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Protease-activated receptor-2 turnover stimulated independently of

receptor activation in porcine coronary endothelial cells
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1 Protease-activated receptors (PARs) are activated by an irreversible proteolytic mechanism
which renders cleaved receptors unresponsive to subsequent challenges with activating enzymes.
Non-specific proteolysis of PARs downstream of the activation site also prevents subsequent
enzymic activation. Therefore, we investigated the effects of non-activating amino-terminal
proteolysis with the bacterial protease thermolysin on PAR-mediated relaxation of porcine
coronary artery ring preparations contracted with the thromboxane A, mimetic U46619 (1-—
10 nMm).

2 Treatment of contracted artery ring segments with thermolysin (0.01—1 u ml~', 20 min) caused
no response, but abolished endothelium-dependent relaxations induced by the enzymic activators of
PAR-1 and PAR-2, thrombin (0.01-0.3 u ml~") and trypsin (0.003—0.1 u ml~"') respectively. The
same treatment, however, did not affect similar responses to the proteolysis-independent PAR-1 and
PAR-2 activating peptides, SFLLRN-NH, and SLIGRL-NH, respectively (0.1-10 um).

3 The inhibition of responsiveness to trypsin after thermolysin treatment recovered in a time-
dependent manner, with maximal recovery (77.3+8.0% of time controls) occurring 150 min after
thermolysin treatment. No recovery of responsiveness to thrombin after thermolysin treatment was
observed within this time, however, the thrombin response returned to control levels after 20 h.

4 The recovery of responsiveness to trypsin was inhibited by the translation inhibitor
cycloheximide (100 uMm; 17.3+4.7%) and the protein trafficking inhibitor brefeldin A (10 um;
12.1+4.8%) but was unaffected by the transcription inhibitor actinomycin D (2 uM; 65.1+3.6%),
which did, however, abolish upregulation of B,-kinin receptors in this preparation.

5 In conclusion, our findings indicate that activation-independent amino-terminal proteolysis of
PARSs stimulates selective recovery of endothelial cell PAR-2 responsiveness, which appears to be
regulated by translation. Such a novel mechanism for the maintenance of responsiveness to enzymic
PAR-2 activators may imply that these receptors play important roles in vascular homeostasis.

Keywords: Endothelium; porcine coronary artery; protease-activated receptors; PAR-2; trypsin; thrombin; receptor
recycling
Abbreviations: KPSS, high potassium Krebs solution; PAR, protease-activated receptor; R,,.,, maximum response; u, unit for
enzyme activity
Introduction

The cloning of the first thrombin receptor, protease-activated
receptor-1 (PAR-1; Vu er al, 1991a) revealed a unique
mechanism of receptor activation which explained the
established observation that the cellular effects of proteases
such as thrombin are dependent on their proteolytic activity
(Davey & Luscher, 1967). The subsequent cloning of the
trypsin-sensitive PAR-2 (Nystedt et al., 1994; Bohm et al.,
1996b), thrombin-activated PAR-3 (Ishihara et al., 1997), and
PAR-4 (Xu et al., 1998), which can be activated by both
thrombin and trypsin, indicated the emergence of a family of
seven transmembrane domain, G protein-coupled receptors
which detect particular extracellular enzymes (Coughlin,
1994). PAR activation occurs via enzymic cleavage of the
amino-terminal exodomain at a site specific for each receptor
subtype (Vu et al., 1991a; Nystedt et al., 1994; Ishihara et al.,
1997; Xu et al., 1998). The newly exposed amino-terminal
sequence than acts as a ‘tethered ligand’, binding intramo-
lecularly to initiate cellular signaling (Vu et al., 1991a,b;
Gerszten et al., 1994; Blackhart et al., 1996). For PAR-1,
PAR-2 and PAR-4, but surprisingly not PAR-3, receptor
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activation can be mimicked by synthetic peptides correspond-
ing to their respective tethered ligand sequences (Vu et al.,
1991a; Nystedt et al., 1994; Blackhart et al., 1996; Ishihara et
al., 1997; Xu et al., 1998).

Since activation of PARs by specific endogenous proteases
is an irreversible process, precise desensitization and
resensitization mechanisms most likely control cellular
responsiveness to subsequent enzymic activation. For ex-
ample, biochemical and molecular studies on PAR-1 (Hoxie
et al., 1993; Hein et al., 1994) and PAR-2 (B6hm er al.,
1996a) in isolated cells have shown that once cleaved,
activated receptors are rapidly internalized and replenished
from a pool of pre-formed receptors located in the Golgi.
However, amino-terminal proteolysis by non-activating
proteases which cleave distal to the receptor’s specific
activation site have also been shown to disable the receptor
from subsequent challenges with activating enzymes (Molino
et al., 1995; 1997; Renesto et al., 1997, Déry et al., 1998).
Inflammatory cells release many proteases (Davey & Luscher,
1967; Mitchinson & Ball, 1987; Kovanen et al., 1995; Welle,
1997), including elastase, cathepsin G and proteinase 3—all of
which are capable of PAR inactivation (Renesto et al., 1997).
Since PARs are proposed to modulate vascular tone in
inflammatory conditions (Tesfamariam et al., 1993; Saifed-
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dine et al., 1996), we investigated whether endothelial PARs
maintain responsiveness to PAR activators after non-
activating amino-terminal cleavage with thermolysin, an
inflammatory bacterial protease which increases vascular
permeability (Molle et al., 1987). Our data demonstrate that
rapid recovery of endothelial cell PAR-2 responsiveness in
porcine isolated coronary arteries is stimulated by cleavage of
the amino-terminal exodomain without concomitant receptor
activation. Our observation of a mnovel and efficient
mechanism for the replenishment of PAR-2 in native
endothelial cells provides further evidence for the importance
of maintained function of these receptors in the vasculature.

Methods

Preparation of porcine coronary arteries

Right coronary arteries were dissected from hearts of Large
White pigs (either sex, 30—40 kg) freshly slaughtered at a
local abattoir. Three mm long artery ring preparations were
mounted between two parallel wire hooks in 30 ml organ
baths containing Krebs solution (composition in mM: Na*
144, Cl~ 128.7, HCO5;~ 25, K* 59, Ca** 2.5, Mg>" 1.2,
H,PO,~ 1.2, SO,>~ 1.2 and glucose 11) maintained at 37°C
and continuously bubbled with 95% O,, 5% CO, to keep
the pH at 7.4. One hook was attached to a micrometer-
adjustable support leg and the other to an isometric force
transducer (Grass Instruments, model FT03C) to record
changes in isometric force which were amplified and
displayed on flat bed chart recorders (W&W Scientific
Instruments).

Following a 60 min equilibration period, tissues were twice
stretched to 5 g passive force and allowed to recover for
30 min before being exposed to an isotonic, high potassium
Krebs solution (KPSS; composition in mMm: K™ 124.9, Cl-
128.7, Na* 25.0, HCO;™ 25.0, Ca®" 2.5, Mg** 1.2, SO~ 1.2,
H,PO,~ 1.2 and glucose 6.1) to obtain a maximum contraction
for each artery ring (KPSS,..,; Drummond & Cocks, 1996).
The KPSS was then replaced with normal Krebs solution and
the tissues allowed to return to their optimal passive force level
over 30—60 min.

Effect of thermolysin on PAR-mediated responses

Artery ring segments were contracted to approximately 50%
KPSS,..x with the thromboxane A, mimetic, U46619 (1—
10 nM) and were either untreated or treated cumulatively with
thermolysin (0.01 —1 u ml~"). Treated tissues were left exposed
to the maximum concentration of thermolysin (1 u ml~") for
20 min and then either washed with Krebs solution (containing
the appropriate concentration of U46619 to maintain the level
of precontraction) or had thermolysin left in the organ bath.
Responses to cumulative additions of thrombin and trypsin
(0.0001-0.3 uml~") and the PAR-1 and PAR-2 tethered
ligand sequences, SFLLRN-NH, and SLIGRL-NH, respec-
tively (0.01-10 uM), were then obtained. Following the
maximum relaxation to each PAR activator, the maximum
endothelium-dependent and -independent relaxation capabil-
ities of each ring preparation were determined with the
addition of bradykinin (0.3 yum) and isoprenaline (1 um)
respectively. To determine the effect of thermolysin on
responses to other, non-PAR endothelium-dependent dilators,
a similar protocol to that described for the PAR activators was
carried out for bradykinin (0.1-300 nM) and substance P
(0.01-30 nMm).

Recovery of PAR-mediated responses after thermolysin
treatment

Tissues were treated with thermolysin (0.01-1 u ml~";
20 min) in a similar manner to that described above except
at resting levels of active force. After thorough washout of
thermolysin, ring segments were contracted to approximately
50% KPSS..x with U46619 in a timed manner to allow
responses to thrombin or trypsin (0.1 u mI~") to be recorded at
one of 50, 100, 150 or 200 min time points after thermolysin
washout. This protocol was repeated in preparations similarly
contracted to 50% KPSS,,.x with KCI (10—18 mM).

Inhibition of recovery of PAR-mediated responses after
thermolysin treatment

In this series of experiments the protocol described above for
investigating the recovery of responses to thrombin and
trypsin was repeated, at only the 150 min recovery time, in
the absence and presence of one of the transcription
inhibitor, actinomycin D (2 uM), the translation inhibitor,
cycloheximide (100 um), or the protein trafficking inhibitor,
brefeldin A (10 um).

To verify that actinomycin D blocked transcription in
porcine coronary endothelial cells, artery ring preparations
were left untreated or were treated with actinomycin D (2 um)
immediately after they were initially placed at 37°C.
Endothelium-dependent relaxations to the selective B,- or B,-
kinin receptor agonists, des-arg’-bradykinin (3 uMm) and
bradykinin (3 uM) respectively, were then recorded in
U46619-contracted preparations after 3 or 13 h of incubation
at 37°C. In addition, to determine if prior exposure of tissues
to thermolysin inhibited the ability of actinomycin D to block
transcription, some tissues were treated with thermolysin
(0.01-1 uml~', 20 min) following the initial exposure to
des-arg’-bradykinin (3 uM) and bradykinin (3 um). These
tissues were then washed thoroughly, again treated with
actinomycin D (2 uM) and responses to the kinin receptor
agonists re-examined after 13 h.

Analysis and statistics

All responses are expressed as a percentage of the tissue’s
response to isoprenaline (1 uM) and data is presented as
mean +s.e.mean. Mean concentration-response curves were
computer fitted to a sigmoidal regression curve (Graphpad
Prism, Graphpad Software Inc.) to generate values for
sensitivity (pECsp). Differences in mean pECsy and maximum
response (R,,.,) were tested for significance either by unpaired
Student’s #-test or one-way analysis of variance (ANOVA)
with a Tukey-Kramer modified ¢ statistic for multiple
comparisons. In all cases, differences were considered
significant at P<0.05.

Materials

Actinomycin D, bradykinin (acetate salt), brefeldin A,
cycloheximide, des-arg’-bradykinin (acetate salt), (—)-isopre-
naline, substance P (acetate salt), thermolysin (type X, from
Bacillus polymyca) and a-thrombin (bovine serum) were
obtained from Sigma (MO, U.S.A.). 9, 11-dideoxy-9a,110-
methanoepoxy-Prostaglandin F2o (U46619) was from Sap-
phire Bioscience (NSW, Australia). Trypsin (bovine pancreas)
was from Worthington Biochem (NJ, U.S.A.) while the
peptides SLIGRL-NH, and SFLLRN-NH, were obtained
from Auspep (Vic, Australia). Stock solutions of U46619
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(1 mM) were in absolute ethanol with further dilutions in
distilled water. Solutions of all other drugs were in distilled
water.

Results
Effect of thermolysin on PAR-mediated responses

Trypsin (0.003-0.1 u ml~") and thrombin (0.01-0.3 u ml~")
each caused concentration-dependent relaxation of U46619-
contracted pig coronary artery ring preparations (Figure 1).
The sensitivity (pECsy, —log u ml~") and maximum response
(Rumax, percentage response to 1 uM isoprenaline) values for
trypsin were 2.1+0.1 and 92.3+3.9% respectively, while
those for thrombin were 1.6+0.1 and 77.1+4.0%. Re-
sponses to both enzymes were abolished by prior removal of
the endothelium (data not shown). Treatment of contracted
artery preparations with cumulative additions of thermolysin
(0.01—1 u ml~"', 20 min) caused no response (not shown) but
abolished relaxations to both trypsin and thrombin whether
it was left in contact with, or washed out of, the tissue
(Figure 1).
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Figure 1 The effect of thermolysin (0.01—1 uml~' 20 min) on
relaxations to (a) trypsin, (b) thrombin, (c) SLIGRL-NH,, (d)
SFLLRN-NH,, (e) substance P and (f) bradykinin in endothelium-
intact, U46619-contracted pig coronary artery ring segments.
Cumulative concentration-response curves were generated in the
absence (control), presence, and after washout of thermolysin. Data
are mean+s.e.mean from 4—8 experiments and are expressed as a
percentage of the maximum relaxation to isoprenaline (1 pm).
*P<0.05 (ttest) for pECsy values for bradykinin in the presence of
thermolysin vs after thermolysin washout.

Similar responses as those for trypsin and thrombin were
obtained with the synthetic PAR-2 and PAR-1 tethered ligand
sequences, SLIGRL-NH, and SFLLRN-NH, respectively
(Figure 1). The pECs, (—log M) and R,.. values for
SLIGRL-NH, were 6.24+0.2 and 89.4+4.7% respectively,
while those for SFLLRN-NH, were 6.5+0.1 and 95.94+0.7%.
As observed with trypsin and thrombin, relaxations to both
peptides were abolished by endothelium denudation (data not
shown). In contrast to the enzyme-induced responses,
thermolysin treatment had no effect on responses to
SLIGRL-NH, (Figure 1). Also, relaxations to SFLLRN-NH,
were abolished in the presence of thermolysin, but these
relaxations returned to control levels after thermolysin
washout (Figure 1).

The effect of thermolysin on responses to non-PAR
endothelium-dependent peptide vasodilators was examined
using bradykinin and substance P. Relaxations to substance P
(pPECsp 9.34+0.1; Ry 94.4+0.6%) were abolished in the
presence of thermolysin but returned to control values after
washout (pECsy 9.4+0.2; R, 96.9+1.0%) (Figure 1). By
contrast, relaxations to bradykinin (pECsy 8.64+0.2; Ry
96.4+0.8%) were unaffected by thermolysin treatment (Figure
1), except for a significant (P < 0.05) increase in sensitivity after
thermolysin washout (pECsy 9.1+0.1) compared with that in
its presence (pECs 8.2+0.1).

Mechanism of recovery of PAR-mediated responses after
thermolysin treatment

Whilst thermolysin treatment initially abolished trypsin-
induced relaxations in U46619-contracted preparations, the
trypsin response recovered with time after thermolysin
washout (Figure 2). After 50 min, trypsin (0.1 u ml~") caused
17.849.1% of the time control response in thermolysin-
treated artery preparations. This increased to 44.9+10.3% of
the time control response after 100 min. Maximum recovery
occurred 150 min after thermolysin washout (77.3+8.0% of
time controls) since no further significant recovery was
observed after 200 min (83.3+8.8% of time controls). Similar
responses were observed in artery ring preparations contracted
with KCl (data not shown) indicating that recovery of the
trypsin response was not specific for U46619-contracted
tissues.

Recovery of the relaxation to trypsin (0.1 u ml~") 150 min
after thermolysin treatment (74.9+10.1% of time controls)
was significantly inhibited by either the protein trafficking
inhibitor, brefeldin A (10 uM, 12.1+4.8%; P<0.05 ANOVA)
or the translation inhibitor, cycloheximide (100 uMm,
17.3+4.7%; P<0.05 ANOVA) (Figure 2). In the absence of
thermolysin treatment none of these inhibitors affected the
time control response to trypsin (Figure 2). The recovery of the
trypsin (0.1 u ml~") response was unaffected by the transcrip-
tion inhibitor, actinomycin D (2 uM, 65.1+3.6%) (Figure 2).
The same concentration of actinomycin D (2 uM), however,
abolished the time-dependent increase in endothelium-depen-
dent relaxation to the selective B;-kinin receptor agonist des-
arg’-bradykinin without affecting similar relaxations to the
selective B,-kinin receptor agonist bradykinin (Figure 3). Also,
inhibition of the increased responsiveness to des-arg’-
bradykinin by actinomycin D was unaffected by prior
treatment of the tissue with thermolysin (0.01—1 uml™",
20 min) (Figure 3).

In contrast to trypsin, the loss of responsiveness to
thrombin after thermolysin treatment failed to recover up to
200 min after washout, but eventually returned to control
levels within 20 h (Figure 4).
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Figure 2 The time course and mechanism of recovery of
responsiveness to trypsin (0.1 u ml~') following desensitization with
thermolysin (0.01—1 u ml~"', 20 min) in U46619-contracted rings of
pig coronary artery. (a) Endothelium-dependent relaxations to
trypsin (0.1 uml™") were determined in matched time control and
thermolysin-treated arteries at the times indicated after thermolysin
washout. (b) Relaxations to trypsin (0.1 uml™") 150 min after
treatment washout, in artery preparations treated with actinomycin
D (ActD; 2 um), brefeldin A (BrefA; 10 um) or cycloheximide (Cyclo;
100 um) alone or after prior treatment with thermolysin (Therm;
0.01-1uml™! 20 min). Data are meants.e.mean from 4-6
experiments and are expressed as percentages of the maximum
relaxation to isoprenaline (1 um). *P<0.05 (ANOVA) vs thermolysin
control group.

Discussion

The main finding of this study was that vascular endothelial
cell PAR-2 signal rapid replenishment of new receptors to the
cell surface following non-activating amino-terminal proteo-
lysis. The enzyme used to stimulate this PAR-2 turnover,
bacterial thermolysin, cleaves peptide bonds amino-terminally
to the hydrophobic residues leucine (L) and isoleucine (I), with
some specificity for phenylalanine (F) and valine (V). There-
fore, thermolysin would be expected to remove the exodomain
of PAR-1 and PAR-2 - including their tethered ligand
sequences. Also, with no specificity for the cleavage site
required for activation of either PAR-1 or PAR-2, thermolysin
was not expected to initiate receptor activation. This was
confirmed functionally by the findings that thermolysin failed
to cause any response in contracted artery preparations, yet it
abolished the endothelium-dependent relaxation to thrombin
and trypsin. Any non-specific effects of thermolysin were
unlikely to explain its effect on the relaxations to thrombin and
trypsin since the same treatment did not affect activation of
PAR-1 or PAR-2 by their respective synthetic tethered ligand
sequences after removal of thermolysin from the bathing
solution. The predicted thermolysin cleavage site(s) within SF/
L/LRN-NH, (indicated by /) most likely explains the lack of
activity of SFLLRN-NH, in the presence of thermolysin, since
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Figure 3 The effect of actinomycin D on endothelium-dependent
relaxations to (a) des-arg’-bradykinin (3 um) and (b) bradykinin
(3 um) in U46619-contracted pig coronary artery ring preparations.
Tissues were either untreated (control), treated with actinomycin D
(2 um) or treated with actinomycin D (2 um) and thermolysin (0.01 —
luml™!, 20 min). Responses were examined after 3 or 13 h of
incubation at 37°C. Data are mean +s.e.mean from four experiments
and are expressed as percentages of the maximum relaxation to
isoprenaline (1 um). *P<0.05 (z-test) vs 3 h response. TP <0.05 (z-
test) vs untreated control.
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Figure 4 The effect of thermolysin (0.01—1 u ml™', 20 min) on the
recovery of responsiveness to thrombin (0.1 uml™') in U46619-
contracted rings of pig coronary artery. Endothelium-dependent
relaxations to thrombin (0.1 u ml~") were examined in time control
and matched artery preparations treated with thermolysin (0.01—
1 uml™!, 20 min) at the times indicated after thermolysin washout.
Data are mean +s.e.mean from five experiments and are expressed as
a percentage of the maximum relaxation to isoprenaline (1 uMm).

the residues at positions 2 (F) and 5 (R) are both critical for
PAR-1 activation (Hollenberg et al., 1992; Scarborough et al.,
1992; Vassallo et al., 1992). Interestingly, full activity of
SLIGRL-NH, was observed in the presence of thermolysin
despite three predicted cleavage sites within this sequence (S/L/
IGR/L). The remaining trimer (IGR), however, caused no
relaxation in this preparation (Hamilton & Cocks, unpub-
lished data). It is possible that thermolysin failed to cleave
SLIGRL-NH, due to the proximity of the predicted cleavage
sites. Regardless of the reason for the resistance of SLIGRL-
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NH, to be cleaved by thermolysin, our results indicate that
thermolysin prevented proteolytic, but not proteolysis-inde-
pendent activation of both PAR-1 and PAR-2, presumably
due to amino-terminal cleavage of these receptors at a position
distal to their respective activation sites.

Further confirmation of the activity and specificity of
thermolysin was obtained by examining its actions on the two
non-PAR endothelium-dependent peptide vasodilators, sub-
stance P and bradykinin. Thermolysin is predicted to remove
the C-terminal methionyl (M) and leucyl (L) residues of
substance P (RPLPNNFFG/LM) which are essential for the
peptide’s peripheral vasodilator activity (Chipkin et al., 1979;
Djokic et al., 1989) and hence relaxations to substance P were
abolished in the presence of thermolysin. The complete
recovery of relaxations to substance P after thermolysin
washout is important since it indicates that thermolysin did
not affect the function of the neurokinin-1 receptor. By
contrast, responses to bradykinin (RPPGFSPFR), which
should not be cleaved by thermolysin, were not inhibited
either in the presence or after washout of thermolysin. The
cause of the small increase in sensitivity to bradykinin after
thermolysin washout compared with that in its presence is
unknown.

Recovery of responsiveness to trypsin after thermolysin
treatment most likely represents trafficking of new, amino-
terminal intact receptors to the cell surface since it was
abolished by either cycloheximide or brefeldin A. The finding
that this recovery process was resistant to actinomycin D may
indicate that replenishment of intact PAR-2 was dependent on
translation rather than transcription. Also, any spontaneous
turnover of PAR-2 was unlikely since none of the inhibitors
affected the recovery to trypsin when given alone.

Since actinomycin D failed to block the recovery of the
trypsin-induced relaxation, it was necessary to establish that
actinomycin D effectively inhibited transcription in porcine
coronary artery endothelial cells. The B,;-kinin receptor was
chosen as an appropriate marker since it mediates endothe-
lium-dependent relaxation and has been reported to be
upregulated in human (Drummond & Cocks, 1995a) and cow
(Drummond & Cocks, 1995b) coronary arteries and in the cow
this upregulation was inhibited by actinomycin D. The present
study established that a similar actinomycin D-sensitive
upregulation of endothelial B,-kinin receptors coupled to
endothelium-dependent relaxation mechanisms occurs in
porcine coronary arteries. This inhibition of B,-kinin receptor
upregulation by actinomycin D was unlikely to be due to a
non-specific decrease in responsiveness to endothelium-
dependent dilators, since endothelium-dependent relaxation
to the B,-kinin receptor agonist bradykinin was unaffected by
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