant Sl-tryptase was unable to activate any of the PARs cloned
to date, including PAR, expressed on HEK293 cells. Further-
more, it has been reported that the ability of tryptase to activate
PAR, on keratinocytes is abolished by the addition of heparin
(Schwartz & Bradford, 1986), whilst others have indicated that
tryptase in the presence of heparin can stimulate activation of
PAR, (Corvera et al., 1997; Steinhoff et al., 2000). Therefore, we
sought to investigate the factors that might regulate the ability of
tryptase to activate PAR,. We decided to (1) determine whether
tryptase could recognize the cleavage/activation site of wt-
rPAR, represented by a synthetic 20 mer peptide (P20), (2)
investigate the factors that influence the efficacy of tryptase in
activating endogenous PAR; present at the cell membrane, and
finally (3) determine the role of heparin in regulating the ability
of tryptase in activating PAR,.

Methods
Reagents

Heparin agarose, Sephacryl S200, Na-Benzoyl-DL-Arginine 4-
Nitro-anilide (BAPNA), porcine pancreatic type IX trypsin
(13-20,000 units mg~"'), sulphinpyrazone, calcium ionophore
(A23187), porcine intestinal mucosa heparin (MW 16—
17,000 kDa), soya trypsin inhibitor and leupeptin were from
Sigma (St Louis, MO, U.S.A.); foetal calf serum (FCS),
Dulbecco’s modified Eagle’s medium, non-enzymatic cell
dissociation fluid, penicillin, streptomycin, amphotericin,

sodium pyruvate, and phosphate buffered saline (PBS)
(without calcium and magnesium) were from Life Technol-
ogies, Inc. All oligonucleotides were synthesized by the
University Core DNA & Protein Services, University of
Calgary, Calgary, AB, Canada. All peptides were synthesized
by the Peptide Synthesis Facility, University of Calgary,
Calgary, AB, Canada. Stock solutions of peptides in 25 mMm
HEPES, pH 7.4 were standardized by quantitative amino
acid analysis to confirm peptide concentration and purity.
Vibrio cholerae neuraminidase (Cat N° 480717) was pur-
chased from Calbiochem; Fraxiparine® (Sanofi, ON, Canada)
was a gift from Dr Graham Pino, University of Calgary;
Pluronic acid from Molecular Probes, Eugene, OR, U.S.A.
and tunicamycin from ICN Biomedicals-Inc, Aurora, Ohio,
US.A.

Purification of tryptase

Human lung tryptase was purified essentially as described
previously and stored in 2 M NaCl, 20 mMm MES buffer, pH
6.1 at —80°C (Compton et al., 1998). Human lung was
obtained according to procedures approved by the University
of Calgary, Faculty of Medicine Ethics Committee. To
determine tryptase activity, an aliquot of 90 ul tryptase assay
buffer (100 mM Tris base, 1 M glycerol, pH 8.0) containing
1 mM BAPNA was added to 10 ul tryptase sample, incubated
for 5 min at room temperature and the reaction monitored at
450 nm on an ELISA plate reader (MR5000; Dynatech). One
unit (U) of tryptase activity was defined as the amount of
tryptase required to hydrolyse 1 umol of BAPNA per min at
25°C. The purity of the isolated tryptase was assessed by
specific activity and SDS—PAGE on a 12% gel wherein
tryptase was identified by Western blot analysis using the
tryptase specific monoclonal antibody, AAS (a kind gift from
Dr Andrew Walls, University of Southampton, U.K.) (Walls
et al., 1990). The identity of the tryptase was verified further
by amino-acid sequence analysis of protein recovered by
Western blot transfer (Alberta Peptide Institute, University of
Alberta, Edmonton, AB, Canada). Tryptase was used in the
absence of heparin unless stated otherwise and concentrations
(nM) used in all experiments were calculated on the basis of
the molecular weight (134 kDa) of the tryptase tetramer
(Schwartz et al., 1981).

Analysis of peptide cleavage by HPLC and N-terminal
sequence analysis

To test whether tryptase recognized the cleavage site of wt-
rPAR,, tryptase or trypsin were incubated with a peptide
(P20) which corresponds to the cleavage/activation site
(residues 30 to 45) of the wt-rPAR, N-terminus
(°GPNSKGR |[SLIGRLDT#P-YGGC (|trypsin cleavage
site, -YGGC added for affinity column coupling)). Tryptase
(1-10 nm) or trypsin (1-10 nM) was incubated with P20
peptide (10 uM) in isotonic phosphate buffered saline pH 7.4
(PBS) for 10 min at room temperature and the hydrolysis
products were subjected to HPLC analysis. For inhibitor
studies, soya trypsin inhibitor (STI, 1 mg ml~') was
incubated with either tryptase or trypsin for 30 min prior
to addition to the P20-containing solution. In separate tubes,
tryptase was also incubated with leupeptin (50 ug ml~") for
30 min prior to addition to the P20 solution. Proteolysis
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products were applied to an HPLC column (Vydac,
5 um x 25 cm, C4 column) and eluted with a gradient of
0.1% trifluoro acetic acid in acetonitrite (0—45%) with a flow
rate of 1 ml min~'. Peak fractions (E,() eluting from the
column were collected and freeze dried. N-terminal sequen-
cing (performed by the Alberta Peptide Institute, University
of Alberta, Edmonton, AB, Canada) was utilized in order to
identify the peptide fragments so isolated.

Generation of cDNAs encoding wild-type and
mutant PAR,

The wt-rPAR, and wt-hPAR, cell lines used in this study
have been described in detail previously (Compton et al.,
2000). Three mutant rPAR, clones devoid of glycosylation
sequons were generated using the QuikChange site directed
mutagenesis kit (Stratagene, CA, U.S.A.) according to the
manufacturer’s instructions. Two clones were deficient in the
N-terminus glycosylation sequon (rPAR,T257: Threonine®
was deleted to eliminate the glycosylation sequon NXS/T
(where X =any amino acid except proline) and rPAR,N23A
where asparagine® was substituted by alanine). The third
mutant receptor was deficient in the glycosylation sequon on
extracellular loop-2 (rPAR,T224A; Threonine** substituted
by alanine). One mutant hPAR, clone devoid of an N-
terminal glycosylation sequon was also generated (hPAR,.
N30A; asparagine® substituted for alanine). The mutant
PAR, clones were subsequently sequenced to confirm the
engineered mutations using fluorescence based automated
cycle sequencing by the University Core DNA & Protein
Services, University of Calgary, Calgary, AB, Canada.

Transfection

Semi-confluent Kirsten virus sarcoma transformed rat kidney
epithelial cells (KNRK, American Tissue Type Culture
Collection, Bethesda, MD, U.S.A.) in 60 mm petri dishes
were transfected using the Lipofect AMINE®™ method accord-
ing to the manufacturer’s protocol (Gibco/BRL). Although, a
weak endogenous PAR, signal has been detected by RT-—
PCR in non-transfected KNRK cells, no immunoreactivity is
detected on the cell surface of these cells using a PAR,
specific antibody; nor is a calcium signal generated in non-
transfected KNRK cells by high concentrations of the PAR,-
AP, SLIGRL-NH, (Al Ani et al., 1999). Transfected cells
were subcloned in geneticin (0.6 mg ml~") containing medium
(DMEM, 5% FCS, 100 um sodium pyruvate, 100 U ml~!
penicillin, 100 pg ml~"' streptomycin, and 250 ng ml~' am-
photericin B). To obtain permanent mutant PAR, cell lines,
cells expressing high levels of PAR, were isolated by FACS®
using the BS anti-PAR, rabbit polyclonal antibody (Al Ani et
al., 1999; Kong et al., 1997). For the human PAR; cell line,
cotransfection was performed using the pcDNA3 vector
(Invitrogen, CA, U.S.A.) in conjunction with the pBJl
human PAR; containing vector (a kind gift from Dr Shaun
Coughlin, University of California, San Francisco, U.S.A.
(Ishii et al., 1993)), to allow for antibiotic selection.

Cell culture

Permanently expressing PAR, and PAR; cell lines were
propagated in DMEM containing 5% FCS, 0.6 mg ml~'

geneticin, 100 uM sodium pyruvate, 100 U ml~' penicillin,
100 ug ml~! streptomycin, and 250 ng ml~! amphotericin B.
Human Embryonic Kidney cells (HEK293, T-antigen positive,
kindly provided by Dr Johnathan Lytton, University of
Calgary, Faculty of Medicine, Calgary, AB, Canada) were
grown in DMEM containing FCS 10%, sodium pyruvate
100 M, penicillin 100 U ml~', streptomycin 100 ug ml~', and
amphotericin B 250 ng ml~'. All cell lines were propagated
without the use of trypsin in 95% air, 5% CO,, at 37°C.

Production of antiserum to the precleavage sequence
of rPAR;

A polyclonal antiserum (SLAW) was raised in rabbits (exactly as
described elsewhere for the B5 anti-PAR, polyclonal antibody
(Kong et al., 1997)) to a peptide that corresponded to sequences
(bold type) representing the potentially antigenic epitopes in the
pre-cleavage domain of wt-rPAR, (SLAWLLGGPNSKGR-
GGYGGC). These epitopes would be lost from the cell surface
upon cleavage/activation of the receptor by proteases. The
rabbit polyclonal BS antiserum targets the cleavage/activation
site of wt-rPAR, (°GPNSKGRSLIGRLDT*P) and can
recognize both the cleaved/activated receptors as well as the
uncleaved receptor. During attempts to use either of these
antisera for Western blot detection of PAR,, we found that both
the SLAW and BS5 antibodies recognized multiple bands both in
non-transfected (or vector-alone transfected) KNRK cells and
PAR;-expressing KNRK cells. Thus, because multiple bands
were detected by the Western blot procedure, the antisera did not
prove of use for a ‘gel-shift analysis’ to compare fully
glycosylated versus glycosylation-deficient PAR,.

Immunocytochemistry

The SLAW antiserum was employed to demonstrate a loss of the
N-terminal pre-cleavage epitope upon proteolytic activation of
PAR,. Further, in order to show a relationship between the
calcium signal generated by enzyme activation and the loss of
immunoreactivity for SLAW, we harvested both responder and
non-responder cells from the calcium signalling cell suspension
assay following treatment with trypsin (10 nM) or tryptase
(300 nM). Cytospins of non-treated and treated cells were
prepared using a Shandon cytopsin (Pittsburgh, PA, U.S.A.)
and a 3,3'-diamino benzidine (DAB) substrate immunocyto-
chemistry protocol was utilized as described in detail elsewhere
(Saifeddine et al., 2001). Using this protocol, both the B5 and
SLAW antibodies were able to detect PAR, in transfected
receptor expressing cells, but not in empty vector transfected
cells. Further, in PAR, expressing cells, for both antibodies,
immunoreactivity was abolished by preincubation with the
corresponding immunizing peptides (see below).

Calcium signalling in suspension

Calcium signalling was measured as described previously
(Compton et al., 2000). Harvested cells grown to near
confluence in 75 cm? culture flasks were incubated in 1 ml
of DMEM, 10% FCS and 0.25 mM sulphinpyrazone, 22 uM
Fluo-3 acetoxymethyl ester (Molecular Probes Inc., Eugene,
OR, U.S.A)) for 25 min at room temperature with gentle
shaking. Cells were then washed and resuspended in calcium
assay buffer (mM: NaCl 150, KCI 3, CaCl, 1.5, glucose 10,
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HEPES 20, sulphinpyrazone 0.25, pH 7.4). Fluorescence
measurements were performed on a Perkin-Elmer fluores-
cence spectrometer 650-10S, with an excitation wavelength of
480 nm and emission recorded at 530 nm. Cell suspensions
(1 ml) in 4 ml cuvettes were stirred with a magnetic flea bar
and maintained at 24°C. The signal produced (Es;y) by the
addition of a test agonist was measured as a percentage of
the fluorescence peak height yielded by the addition of 2 um
calcium ionophore (A23187).

Cross-desensitization studies

As antagonists for PAR, are currently unavailable, we
employed a receptor cross-desensitization approach. This
assay makes use of the principle that repeated exposure of a
tissue or cell to a receptor-selective agonist leads to
diminution/desensitization of the receptor’s response to that
agonist (Kawabata et al., 1999).

Calcium signalling in monolayers

The wt-hPAR, cells (as described elsewhere Compton et al.,
2000) were seeded on 12 mm coverslips in fresh medium
until 60—80% confluent. Cells were washed with PBS before
and after incubation with DMEM containing 10% FCS,
0.25 mM sulphinpyrazone, 0.01% Pluronic F127 and Fura2/
AM at room temperature for 40 min. Coverslips were
mounted in a perfusion chamber (Warner Instruments) on
a Zeiss Axiovert 135 microscope. Cells were stimulated with
test agents by replacement of the 500 ul calcium assay buffer
with prediluted agonists in buffer. Fura-2 fluorescence was
measured through a Fluar x20 objective and a Chroma filter
set using ImageMaster System software and DeltaRAM
rapid wavelength switching illuminator (Photon Technology
International). Fura-2 fluorescence was expressed as the
ratio of emission at 510 nm with excitation at 340 and
380 nm. Twenty cells were analysed for each coverslip of
cells treated.

Neuraminidase treatment of rPAR, and HEK

Cells in 75 cm? culture flasks were rinsed once with PBS
(without calcium and magnesium), lifted with non-enzymatic
cell dissociation fluid and washed with PBS. The cell pellet
was resuspended in calcium assay buffer (as described in
calcium signalling in suspension assay) and a final concentra-
tion of 10 U ml™"' of Vibrio cholerae neuraminidase was
incubated with the cells for 30 min at room temperature with
mild shaking. Treated cells were subsequently washed with
PBS before being prepared for calcium signalling using the
suspension assay (as described above).

Tunicamycin treatment of HEK

HEK cells were resuspended in PBS and seeded into 75 cm?
culture flasks and incubated overnight. The following day,
tunicamycin (1 ug ml~') was applied to the cells and
incubated for a further 48 h, as described previously
(Servant et al., 1996). Cells were lifted with PBS, centrifuged
and then washed with PBS before being prepared for
calcium signalling using the suspension assay (as described
above).

Statistics

Results were analysed for statistical significance by the paired
Student’s #-test, taking P<0.05 as statistically significant.

Results
Tryptase purification

Considerable care was taken to ensure that the tryptase used
in the study was of the highest purity. Tryptase was purified
to apparent homogeneity as assessed by SDS—PAGE and
Western blot analysis using the tryptase specific monoclonal
antibody AAS (Walls et al., 1990). Further, a Western blot of
the purified enzyme stained with Coomassie Blue reagent was
sequenced for the first 10 amino acids and found to be
IVGGQEAPRS, which is identical to the first 10 amino acids
of human mast cell tryptase (Miller et al., 1990). The specific
activities of tryptase preparations were routinely from 2-—
2.5 U ug™', as assessed in the absence of heparin.

Tryptase efficiently cleaves a peptide corresponding to the
cleavage/activation site of wt-rPAR,

Our preliminary calcium signalling experiments with wt-
rPAR, cells failed to demonstrate any appreciable activation
of PAR, with tryptase (see below). We therefore investi-
gated the ability of tryptase to cleave a 20 mer peptide (P20)
that corresponded to the cleavage/activation site of wt-
rPAR,. As verified by HPLC analysis and sequencing of the
cleavage products, tryptase catalyzed the release of the
receptor-activating peptide SLIGRL ... from P20 at both
concentrations tested, although 10 nM tryptase cleaved
considerably more of the starting material, compared to
1 nM tryptase (see Table 1). Prior incubation of tryptase
with STI had a negligible effect on its ability to cleave P20,
but completely inhibited trypsin cleavage of the P20 peptide.
However, leupeptin completely abolished tryptase release of
SLIGRL ... from the P20 peptide. Purified human lung

Table 1 Tryptase and trypsin cleavage of a 20mer peptide
(P20) corresponding to the cleavage/activation sequence of
wt-rPAR,

% Remaining Detection

Treatment of P20 SLIGRL..
TPZ 1 nm 60.3+11.3 Yes
10 nm 23+11.8 Yes
TPN 1 nm 853+16.1 Yes
10 nm 1.74+0.7 Yes
TPN 10 nm + STI 124+17.8 No
TPZ 10 nm + STI 32+1.3 Yes
TPZ 10 nm+LEU 100+0.5 No

Tryptase (TPZ) and trypsin (TPN) were incubated with the
P20 peptide either alone, or in the presence of soya trypsin
inhibitor (STI, 1 mg ml~"') for 10 min at room temperature
before being run on a C4 HPLC column. Tryptase was also
incubated with leupeptin (LEU, 50 ug ml~'). The presence
of the activation peptide SLIGRL was confirmed by N-
terminal sequencing of collected fractions. The percentages
of remaining P20 peptide were calculated from the peak
heights obtained from each treatment. The results are the
mean +s.e.mean of three separate experiments.
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tryptase purchased from Calbiochem generated identical
results to those obtained with the in-house purified tryptase
(data not shown). The data showed that tryptase was able
to hydrolyze the PAR, sequence at its cleavage/activation
site (**R/¥’S) as efficiently as did trypsin.

Tryptase at concentrations sufficient to hydrolyze P20
peptide fail to activate/disarm wt-rPAR, expressed on
KNRK cells

Having shown efficient cleavage of P20, we next sought to

demonstrate, using the calcium signalling assay, (1) whether
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Figure 1
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tryptase (100 nM) might activate or disarm rPAR, on wt-
rPAR, cells and (2) whether tryptase present in the cell
suspension was capable of cleaving the P20 peptide to release
the receptor-activating sequence (SLIGRL...). Tryptase at
concentrations well above those sufficient to cleave the P20
peptide failed to activate rPAR, in the wt-rPAR, transfected
cell line (Figure 1, upper (i)). Trypsin, added following the
addition of tryptase provoked a calcium signal equivalent to
that of the trypsin control. Addition of the P20 peptide on its
own to the wt-rPAR, cell suspension had no observable effect
in the calcium assay (Figure 1, upper (ii)). However, a robust
calcium signal was generated when tryptase was added to the
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from the synthetic cleavage/activation peptide, P20. Upper, (i—iv) Wt-rPAR,: activation by tryptase

hydrolyzed P20, and by trypsin, but not by tryptase alone. Arrows indicate when test agents were added to the cells. Controls are
shown in the right panel of each individual figure, except for (iii). Cells were lifted with non-enzymatic cell dissociation fluid and
loaded with Fluo-3 (22 uM) prior to incubation for 25 min at room temperature. Cells were challenged with different agents and
responses were monitored by fluorescence spectrophotometry (excitation 480 nm, emission 530 nm). Results are representative of
three separate experiments using separately grown crops of cells. Lower, (i—ii) Wt-hPAR,: activation by tryptase hydrolyzed P20
and by trypsin, but not by tryptase alone. Arrows indicate when test agents were added to the cells. Cell monolayers were rinsed and
loaded with fura-2AM at room temperature for 40 min. Fluorescence was measured in individual cells using an ICCD video camera
and video microscopy acquisition program. The fluorescence ratio (340/380 nm) was measured. Twenty cells were analysed for each
coverslip of cells treated. TPZ, tryptase; TPN, trypsin; SL-NH,, SLIGRL-NH,.
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cells following the addition of P20 peptide. Further, following
stimulation of the cells by the combination of P20 peptide
and tryptase, the response to trypsin was markedly reduced
compared to its respective control (Figure 1, upper (ii)). Prior
desensitization of rPAR, with two consecutive additions of
SLIGRL-NH, desensitized the subsequent response obtained
with the combined addition of P20 followed by tryptase
(Figure 1, upper (iii)). Addition of P20 peptide following the
prior addition of tryptase stimulated a robust calcium signal.
Addition of SLIGRL-NH, after this response to the
combined P20/tryptase treatment resulted in a calcium signal
that was reduced when compared to its respective control
(Figure 1, upper (iv)). Further, by measuring tryptase
enzymatic activity in cell suspensions, we assessed the
possibility that sequestration of tryptase by cell surface
proteoglycans might be responsible for the lack of PAR,
activation. We found no detectable loss of tryptase enzymatic
activity using BAPNA as a substrate in supernatants that
previously contained wt-rPAR, cells compared to tryptase in
buffer alone (data not shown).
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We also investigated whether cells in a monolayer as
opposed to in suspension might be susceptible to tryptase
activation of PAR,. In addition, for these experiments we
used the human PAR, transfected cell line (wt-hPAR,)
instead of wt-rPAR, to determine if the previous results
might have been dependent on receptor species. Results
are shown in Figure 1, lower (i) and (ii). Tryptase
(100 nM) added to the cell monolayer did not produce a
calcium signal. However, addition of P20 peptide
following tryptase addition stimulated a robust calcium
signal, as was the case for the cell suspension assay
described above (Figure 1, lower (i)). Trypsin, used as the
positive control, stimulated a robust calcium signal in this
monolayer assay (Figure 1, lower (ii)). The data with
both the suspension and monolayer assay therefore
indicated that whilst neither tryptase (100 nM) nor P20
peptide on their own can activate PAR,, tryptase was
capable of cleaving P20 peptide into an active fragment
that was then able to activate PAR, expressed on the wt-
PAR, cell lines.
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Figure 2 The sialidase, neuraminidase, unmasks PAR, to activation by tryptase. (i & ii), enhancement of tryptase, (but not
trypsin) activation of PAR, on wt-rPAR, and HEK cells by treatment with neuraminidase. Wt-rPAR, or HEK cells were lifted with
non-enzymatic cell dissociation fluid and incubated either with or without neuraminidase (10 mU ml~') for 30 min at room
temperature. Cells were washed then loaded with Fluo-3 (22 um) prior to incubation for 25 min at room temperature. Cells were
challenged with test agonists and responses were monitored by fluorescence spectrophotometry (excitation 480 nm, emission
530 nm). Responses were normalized to the peak height obtained with 2 uMm calcium ionophore. Each treatment represents the
mean +s.e.mean (bars) from 3 -6 independent experiments from separately grown crops of cells. NS, no signal detected. (iii & iv)
Cross-desensitization of tryptase induced calcium signalling in neuraminidase treated HEK cells. Arrows indicate when test agents
were added to the cells. Control traces are shown in the right panel of each individual figure. Results are representative of two
separate experiments using separately grown crops of cells. TPZ, tryptase; TPN, trypsin; SL-NH,, SLIGRL-NH,.
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Tryptase activates PAR, in KNRK cells transfected with
wt-rPAR,> and HEK cells pretreated with neuraminidase

Given that a glycosylation sequon is in close proximity to the
cleavage/activation site of PAR, (13 amino acids N-terminal in
rPAR, and only six amino acids in hPAR»), and that sialic acid
on cell surface glycoproteins is known to regulate receptor
function (Cuatrecasas & Illiano, 1971; Hayes & Lockwood,
1986), we investigated whether preincubation of wt-rPAR; or
the endogenously hPAR, expressing HEK cells with the
sialidase, neuraminidase, would facilitate tryptase activation
of PAR,. Results are shown in Figure 2. Although tryptase
stimulated no observable response in wt-rPAR, cells, a
prominent calcium signal was generated by tryptase in the
neuraminidase treated wt-rPAR, cells (Figure 2i). In HEK
cells, tryptase stimulated a small but viable response (Figure
2ii). Strikingly, the HEK cell response to tryptase was increased
by over 7 fold following incubation with neuraminidase. The
response provoked by trypsin in wt-rPAR, and HEK cells was
not significantly altered following incubation of the cells with
neuraminidase when compared to non-treated controls (Figure
2i and ii). Tryptase (50 nM) caused no observable calcium
signal in human wt-rPAR; cells or empty vector transfected
cells (pcDNA3) either before or after incubation of the cells
with neuraminidase (data not shown). Further, preincubation
of tryptase (100 nM) with neuraminidase (50 mU ml~"') had no
observable effect on the ability of tryptase to induce a calcium
signal in either untreated or neuraminidase treated wt-rPAR,
cells (data not shown).

Cross-desensitization studies were conducted on neurami-
nidase treated wt-rPAR, and hPAR; expressing HEK cells to
confirm that the increased tryptase responsiveness was due
directly to an increase in PAR, activation. In HEK cells
pretreated with neuraminidase an initial application of
tryptase desensitized the response to further additions of
tryptase at the same concentration (Figure 2iii). Further, the
signal normally induced by SLIGRL-NH, following two
applications of tryptase was desensitized. Moreover, repeated
addition of high concentrations of SLIGRL-NH,, prior to
the addition of tryptase also resulted in a loss of the tryptase
induced calcium response (Figure 2iv). Repeated applications
of trypsin (10 nM) also desensitized the tryptase (50 nm)
response and vice versa (data not shown). Identical PAR,
cross-desensitization results were also observed for wt-rPAR,
cells (data not shown). Thus, neuramindase treatment was
able to unmask PAR; activation by tryptase both in cells that
naturally express the hPAR, receptor (HEK) and in cells
transfected with wt-rPAR, (KNRK).

Inhibition of the glycosylation process by tunicamycin
enhances the ability of tryptase to activate hPAR,

To provide further evidence that glycosylation may play a role
in regulating tryptase activation of PAR,, we incubated HEK
cells with tunicamycin (which inhibits the N-linked glycosyla-
tion of proteins (Tkacz & Lampen, 1975)) for 48 h before
investigating the ability of tryptase to activate PAR; in the
calcium signalling assay. Results are shown in Figure 3.
Tryptase (300 nM) had failed to generate a calcium signal in
HEK cells, but in tunicamycin-treated cells, tryptase generated
a calcium signal that was of the same magnitude as trypsin
(Figure 3i). The calcium signal generated by trypsin in the
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Figure 3 Inhibition of protein glycosylation in HEK cells by

tunicamycin results in the expression of tryptase responsive PAR,.
(i) tryptase activation of PAR, following pretreatment of HEK cells
with tunicamycin for 48 h. Semi-confluent HEK cells in 75 cm? culture
flasks were propagated with or without tunicamycin (1 ug ml~!)
for 48 h. Cells were lifted with non-enzymatic cell dissociation fluid
and washed, then loaded with Fluo-3 (22 uMm) prior to incubation for
25 min at room temperature. Cells were challenged with test agonists
and responses were monitored by fluorescence spectrophotometry
(excitation 480 nm, emission 530 nm). Responses were normalized to
the peak height obtained with 2 um calcium ionophore. Each treatment
represents the mean +s.e.mean (bars) from three independent experi-
ments from separately grown crop of cells. NS, no signal detected.
(ii & iii) Cross-desensitization of tryptase induced calcium signalling in
tunicamycin treated HEK cells. Arrows indicate when test agents were
added to the cells. Control traces are shown in the right panel of each
individual figure. Results are representative of two separate experi-
ments using separately grown crops of cells. TPZ, tryptase; TPN,
trypsin; SL-NH,, SLIGRL-NH,; Tunica, tunicamycin.
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tunicamycin treated cells was considerably reduced compared
to control cells, as might be expected if tunicamycin treatment
reduced overall cell surface receptor density, as has been found
with PAR; (Tordai et al., 1995). Cross-desensitization studies
were performed to confirm that tryptase was indeed activating
PAR; and are shown in Figure 3ii and iii. Two additions of the
selective PAR, peptide SLIGRL-NH,, desensitized completely
the tryptase response in tunicamycin treated cells (Figure 3ii).
In addition, two additions of tryptase desensitized the
SLIGRL-NH, response (Figure 3iii). In further experiments
tryptase desensitized a subsequent application of trypsin and
vice versa (data not shown). It would appear that by inhibiting
HEK cells from glycosylating cell surface proteins including
PAR,, tryptase was then able to gain access to the cleavage/
activation site of the receptor.

We performed a number of Western blots in order to
provide direct evidence of receptor glycosylation. However,
shifts in the molecular weight of PAR, in transfected cells or
HEK cells following either neuraminidase or tunicamycin
treatment could not be observed as the PAR, antisera (BS
and SLAW) consistently failed to recognize PAR, on
Western blots (data not shown). Therefore we employed an
alternative approach of deleting the PAR, N-terminus
glycosylation sequon and examined the efficiency of tryptase
to activate the mutated receptor that could not be N-
terminally glycosylated.

Tryptase mediated activation of PAR, is dramatically
enhanced by deletion of the receptor N-terminus
glycosylation sequon

We performed concentration-effect curves for tryptase on wt-
rPAR, and on a mutated rPAR, receptor (rPAR,T257)
where threonine” was deleted to nullify the N-terminus
glycosylation sequon N*R*T%. Results are shown in Figure
4. In wt-rPAR, tryptase (100—300 nM) stimulated a very
small but concentration-dependent activation (Figure 4,
upper, i). In rPAR,T25~, there was a dramatic increase in
receptor activation by tryptase. Tryptase was at least 30 times
more potent for rPAR,T25~ than for wt-rPAR;, stimulating
activation of the receptor from 10-300 nM. In contrast,
trypsin displayed no appreciable alteration in its ability to
activate either wt-rPAR, or rPAR,T25, stimulating activa-
tion from 1-20 nM (Figure 4, upper, ii). Tryptase (100 nM)
also activated mutated human and rat PAR, receptors where
the asparagine at the N-terminal glycosylation sequon was
substituted with alanine (hPAR,N30A and rPAR,N23A):
33.9+5.4 and 25.0+7.0% of the calcium signal caused by
2 uM calcium ionophore respectively; and 63.0+16.5 and
60+3.0% of the calcium signal caused by 10 nM trypsin,
respectively (results are the mean+1/2 range from two
separate experiments). Finally, tryptase (but not trypsin)
failed to induce a calcium signal in a mutated rPAR, receptor
where the only other glycosylation sequon on extracellular
loop 2 was deleted (threonine®* substituted with alanine®* :
rPAR,T224A; data not shown).

Cross-desensitization studies were also conducted to
confirm that tryptase was indeed activating PAR,T25~
(Figure 4, lower). The calcium signal in response to tryptase
(100 nM) was abolished by two prior consecutive additions of
the PAR, selective activating peptide SLIGRL-NH, (Figure
4, lower (i)). Two applications of trypsin (10 nM) 10 min

apart were found to desensitize the ability of tryptase
(100 nM) to induce a calcium signal (Figure 4, lower (ii)).
An initial application of tryptase (500 nM) stimulated a
robust calcium signal in rPAR,T25, that desensitized PAR,
to a further addition of tryptase (300 nM) 10 min later
(Figure 4, lower (iii)). Addition, of trypsin (10 nM) following
the two previous applications of tryptase resulted in a
negligible calcium response compared to the trypsin control.
Two prior applications of tryptase markedly reduced the
response to SLIGRL-NH, compared to its respective control
(Figure 4, lower (iv)). Preincubation of tryptase (100 nM)
with the protease inhibitor, leupeptin (50 ug ml~'), com-
pletely blocked its ability to cause a calcium signal in the
rPAR,T25" cells (data not shown).

Tryptase removes the pre-cleavage/activation SLAW
epitope from rPAR>T25~ but not from wt-rPAR,

To confirm that tryptase was activating rPAR,T25~ by
revealing the tethered ligand, we employed an antiserum
(SLAW) that selectively recognizes the N-terminal wt-rPAR,
sequence that is lost upon cleavage/activation by protease
treatment. As outlined in Methods, initial studies confirmed the
specificity of the SLAW antibody for PAR,. No staining was
evident on KNRK cells transfected with the empty vector (data
not shown) and preincubation of the antiserum with the
immunizing peptide abolished staining of PAR, transfected
cells (Figure 5A,B insets). Further, trypsin pretreatment of
PAR; transfected cells resulted in a complete loss of staining by
the SLAW antibody but not by the B5 antiserum (see Figure 5).
Thus, we could specifically detect intact PAR; receptors and
monitor activation by the loss of the SLAW-targeted epitope.
The amount of immunostaining was confirmed by quantitative
morphometric analysis of stained cell cytospins (Figure SG,H).
Non treated wt-rPAR, and PAR,T25~ cells display prominent
ring-like staining with SLAW antiserum (Figure 5A.B
respectively). Identical results were obtained with the BS
antiserum (data not shown). Pretreatment of wt-rPAR, or
rPAR,T25 cells with trypsin resulted in essentially a complete
loss of this ring like immunostaining with the SLAW antiserum
compared to the untreated control (Figure 5A and E,B and
F,G). However, tryptase treatment had no effect on the
immunostaining of SLAW antiserum, compared to untreated
controls in the wt-rPAR, cells (Figure SA and C,G). Never-
theless, tryptase treatment substantially reduced the immunos-
taining with SLAW antiserum in rPAR,T25~ cells (Figure 5B
and D,G). Immunostaining of the cells was also performed with
the BS antiserum that recognizes an epitope (SLIGRLDTP)
that remains after PAR, cleavage-activation. On both wt-
rPAR, and rPAR,T25~ cells B5 reactivity showed no
appreciable change in staining amongst the various treatments,
confirming that PAR, was still present on the cell surface
(Figure 5H). Preincubation of SLAW and BS5 antisera with the
immunizing peptides (Figure 5A,B insets and data not shown
for B5) abolished staining in both wt-rPAR, and rPAR,T25~
cells.

Heparin concentration dependently inhibits tryptase
activation of PAR;

In our initial experiments we found that when heparin was
added to the tryptase preparation, activation of rPAR,T25~
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by tryptase was abolished. Therefore, concentration effect
curves were performed to establish the tryptase : heparin
molar ratios at which heparin blocked tryptase triggered
rPAR,T25~ activation. Both porcine intestinal mucosal
(PIM) heparin (MW, 16.6 kDa) and the clinically used low
molecular weight heparin (fraxiparine®, MW, 4.3 kDa) were
used to determine the influence of the molecular weight of

heparin on its ability to inhibit tryptase activation of
rPAR,T25~. Results are shown in Figure 6. Both forms of
heparin concentration-dependently inhibited tryptase (50 nM)
activation of rPAR,T25~. Inhibition of tryptase (50 nm)
activation of rPAR,T25~ by PIM heparin was observed at
heparin concentrations as low as 3 nM and reached complete
inhibition at 100 nM heparin at which concentrations the
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Figure 4 Tryptase activation of rPAR; is dramatically enhanced by deletion of the N-linked glycosylation motif on the receptor N-

terminus.

Upper, (i and ii) Calcium signalling in the wt-rPAR, and PAR,T25~
Concentration effect curves are shown for tryptase (i) and trypsin (ii) in wt-rPAR, and PAR,T25

cells in response to tryptase and trypsin.
~. Cells were lifted with non-

enzymatic cell dissociation fluid and loaded with Fluo-3 (22 um) prior to incubation for 25 min at room temperature. Cells were
challenged with different agents and responses were monitored by fluorescence spectrophotometry (excitation 480 nm, emission
530 nm). Each data point for PAR,T25~ and wt-rPAR, represents the mean+s.e.mean (bars) of three separate experiments

respectively from separately grown crops of cells, except for tryptase (300 nM) on wt-rPAR,, n=11.
desensitization of tryptase induced calcium signalling in PAR,T257.

Lower, (i—iv) Cross-
Arrows indicate when test agents were added to the cells.

Control traces are shown in the right panel of each individual figure. Results are representative of two separate experiments using
separately grown crops of cells. TPZ, tryptase; TPN, trypsin; SL-NH,, SLIGRL-NH,.
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Figure 5 Tryptase removes the precleavage/activation domain on PAR,T25™ but not on wt-rPAR; cells. Immunostaining with the
SLAW antiserum on wt-rPAR, and PAR,T25 cells following: (A,B) no treatment, (C,D) tryptase 300 nM, and (E,F) trypsin 10 nm
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Figure 6 Inhibition of tryptase induced calcium signalling in
PAR,T25~ by PIM heparin and Fraxiparine®. Concentration-effect
curves are shown for PIM heparin (MW, 16.5 kDa) and Fraxipar-
ine® (MW, 4.3 kDa). Cells were lifted with non-enzymatic cell
dissociation fluid and loaded with Fluo-3 (22 um) prior to incubation
for 25 min at room temperature. Cells were challenged with tryptase
(50 nM) containing increasing concentrations of heparin and increases
in intracellular calcium were monitored by fluorescence spectro-
photometry (excitation 480 nm, emission 530 nm). Responses were
normalized to the peak height obtained with 2 um calcium
ionophore. For PIM heparin each data point represents the
mean+s.e.mean (bars) of four separate experiments, and for
Fraxiparine® each data point represents the mean+s.e.mean. TPZ,
tryptase; PIM heparin, porcine intestinal mucosa heparin.

molar ratio of heparin : tryptase was 2: 1. Fraxiparine®™ was
also found to inhibit tryptase activation of rPAR,T25~, but
with a lower potency, inhibiting tryptase (50 nM) from
100 nM and reached complete inhibition at 2000 nM. Heparin
(100 nm) had a no effect on trypsin (10 nM) activation of wt-
rPAR, (data not shown).

Discussion

The principle observation that triggered our study was the
finding that human lung tryptase had little efficacy in
activating PAR, in a KNRK cell background, although
tryptase was as efficient as trypsin in releasing the active
peptide, SLIGRL, from a peptide (P20), representing the
cleavage/activation sequence of wt-rPAR,. We demonstrated
that by treating transfected KNRK wt-rPAR, cells, or
endogenously expressing hPAR, HEK cells with either
neuraminidase or tunicamycin, we were able to enhance
tryptase activation of PAR,. Further, by generating several
mutant PAR, receptors whereupon the N-terminus glycosyla-

tion sequon was eliminated, we showed that the ability of
tryptase to activate PAR, was selectively and substantially
enhanced. In contrast, elimination of the glycosylation
sequon in extracellular loop 2 of PAR, had no such
potentiating effect on tryptase activation. Finally, heparin
inhibited tryptase activation of this receptor. Our results
suggest that glycosylation of PAR, and heparin-inhibition of
PAR, activation by tryptase could provide novel mechanisms
for regulating receptor activation by tryptase and possibly
other proteases.

Our initial experiments studying the ability of tryptase and
trypsin to recognize the cleavage/activation site of P20 and
release the expected ‘tethered ligand’ sequence, SLIGRL.. .,
were in accord with a previous study by Molino et al. (1997).
Our results indicated that tryptase was as efficient or more so
than trypsin in hydrolyzing the P20 peptide to release
SLIGRL, again in agreement with Molino et al. (1997).
However, in a wt-rPAR; cell based calcium signalling assay,
tryptase failed to stimulate a calcium response. Tryptase also
appeared not to disarm the receptor, since the trypsin
response following the addition of tryptase was unaltered
compared to the trypsin control. In addition, evidence that
tryptase could recognize and cleave the wt-rPAR, activation/
cleavage sequence, but not that on the wt-rPAR, cells, came
from the fact that addition of the P20 peptide either prior to
or following the addition of tryptase to the cell suspension
generated a robust PAR,-dependent calcium signal. Further,
the possibility that the lack of PAR, activation by tryptase
was a result of the enzyme being sequestered by cell surface
proteoglycans was excluded as no significant loss in
enzymatic activity in supernatants from tryptase challenged
cells could be detected. Further, the data also suggest that the
cells were not secreting an inhibitor of tryptase, but rather
that tryptase access to the cleavage/activation site of wt-
rPAR, on these cells was restricted.

Given that both human and rat PAR, possess two N-
linked glycosylation sequons, of which one is in close
proximity to the cleavage/activation site, we hypothesized
that N-linked glycosylation may be responsible for restricting
tryptase access to the receptor. Therefore, we tested if
pretreatment of wt-rPAR, cells or endogenously human
PAR, expressing HEK cells with neuraminidase to remove
sialic acid residues from oligosaccharides, might facilitate
tryptase access to the cleavage/activation site of PAR,.
Tryptase induced a prominent calcium signal in HEK and
wt-rPAR, cells following but not prior to incubation with
neuraminidase. In contrast, neuraminidase had no effect on
the lack of ability of tryptase to activate PAR; in the wt-
hPAR; transfected cells or to cause a calcium signal in empty
vector transfected cells. Cross-desensitization studies provided
further evidence that the tryptase response unmasked in the
wt-rPAR, cells by neuraminidase was a result of PAR,
activation and was not due to some other receptor. In

at room temperature for 10 min. (G,H): Histograms showing quantitative morphometric counting analysis of stained wt-rPAR, and
PAR,T25 cells (e.g. arrows, A,B) demonstrating the degree of immunostaining for SLAW (G) and B5 (H) antiserum following
various treatments. Arrows in A, B and C, show cell surface staining, whilst D, E and F show a loss of cell surface SLAW
immunoreactivity. The insets in A and B show the elimination of immunostaining by peptides preabsorbed with the SLAW
antiserum. Calcium responses of cells to test agonists were confirmed in the calcium assay (as described in the Methods) before
cytospins were prepared. Immunostaining with the SLAW antiserum was conducted as described in the Methods. Results are
expressed as the mean counts+s.e.mean from 10 different fields (> 100 cells/field) for each treatment. Bar =25 um.
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addition, preincubation of tryptase with neuraminidase had
no effect on the ability of tryptase to activate PAR,,
indicating that glycans on tryptase probably do not play a
part in its ability to activate PAR,. We conclude that cell
surface sialic acid plays a role in regulating the ability of
tryptase to activate PAR,.

We next decided to take a pharmacological approach by
treating HEK cells with tunicamycin, an agent that blocks
protein glycosylation (Tkacz & Lampen, 1975). Fortunately,
in the presence of tunicamycin, although reduced, sufficient
PAR, was expressed at the cell surface, as indicated by the
calcium signal response to trypsin and the PAR,-AP,
SLIGRL-NH,. In the tunicamycin treated HEK cells,
tryptase activated PAR, to the same magnitude, as did
trypsin, suggesting that tryptase could gain access to all of
the trypsin sensitive receptors. Cross-desensitization studies
with the selective PAR,-AP SLIGRL-NH, or trypsin
confirmed that tryptase was indeed activating PAR,. It
would thus appear that like for PAR; (Tordai et al., 1995),
some functional PAR, expression does occur in the presence
of tunicamycin, and that tryptase is able to activate those
receptors that lack N-linked glycosylation.

We attempted to provide direct evidence that PAR, was
indeed a glycosylated receptor. However, both with receptor-
expressing and control vector-transfected KNRK cells, we
observed multiple bands on Western blots when employing
either the SLAW or B5 antibodies. Therefore, we could not,
with confidence, positively identify PAR, for a gel-shift
analysis of the mutant glycosylation-deficient receptors.
Interestingly Kong et al. (1997) detected two major bands
on Western blots using the BS5 antibody, whilst Napoli et al.
(2000) showed only one band. It appears, at least from our
experiments, that the SLAW and BS5 antibodies recognize a
number of cellular proteins in addition to the receptor, when
employed for Western blotting and that these bands might be
due to the unmasking of non-receptor protein epitopes by the
Western blotting procedure, resulting in a ‘non-specific’ cross-
reactivity with the antibodies. Nevertheless, a recent survey of
300 multi-span proteins shows that 92% (211/229) of N-
linked glycosylation sequons within the N-terminus of seven
transmembrane receptors are glycosylated (Landolt-Marti-
corena & Reithmeier, 1994). Therefore, we tested whether a
rat mutant receptor (rPAR,T257) devoid of the N-terminus
glycosylation sequon (NZ*R*T?°) would display enhanced
activity toward tryptase. Indeed, there was at least a 30 fold
increase in TPAR,T25~ sensitivity toward tryptase that was
selective, as trypsin was found to activate both wt-rPAR, and
rPAR,T25~ with equal potency. Cross-desensitization studies
confirmed that tryptase was indeed activating rPAR,T25".
We also generated a mutant rPAR, where the only other
glycosylation sequon situated on extracellular loop 2 was
eliminated (rPAR,T224A). The lack of response to tryptase,
(but not trypsin) in rPAR,T224A indicated that the N-
terminal glycosylation sequon was of primary importance in
regulating tryptase activation of PAR,. Therefore, the site
directed mutagenesis studies strongly imply, but do not
prove, that PAR, may well be glycosylated on the N-
terminus and that removal of this sequon allows tryptase
access to the cleavage/activation sequence of the receptor.

In order to provide physical evidence that tryptase
activation of rPAR,T25~ resulted in the removal of the
precleavage domain of the receptor, we employed immuno-

cytochemistry, using a polyclonal antibody (SLAW) that only
recognizes the precleavage domain of wt-rPAR,. The inability
of tryptase, but not trypsin, to remove the SLAW epitope
from the wt-rPAR, cells was entirely in accord with the
calcium assay results showing that tryptase was inefficient at
activating wt-rPAR,. However, the loss of the SLAW epitope
following tryptase treatment of the rPAR,T25~ cells clearly
demonstrated that the precleavage N-terminal domain of
rPAR,T25~ had been removed. This observation was also in
agreement with the calcium signalling assay, which demon-
strated activation of rPAR,T25~ in response to tryptase. This
loss in the SLAW epitope was not simply due to a
generalized loss of cell surface receptors, since the BS
antiserum (that recognizes both activated and non activated
receptors) showed equivalent staining in both wt-rPAR, and
rPAR,T25 cell lines following tryptase or trypsin treatment
when compared to untreated control cells. Thus the
immunocytochemistry confirmed that tryptase removed the
precleavage domain from rPAR,T25~ but not for wt-rPAR,.

As tryptase is thought to be released from mast cells in
association with heparin and since heparin has been reported
both to inhibit (Schechter et al., 1998) and to be required
(Steinhoff et al., 2000) for tryptase activation of PAR,, we
explored the ability of different heparin preparations to affect
rPAR,T25" activation by tryptase. Interestingly, both PIM
heparin (16.5 kDa) and the Fraxiparine®™ (4.3 kDa) heparin
were found, concentration-dependently, to inhibit tryptase
activation of rPAR,T25~. This result is in agreement with a
recent report (Schechter et al, 1998) but not another
(Steinhoff et al., 2000). The reason(s) for these apparent
differences may be dependent on the cell types, experimental
conditions, or the preparations of heparin employed. Never-
theless, at least in HEK cells and keratinocytes (Schechter et
al., 1998), tryptase inactivation by heparin provides a further
mechanism whereby tryptase activation of PAR, may be
tightly regulated.

Although tryptase at comparatively high concentrations
stimulated a small calcium signalling response in wt-rPAR,
and untreated HEK cells, we found this result to be
extremely variable. In only three out of the 11 experiments
that were performed with wt-rPAR, cells did we observe a
calcium response for tryptase (300 nm). For the HEK cells,
we observed a calcium response to tryptase (50 nM) in only
three out of the six experiments. Given our data on
glycosylation it is tempting to speculate that the small
tryptase responses observed in the wt-rPAR,, HEK cells
and those from previous studies (Molino et al., 1997,
Schechter et al., 1998), may represent the activation of
differentially glycosylated PAR,. Differential glycosylation
would, in effect, restrict the number of receptors available for
tryptase activation. Indeed it has been reported previously
that tryptase only appears to activate a subpopulation of
PAR; in keratinocytes and other cell types (Schechter et al.,
1998). Not only did Molino et al. (1997) demonstrate that
tryptase was unable to stimulate activation of PAR, in
transfected COS cells to the same extent as trypsin, but also
that the tryptase-induced calcium signalling in HUVEC
differed considerably between various cultures. Therefore,
our present finding that glycosylation of PAR; can regulate
receptor activation by tryptase provides a plausible rationale
for the ability of tryptase to activate PAR, with an efficacy
comparable to that of trypsin in some cell types (Corvera et
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al., 1997; Steinhoff et al., 2000) but not others (Alm et al.,
2000; Corvera et al., 1999; Molino et al., 1997; Schechter et
al., 1998).

In summary, the present results show that glycosylation of
PAR, may provide a novel mechanism whereby cells or
tissues may specifically regulate receptor activation by
tryptase and possibly other proteases. The potential differ-
ences in PAR, glycosylation that may occur, either in the
settings of neoplasia or in the context of infection by
neuraminidase-producing viruses may thus be of pathophy-
siological importance in terms of PAR, function.
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