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Human endothelial cells express thrombin receptors
and PAR-2, the two known members of the family of
protease-activated G protein-coupled receptors. Be-
cause previous studies have shown that the biology of
the human thrombin receptor varies according to the
cell in which it is expressed, we have taken advantage of
the presence of both receptors in endothelial cells to
examine the enabling and disabling interactions with
candidate proteases likely to be encountered in and
around the vascular space to compare the responses
elicited by the two receptors when they are present in
the same cell and to compare the mechanisms of throm-
bin receptor and PAR-2 clearance and replacement in a
common cellular environment. Of the proteases that
were tested, only trypsin activated both receptors. Ca-
thepsin G, which disables thrombin receptors, had no
effect on PAR-2, while urokinase, kallikrein, and coagu-
lation factors IXa, Xa, XIa, and XIIa neither substantially
activated nor noticeably disabled either receptor. Like
thrombin receptors, activation of PAR-2 caused pertus-
sis toxin-sensitive phospholipase C activation as well as
activation of phospholipase A2, leading to the release of
PGI2. Concurrent activation of both receptors caused a
greater response than activation of either alone. It also
abolished a subsequent response to the PAR-2 agonist
peptide, SLIGRL, while only partially inhibiting the re-
sponse to the agonist peptide, SFLLRN, which activates
both receptors. After proteolytic or nonproteolytic acti-
vation, PAR-2, like thrombin receptors, was cleared
from the endothelial cell surface and then rapidly re-
placed with new receptors by a process that does not
require protein synthesis. Selective activation of either
receptor had no effect on the clearance of the other.
These results suggest that the expression of both throm-
bin receptors and PAR-2 on endothelial cells serves
more to extend the range of proteases to which the cells
can respond than it does to extend the range of potential

responses. The results also show that proteases that can
disable these receptors can distinguish between them,
just as do most of the proteases that activate them. Fi-
nally, the residual response to SFLLRN after activation
of thrombin receptors and PAR-2 raises the possibility
that a third, as yet unidentified member of this family is
expressed on endothelial cells, one that is activated by
neither thrombin nor trypsin.

Endothelial cells occupy an environmental niche in which
they are potentially exposed to a variety of extracellular pro-
teases, particularly during vascular injury or inflammation.
Thrombin is among these, but others exist as well, including
the activated forms of other clotting factors, some components
of the anticoagulant and fibrinolytic systems, and proteases
such as cathepsin G and tryptase, which are released from
neutrophils and mast cells. When added to endothelial cells,
thrombin activates phospholipases A2, C, and D, elevates cyto-
solic Ca21, increases permeability, and stimulates the release
of von Willebrand factor, endothelin, NO, and PGI2

1 (e.g. Refs.
1–12). These effects are thought to be mediated by a G protein-
coupled receptor that was originally cloned from a human
megakaryoblastic cell line (13). The N terminus of this receptor
is cleaved by thrombin between residues Arg-41 and Ser-42,
exposing a new N terminus whose first five residues, SFLLR,
serve as a tethered ligand (13). Although other thrombin re-
ceptors may also exist (14, 15), the evidence that the cloned
receptor is expressed on human endothelial cells includes the
presence of mRNA encoding the receptor, several antibody
binding studies (16–19), and the ability of agonist peptides,
such as SFLLRN, to mimic the effects of thrombin on endothe-
lial cells, although the interpretation of the latter observation
has to be tempered by the recent observation that SFLLRN can
activate at least one other receptor (20, 21).

In addition to thrombin receptors, endothelial cells express
PAR-2, the only other member of the family of protease-acti-
vated receptors that has been identified to date. PAR-2 is
structurally homologous to thrombin receptors and has an
identical mechanism of activation. Activating proteases cleave
the N terminus of PAR-2 between residues Arg-36 and Ser-37,
exposing a tethered ligand domain whose sequence begins with
SLIGKV in the human form of the receptor and SLIGRL in the
mouse (20, 22, 23). The evidence that endothelial cells express
PAR-2 is recent, but compelling. Nystedt et al. (24) and Mirza
et al. (19) have shown that human umbilical vein endothelial
cells (HUVECs) contain PAR-2 mRNA and bind a PAR-2 anti-
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body, observations that we have confirmed. Peptides based
upon the sequence of the PAR-2 tethered ligand domain cause
an increase in cytosolic Ca21 and mitogenesis in endothelial
cells (19) and stimulate endothelium-dependent relaxation of
arterial rings (25–27) as well as the release of NO and endo-
thelin (6). In addition to responding to peptide agonists based
upon its own tethered ligand domain, human PAR-2 can also be
activated by the thrombin receptor agonist peptide, SFLLRN
(although the converse is not true) (20, 21). There is less infor-
mation about the proteases that can activate PAR-2. The orig-
inal description of the receptor showed that it could be cleaved
and activated by trypsin but not thrombin (22). We have shown
recently that it can also be activated by mast cell tryptase (28).

Protease-activated G protein-coupled receptors differ from
other G protein-coupled receptors in several important re-
spects: 1) because an intact N terminus is required for activa-
tion by proteases, they are inherently single-use receptors; 2)
protease-activated receptors have the potential of being acti-
vated by more than one agonist. In addition to the peptide
agonists, they can be activated by any protease that can bind to
and cleave the N terminus at the unique site required for
exposure of the tethered ligand domain. On the other hand,
proteases that cleave the N terminus at the wrong site can
disable the receptor and prevent its subsequent activation by
an enabling protease (29, 30); and 3) studies on thrombin
receptors show that its biology is dependent in part upon the
cell in which it is expressed, most notably with respect to the
key issue of how cleaved receptors are removed from the cell
surface and replaced with intact ones (reviewed in Ref. 31).

With this as background, the goals of the present studies
were: 1) to examine the enabling and disabling interactions of
thrombin receptors and PAR-2 with proteases likely to be en-
countered in and around the vascular space, 2) to compare the
responses elicited by the two receptors when they are present
in the same cell, and 3) to compare the mechanisms of receptor
clearance and replacement in a common cellular environment.
Endothelial cells were chosen for these studies because they
express both receptors endogenously and because of their ex-
posure to proteases. The results show a high degree of similar-
ity in the responses of endothelial cells to the activation of both
receptors, suggesting that the expression of both serves more to
extend the range of proteases to which endothelial cells can
respond than it does to extend the list of potential responses.
The results also show that proteases that disable thrombin
receptors and PAR-2 can distinguish between them, just as do
most of the proteases that activate them. Finally, the results
show that thrombin receptors and PAR-2 are cleared and re-
placed independently and provide preliminary evidence that a
third member of this receptor family, one that is not a substrate
for trypsin, may also be expressed on endothelial cells.

EXPERIMENTAL PROCEDURES

Materials—Highly purified a-thrombin was provided by Dr. J. Fen-
ton (New York State Department of Health, Albany, NY). Trypsin was
obtained form Sigma. Cathepsin G was obtained from CalBiochem.
Urokinase was a gift from Dr. J. Henkin (Abbot Laboratories). Plasmin
was obtained from Boehringer Mannheim. Recombinant tissue kal-
likrein was a gift from Dr. Robert Numerof (Arris Pharmaceutical
Corp., South San Francisco, CA). Plasma kallikrein was obtained from
Athens Research and Technology. Factor XIa was obtained from Hema-
tologic Technologies (Essex Junction, VT). Human factor Xa was ob-
tained from Hematologic Technologies and ERL. Factor XIIa was ob-
tained from ERL. Factor IXa was a gift from Dr. Peter Walsh (Temple
University School of Medicine, Philadelphia, PA). The cDNA for human
PAR-2 was generously provided by Dr. J. Sundelin (Lund University,
Lund, Sweden).

Antibodies—Antibody PAR-2C is a rabbit polyclonal antibody ob-
tained by immunizing rabbits with the peptide SLIGKVDGTSHVT-
GKGVC, corresponding to residues 37–53 of human PAR-2 with the

addition of a C-terminal cysteine residue. This region corresponds to the
new N terminus of PAR-2 after cleavage by trypsin. Antibody SAM11 is
an IgG2a monoclonal antibody produced in mice immunized with the
peptide SLIGKVDGTSHVTG, corresponding to residues 37–50 of the
human PAR-2 sequence. It was selected by screening against the im-
munizing peptide, followed by a screen for clones that bind to COS-1
cells expressing human PAR-2 but not to mock-transfected COS-1 cells.
Antibody WEDE15 is a previously described IgG1 monoclonal antibody
produced in mice immunized with the peptide KYEPFWEDEEKNES,
corresponding to residues 51–64 of the human thrombin receptor se-
quence. It recognizes intact and cleaved thrombin receptors (32, 33).
EH1, an IgG1 antibody reactive with the human immunodeficiency
virus type I nef protein, was used as an isotype-matched control for
WEDE15 in the flow cytometry experiments (33).

Cytosolic Calcium—Early passage HUVECs were prepared as de-
scribed previously (18). Cells were loaded with 5 mM Fura-2/AM (Mo-
lecular Probes) in RPMI 1640 medium without phenol red for 1 h at
37 °C and then released from the culture dishes by incubation for 15
min at 37 °C with phosphate-buffered saline containing 1 mM EDTA
and 5 mM EGTA. The detached cells were then washed, resuspended in
RPMI 1640 medium without phenol red, allowed to equilibrate for 30
min at room temperature, washed again, and used at 1 3 106 cells/ml.
Changes in the cytosolic free Ca21 concentration were measured with
an SLM/Aminco model AB2 fluorescence spectrophotometer (18).

Transfection—COS-1 cells, cultured in Dulbecco’s modified Eagle’s
medium with 10% fetal calf serum, were transiently transfected using
DEAE-dextran with 0.5–1.5 mg/ml cDNA encoding the human thrombin
receptor or human PAR-2 in pRK7 as described previously (29). One day
after transfection, cells were detached from the plates by trypsin/EDTA
treatment and split into 60-mm tissue culture dishes. Two days after
transfection, agonist-induced phosphoinositide hydrolysis was meas-
ured (see below). Receptor expression was measured by flow cytometry
using purified SAM11 (anti-PAR-2) and WEDE15 (anti-thrombin recep-
tor) at a final concentration of 10 mg/ml.

Flow Cytometry—Endothelial cells were detached as described for
the calcium experiments, harvested by centrifugation, and resuspended
in RPMI 1640 medium without phenol red at 2 3 106 cells/ml. After
being incubated with an agonist under the conditions indicated for each
experiment, the cells were placed on ice and incubated with 10 mg/ml of
either PAR-2C or WEDE15 for 20 min. The controls for each of these
antibodies were normal rabbit serum and EH1, respectively. After
washing with staining buffer (phosphate-buffered saline with 0.02%
sodium azide and 0.2% bovine serum albumin), the cells were resus-
pended in fetal calf serum and incubated with a 1:500 dilution of
fluorescein isothiocyanate-conjugated anti-rabbit antibody (BioSource
International, Camarillo, CA) or a 1:40 dilution of fluorescein isothio-
cyanate-labeled goat anti-mouse IgG (BioSource International) and an-
alyzed on a FACScan flow cytometer (Becton Dickinson).

Phosphoinositide Hydrolysis—Transfected COS-1 cells (24 h after
transfection) or HUVECs were incubated overnight with 2 mCi/ml
[3H]inositol (ICN Radiochemicals, Irvine, CA; specific activity, 20 Ci/
mmol). When indicated, the cells were incubated with 200 ng/ml per-
tussis toxin for 3 h at 37 °C in complete medium. Afterward, the cells
were washed and incubated at 37 °C with 20 mM LiCl for 1 h and then
stimulated with the agonists indicated for 45 min at 37 °C. Total
[3H]inositol phosphates were extracted with perchloric acid, neutral-
ized, and analyzed by ion exchange chromatography on Dowex columns
(34) after adding phytic acid (15 mg/sample) as a carrier.

PGI2 Formation—PGI2 was measured in the cell culture media as its
stable metabolite 6-keto-PGF1a by a stable isotope gas chromatography/
mass spectrometry assay, as described previously (35). Briefly, a known
amount of internal standard, [2H4]-labeled 6-keto-PGF1a, was added to
the samples. After forming the methoxyamine derivatives, the samples
were acidified and applied to a 100-mg octadecylsilyl solid-phase ex-
traction column (Alltech Associates Inc., Deerfield, MI). The eluates
were dried under a stream of nitrogen and then derivatized as pentaflu-
orobenzyl esters. This reaction mixture was dried under nitrogen and
applied to a thin layer chromatography plate (LK6D, 60A Silica Gel
plates; Whatman Inc., Clifton, NJ). The mobile phase was 80% ethyl
acetate and 20% heptane. The extracts were dried, and trimethylsilyl
ether derivatives were formed. The reaction mixture was dried under
nitrogen, and the sample was dissolved in dodecane and analyzed by
gas chromatography/mass spectrometry (Fison MD-800). The tempera-
ture program was 190–320 °C at 20 °C/min. The ions monitored were
m/z 614 for 6-keto-PGF1a and m/z 618 for [2H4]-labeled 6-keto-PGF1a.
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RESULTS

Protease and Peptide Activation of PAR-2 and Thrombin
Receptors in Endothelial Cells—Because endothelial cells ex-
press PAR-2 as well as thrombin receptors, a central issue is
the identification of proteases that are capable of activating
each of them. Thrombin has been shown to activate thrombin
receptors but not PAR-2 when each is expressed in Xenopus
oocytes (21, 22). Trypsin has been shown to activate PAR-2 (21,
22, 36), but there is some ambiguity about the ability of trypsin
to activate human thrombin receptors; conflicting results have
been reported in studies with fibroblasts, Chinese hamster
ovary cells, and oocytes (13, 20, 21, 23, 36, 37). Because there is
currently no completely effective way to selectively block
thrombin receptors and PAR-2 on endothelial cells, we began
by testing whether trypsin would activate human thrombin
receptors expressed in COS-1 cells. [3H]Inositol phosphate for-
mation was used as an index of phospholipase C activation. In
the COS-1 cells, thrombin activated human thrombin receptors
but had no effect on human PAR-2, whereas trypsin clearly
activated both (Fig. 1).

This also seems to be the case in endothelial cells. When
thrombin and trypsin were added to human umbilical vein
endothelial cells loaded with Fura-2, trypsin consistently
evoked a Ca21 transient that was greater than that produced
by either thrombin or the PAR-2 agonist peptides SLIGRL and
SLIGKV but was similar in magnitude to the response to
SFLLRN, the thrombin receptor agonist peptide that also ac-
tivates PAR-2 (Figs. 1 and 2) (21, 36). This could be due to
differences in receptor expression or coupling, but when the

agonists were added sequentially, we found that exposure to
trypsin inhibited a subsequent response to thrombin or to the
PAR-2 agonist peptide SLIGRL by .90%, while exposure to
thrombin inhibited the subsequent response to trypsin by only
60% (Figs. 1 and 2). Furthermore, activating thrombin recep-
tors and PAR-2 simultaneously with either SFLLRN or the
combination of thrombin plus SLIGRL completely inhibited the
trypsin response (Fig. 2B).

Taken together, these results suggest that trypsin activates
thrombin receptors as well as PAR-2 on endothelial cells, but
given the pattern of desensitization that was observed, trypsin
probably does not activate any other receptors unless those
receptors are also sensitive to thrombin, SLIGRL, and
SFLLRN. The results also suggest that the response of endo-
thelial cells, at least in terms of the magnitude of the intracel-
lular Ca21 transient, can be greater when both receptors are
activated than when either is activated alone.

Other Proteases—Several other proteases that can come in
contact with endothelial cells were also tested, beginning with
the neutrophil protease cathepsin G. Cathepsin G has been
shown previously to cleave the N terminus of the human
thrombin receptor at two sites: 1) Arg-41–Ser-42 (the sole site
of cleavage by thrombin), and 2) Phe-55–Trp-56 (29). Cleavage
at the latter site disables the receptor by amputating the teth-
ered ligand domain. As a result, cathepsin G was found to
prevent thrombin receptor activation by thrombin, although it
activated the receptor when the Phe-55–Trp-56 site was
blocked with a monoclonal antibody or mutated. In the present

FIG. 1. Activation of PAR-2 and
thrombin receptors in endothelial
cells and COS-1 cells. A–E, human um-
bilical vein endothelial cells were loaded
with Fura-2 so that changes in the cyto-
solic free Ca21 concentration could be
measured. Trypsin (100 nM), thrombin (4
units/ml), SLIGRL (100 mM), and
SFLLRN (100 mM) were added at the
times indicated. The results shown are
from a single experiment. The aggregate
results from several such experiments are
included in Fig. 2. F, COS-1 cells were
transfected with either human thrombin
receptors or human PAR-2, loaded with
[3H]inositol, and stimulated with either
thrombin (4 units/ml) or trypsin (100 nM)
for 45 min. Total [3H]inositol phosphate
formation was measured. The results
shown are the mean 6 S.E. of five studies
expressed as a fold-increase over the val-
ues obtained in each experiment with vec-
tor-transfected cells stimulated with
buffer.
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studies, cathepsin G was added first to endothelial cells that
had been loaded with Fura-2. As previously reported (29), this
had no positive effect on its own, but it completely abolished the
response to thrombin (Figs. 3 and 4A). In contrast, the response
to trypsin was only modestly reduced in endothelial cells ex-
posed to cathepsin G, as would be expected if cathepsin G
disabled thrombin receptors but neither activated nor disabled
PAR-2 (Fig. 4A). To test the ability of cathepsin G to interact
with PAR-2 in the absence of thrombin receptors, COS-1 cells
expressing human PAR-2 were loaded with [3H]inositol and
then stimulated with cathepsin G, trypsin, or both. Cathepsin
G had no effect by itself and did not prevent a subsequent
response to trypsin (Fig. 4B), suggesting again that cathepsin
G does not cleave human PAR-2.

Several other candidate proteases were tested in a similar
manner. The results obtained with human factor Xa are shown
in Fig. 3C. When added to endothelial cells, factor Xa (33 nM)
had no substantial effect on cytosolic Ca21 and little, if any,
effect on subsequent responses to thrombin or trypsin. Factor
IXa (29 nM), factor XIa (69 nM), factor XIIa (160 nM), and
human kallikrein (200 nM) gave similar results, neither acti-
vating nor disabling thrombin receptors and PAR-2. Finally,
human factor Xa (19 mM), urokinase (20 nM), plasmin (100 nM),
tissue kallikrein (200 nM), and plasma kallikrein (20 nM) were
also tested for their ability to stimulate phosphoinositide hy-

drolysis in COS-1 cells expressing PAR-2. None of them did so
(data not shown).

Consequences of PAR-2 and Thrombin Receptor Activation—
Thrombin causes phosphoinositide hydrolysis in endothelial
cells that is relatively unaffected by pertussis toxin and is
therefore likely to be reflect phospholipase Cb activation medi-
ated by Gqa or G11a (3). The studies in Fig. 5 compare thrombin
receptor activation (by thrombin) with PAR-2 activation (by
SLIGKV) in [3H]inositol-loaded human umbilical vein endothe-
lial cells. SLIGKV stimulated phosphoinositide hydrolysis at
least as much as thrombin and was inhibited to a similar extent
by preincubating the cells with pertussis toxin to inactivate Gi

family members.
In addition to activating phospholipase C, PAR-2 agonists

also activated phospholipase A2. In the experiments shown in
Fig. 6, endothelial cells were stimulated with either thrombin
or SLIGKV, and PGI2 formation was observed by measuring its
stable metabolite, 6-keto-PGF1a. PGI2 is formed in endothelial
cells from the arachidonate released by phospholipase A2 from
membrane phospholipids. The responses to both agonists were
maximal within 5 min and were greater with thrombin than
with SLIGKV. Taken together with reports from other inves-
tigators (6, 19, 24), these results show that PAR-2 activation
has many of the same effects on endothelial cells as thrombin

FIG. 2. Changes in the cytosolic Ca21 concentration in endo-
thelial cells after activation of PAR-2 or thrombin receptors. A,
endothelial cells were stimulated with either thrombin (Thr; 4 units/
ml), trypsin (100 nM), or the PAR-2 peptide agonist SLIGKV (300 mM).
Where indicated, thrombin was added after trypsin or trypsin was
added after thrombin, in each case after allowing the response to the
initial agonist to subside (as in Fig. 1, D and E). The results are
expressed as the mean 6 S.E. of 8–10 studies. B, endothelial cells were
stimulated with thrombin, trypsin, SLIGRL, or SFLLRN, either alone
or after the addition of another agonist as indicated. The results ob-
tained after adding another agonist are expressed as a percentage of the
response obtained in the naive cells (mean 6 S.E.). The numbers shown
under the x-axis labels are the number of times the observation was
repeated on different days.

FIG. 3. Activation of HUVECs by proteases. Thrombin (4 units/
ml), trypsin (100 nM), cathepsin G (0.02 unit/ml), and human factor Xa
(33 nM) were added to human endothelial cells loaded with Fura-2 at
the times indicated. The results of four studies with cathepsin G are
summarized in Fig. 4A. The results obtained with factor Xa are repre-
sentative of three experiments using human Xa from two different
sources.
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receptor activation and seems to couple to at least some of the
same G proteins.

Receptor Desensitization—Like other G protein-coupled re-
ceptors, thrombin receptors become quickly desensitized after
activation and, as a result, are unable to respond a second time
to either thrombin or SFLLRN (38–40). This is a distinct
process from the desensitization that is due to cleavage of the N
terminus. As for other G protein-coupled receptors, thrombin
receptor desensitization is thought to be due to phosphoryla-
tion of cytoplasmic serine and threonine residues (39, 41). In
addition, activated thrombin receptors are rapidly cleared from
the surface of most cells that express the receptor, including
endothelial cells, after which they are replaced by new recep-
tors (31). In endothelial cells, replacement is a relatively rapid
process because of an intracellular pool of preformed thrombin
receptors that can repopulate the cell surface within 2 or 3 h
(17, 18). We have previously shown that when endothelial cells
are incubated with thrombin, all of the receptors are rapidly
cleaved, but there is only a partial decrease in the response to
a subsequent addition of SFLLRN, even when the SFLLRN is
added too soon after the thrombin for new receptors to have
emerged (18). This suggests that either some of the cleaved
thrombin receptors never desensitize or that resensitization
has occurred very quickly. Alternatively, of course, the residual
response to SFLLRN that was observed in those studies could
have been due (in hindsight) to the activation of PAR-2, which
also responds to SFLLRN.

The studies in Figs. 1, 2, and 7 address some of these issues
and compare the desensitization of PAR-2 and thrombin recep-

tors in endothelial cells. As previously indicated, an initial
exposure to trypsin completely prevented a subsequent re-
sponse to either thrombin or trypsin, while thrombin only
partially inhibited a subsequent response to trypsin, reflecting
the ability of trypsin to activate both receptors, while thrombin
activates only thrombin receptors (Figs. 2 and 7A). Trypsin also
abolished the response to SLIGRL (Figs. 1A and 2B). Notably,
however, trypsin (alone or in combination with thrombin) only

FIG. 4. Cathepsin G, thrombin receptors, and PAR-2. A, human
endothelial cells loaded with Fura-2 were incubated with thrombin (4
units/ml), trypsin (100 nM), or cathepsin G (0.02 unit/ml). When indi-
cated, cathepsin G was added 3–5 min before thrombin or trypsin. The
results shown are the mean 6 S.E. of four studies. B, COS-1 cells
expressing human PAR-2 were loaded with [3H]inositol and stimulated
with cathepsin G or trypsin as indicated. The results shown are the
mean of two studies. The error bars in this case indicate the range of the
results that were obtained.

FIG. 5. Phosphoinositide hydrolysis in response to PAR-2 and
thrombin receptor activation in endothelial cells. Human umbil-
ical vein endothelial cells were loaded with [3H]inositol and then incu-
bated for 3 h in the presence or absence of pertussis toxin (200 ng/ml).
Afterward, the cells were incubated for 45 min with either thrombin (4
units/ml) to activate thrombin receptors or SLIGKV (100 mM) to activate
PAR-2. The results shown are the mean 6 S.E. of three studies ex-
pressed as the fold-increase in total [3H]inositol phosphate formation
compared with the results obtained in each experiment in which cells
that had not been exposed to pertussis toxin were stimulated with
buffer. The numbers above the error bars are the calculated mean
percentage of inhibition by pertussis toxin.

FIG. 6. PGI2 formation in endothelial cells. Human umbilical
vein endothelial cells were incubated with buffer, SLIGKV (200 mM), or
thrombin (2 units/ml) to activate PAR-2. Formation of PGI2 was de-
tected by measuring its stable metabolite, 6-keto-PGF1a, as described in
“Experimental Procedures.” The results shown for SLIGKV are the
mean 6 S.E. of three studies and have been normalized by expressing
them as a percentage of the value obtained after a 15-min incubation
with the peptide. The inset shows the effect of a 5- or 15-min incubation
with thrombin produced in 2 of the experiments, expressed as the
percentage of the SLIGKV response at 15 min in the same experiment.
In this case, the error bars indicate the range of the values that were
obtained.
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partially inhibited the response to SFLLRN (Figs. 1D and 2B).
Because the ability of endothelial cells to respond to SLIGRL is
abolished by trypsin, but the response to SFLLRN is not, the
persistent SFLLRN response is unlikely to be mediated by
PAR-2. However, this does not rule out possible differences in
the clearance and replacement of thrombin receptors and
PAR-2. This possibility is addressed below.

Loss and Recovery of Receptor Function—Exposure of endo-
thelial cells to trypsin caused the cells to lose their ability to
respond to either thrombin or trypsin within a few minutes
(Fig. 7A). In the tracing shown in Fig. 7B, endothelial cells that
had been exposed to trypsin were washed and then allowed to
recover for 2 h before being stimulated in succession with
thrombin and trypsin. In contrast to their inability to elicit
responses when added immediately after trypsin, under these
conditions, both agonists caused an immediate increase in cy-
tosolic Ca21. Because of the order in which they were added,
the trypsin response in Fig. 7B is due to recovered PAR-2 (the
thrombin receptors having just been cleaved by thrombin).

This experiment was repeated with varying times of recovery
after the initial cleavage of thrombin receptors and PAR-2 by
trypsin. The results are summarized in Fig. 8A, which com-
pares the kinetics of the recovery of the Ca21 response medi-
ated by thrombin receptors and PAR-2. Recovery of PAR-2 was,
if anything, faster than the recovery of thrombin receptors and,
as has been previously shown for thrombin receptors (18), was
unaffected by inhibiting protein synthesis with 2.5 mg/ml cy-
cloheximide (data not shown). In some of the experiments,
thrombin receptors were disabled with cathepsin G before add-
ing trypsin to activate PAR-2. Early recovery of PAR-2 was
seen under these conditions as well (Fig. 8B).

Loss and Recovery of Cell Surface Receptors—The similarity

in the loss and recovery of responses mediated by thrombin
receptors and PAR-2 suggests that the same processes of re-
ceptor clearance and replacement underlie both. To test this,
we measured the amount of PAR-2 on the endothelial cell
surface with a polyclonal antibody (PAR-2C) raised against the
N terminus of human PAR-2 C-terminal to the trypsin cleavage
site. This antibody would be expected to bind to intact as well
as cleaved PAR-2. The results are shown in Fig. 8C. Within 5
min of the addition of trypsin, antibody binding decreased to
approximately 30% of control. Recovery of antibody binding
was detectable after 30 min and seemed to plateau at around
60% of baseline at 2 h, the longest time tested. As is the case for
thrombin receptors (18), the loss of antibody binding sites was
dependent on activation of the receptor and not proteolysis
because it was also seen when the endothelial cells were acti-
vated with the PAR-2 peptide SLIGKV (Fig. 9A).

Finally, because of a recent report that PAR-2 activation can
cause accelerated clearance of thrombin receptors in endothe-
lial cells (19), we looked again at this issue as well as whether
selectively activating thrombin receptors would affect PAR-2.
Antibody PAR-2C was used to detect PAR-2, and monoclonal
antibody WEDE15 (32, 33) was used to detect thrombin recep-
tors. As we reported previously, thrombin caused a 70% de-
crease in WEDE15 binding (Fig. 9). Activation of PAR-2 with
SLIGKV had no effect. Conversely, although SLIGKV caused a
decrease in binding of the PAR-2 antibody (Fig. 9A), in 2 ex-
periments thrombin caused PAR-2C binding to increase to 113
and 164% of control. Therefore, we found no evidence that
activation of either class of receptor causes accelerated clear-
ance of the other.

FIG. 7. Desensitization and resensitization of PAR-2 and
thrombin receptors. A, endothelial cells loaded with Fura-2 were
stimulated in succession with trypsin (100 nM) and thrombin (4 units/
ml) as indicated. In B, endothelial cells that had been incubated with
100 nM trypsin and then washed were stimulated with thrombin and
trypsin after a 2-h recovery period. The results from three such exper-
iments are summarized in Fig. 8A.

FIG. 8. Loss and recovery of PAR-2 and thrombin receptor
number and function. A, endothelial cells were incubated for 5 min
with 200 nM trypsin, washed, and then stimulated again at each of the
times shown with 4 units/ml thrombin (to activate thrombin receptors)
followed by 100 nM trypsin (to activate PAR-2) as in Fig. 7. The results
shown are the mean 6 S.E. of three studies. B, the same as in A, except
that the recovering cells were stimulated first with 0.02 unit/ml cathep-
sin G to cleave thrombin receptors and then with 100 nM trypsin. The
results show the response to trypsin and are the mean 6 S.E. from five
studies. C, the binding of the PAR-2 antibody to endothelial cells was
measured by flow cytometry before and after exposing the cells to 200
nM trypsin for 5 min. The results shown are the mean 6 S.E. of four
studies.
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DISCUSSION

The human thrombin receptor and PAR-2 share a similar
structure and a common mechanism of activation, but the two
receptors are typically expressed in different cells. For exam-
ple, human platelets and megakaryoblastic cell lines express
thrombin receptors (13, 32, 38, 42, 43) but not PAR-2 (21, 27),
while intestinal epithelial cells (40) express PAR-2 but not
thrombin receptors. Since endothelial cells express both, they
provide an opportunity to compare the biology of thrombin
receptors and PAR-2 within the same cellular environment.
The results of this study, together with those published re-
cently by other investigators (6, 19, 24, 26, 27), show that there
are many similarities between the two receptors in endothelial
cells but also some differences. For example, both receptors
activate phospholipase C in a largely pertussis toxin-resistant
manner and both activate phospholipase A2, leading to PGI2

formation. Both receptors also cause a transient increase in the
cytosolic Ca21 concentration, and, as noted by others (6), acti-
vators of PAR-2 cause NO formation and release from endothe-
lial cells, just as thrombin does. Finally, a similar mechanism
seems to underlie the clearance and replacement of thrombin
receptors and PAR-2 on endothelial cells.

The differences that were noted between thrombin receptors
and PAR-2 were most notable in their interactions with pro-
teases and possibly in the process of receptor desensitization.
The differences in the sequences of the two receptors in the N
terminus around the activation site suggest that they do not
respond to the same set of proteases. However, in contrast to an
earlier report (21), we found that trypsin can activate thrombin
receptors as well as PAR-2, at least in HUVECs and trans-

fected COS-1 cells. One obvious possible explanation for the
apparent discrepancy is that in the earlier study, trypsin was
added to human thrombin receptors expressed in Xenopus oo-
cytes, which may subject the receptor to different posttransla-
tional modifications such as glycosylation.

Because endothelial cells in most anatomic locations are
unlikely to encounter trypsin, it is likely that other proteases
are normally responsible for PAR-2 activation in the vascular
space. We have shown recently that tryptase can activate
PAR-2 (28). Tryptase may have particular biological relevance
for PAR-2 because it has been shown to be secreted by mast
cells in perivascular areas, including sites of atherosclerotic
plaque formation (44, 45). In the present studies we tested
whether cathepsin G, plasmin, urokinase, kallikrein, and co-
agulation factors IXa, Xa, XIa, and XIIa would activate or
disable PAR-2. None of them seemed to do so. Cathepsin G was
of particular interest because it has previously been shown to
disable thrombin receptors by cleaving the receptor N terminus
downstream from the site of cleavage by thrombin, thus am-
putating the tethered ligand domain (29). The present studies
show that PAR-2 is not a substrate for cathepsin G. The pro-
tease neither activates PAR-2 nor prevents trypsin from acti-
vating it. Theoretically, this would allow neutrophils, which are
the source of cathepsin G, to modify endothelial cell responses
mediated by thrombin receptors while leaving PAR-2 responses
unaltered. We were able to take advantage of this difference to
study PAR-2 in the absence of thrombin receptors. Finally, it
should be noted that although none of the proteases tested
seemed to cleave PAR-2 when added by themselves, it can not
be ruled out that PAR-2 activation will occur if one of these
proteases is bound to a cell surface (as is often the case) or is
present in a complex with cell surface or soluble co-factors that
alter the substrate specificity for a protease.

Clearance, Replacement, and Desensitization—Because
thrombin receptors and PAR-2 appear to have to be intact to be
activated by a protease, cleaved receptors have to be replaced to
permit a second round of protease responses. The capacity of
different cells to rapidly replace thrombin receptors varies
enormously. Human platelets are essentially incapable of re-
placing activated thrombin receptors and remain unresponsive
to thrombin once all of their receptors have been cleaved (46).
In earlier studies, we and others have shown that activated
thrombin receptors are rapidly cleared from the surface of
human endothelial cells and then replaced from an intracellu-
lar pool of preformed receptors (16–19). Much less is known
about PAR-2, but while the present studies were being com-
pleted, a report from Bunnett and co-workers demonstrated
that activated PAR-2 in intestinal epithelial cells and trans-
fected KNRK kidney epithelial cells is subject to rapid inter-
nalization and replacement (40, 47). As with thrombin recep-
tors, PAR-2 internalization in those cells occurred via
endosomes, and replacement seemed to occur initially from a
pool of preformed receptors. Working with endothelial cells,
Bahou and co-workers (19) have shown that cells exposed to the
agonist peptide SLIGRL become desensitized but regain their
ability to respond to the peptide over a period of approximately
45 min. However, lacking an antibody that recognizes PAR-2,
they could not determine whether this was due to receptor
resensitization or replacement. The present studies show that
the activation of PAR-2 is followed by a 60–70% decrease in the
number of binding sites for a PAR-2-directed antibody on the
surface of HUVECs. This decrease occurred within 5 min when
the receptors were activated with trypsin. It also occurred
when the receptors were activated by SLIGKV, showing that
the loss of receptors was related to receptor activation but was
independent of receptor proteolysis. The recovery of PAR-2

FIG. 9. Loss of each receptor type after activation of the other.
A, endothelial cells were incubated with 100 mM SLIGKV for 15 or 30
min. PAR-2 was detected by flow cytometry using the PAR-2 antibody
PAR-2C. The results shown are the mean 6 S.E. of five studies. B,
endothelial cells were incubated with 100 mM SLIGKV or 4 units/ml
thrombin for 15 or 30 min. Thrombin receptors were detected with the
human thrombin receptor antibody WEDE15. The results shown are
the mean 6 S.E. of three studies.
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number paralleled the recovery of PAR-2 function and was
unaffected by cycloheximide. It also occurred with strikingly
similar kinetics to the loss and recovery of thrombin receptors
on endothelial cells (Figs. 5 and 6 in Ref. 18).

Collectively, these observations suggest that in endothelial
cells PAR-2 is subject to the same process of clearance and
replacement that applies to thrombin receptors. Notably, how-
ever, we did not observe the phenomenon of cross-desensitiza-
tion between thrombin receptors and PAR-2 that was recently
reported by Mirza et al. (19), nor did we find that activation of
PAR-2 caused the clearance of thrombin receptors. In the Ca21

studies shown in Fig. 1, the initial response to trypsin, which
activates thrombin receptors and PAR-2, was diminished by
preincubating the endothelial cells with thrombin. However,
the magnitude of the trypsin response after thrombin was
similar to the magnitude of the response in untreated cells to
SLIGRL, which activates only PAR-2. This suggests that acti-
vation of thrombin receptors has no indirect effect on PAR-2. In
the antibody binding studies, the PAR-2 agonist, SLIGKV,
caused a decrease in the binding of the PAR-2 antibody but had
no effect on the binding of the thrombin receptor antibody,
while thrombin caused a decrease only in the binding of the
thrombin receptor antibody (Fig. 9). The reason for this dis-
crepancy between these results and those reported earlier re-
mains to be determined.

The desensitization that occurs when thrombin receptors are
activated is thought to be due in part to the phosphorylation of
serine and threonine residues in the cytosolic domain of the
receptor by one or more members of the family of receptor
kinases that includes the b-adrenergic receptor kinase (bARK)
(39). This allows arrestin-like molecules to bind and may be
part of the mechanism that leads to receptor clearance (48, 49).
For other G protein-coupled receptors, phosphorylation can be
reversed, and resensitization can occur, usually during passage
of the receptor through the endosomal compartment. On HEL
and CHRF-288 cells, where thrombin receptor recycling occurs,
there is some evidence that passage through the endosomal
compartment affects thrombin receptors in a similar manner
(38). Phosphorylation of thrombin receptors has been demon-
strated in transfected rat-1 fibroblasts and HEK 293 cells (50,
51) but not in endothelial cells. PAR-2 phosphorylation has not
yet been demonstrated but is likely to occur.

One unexpected finding that stands out in the desensitiza-
tion studies was the ability of SFLLRN to continue to elicit a
response from the endothelial cells even when they had been
exposed to trypsin. We had noted this residual response previ-
ously and speculated that it might be due to the activation of
PAR-2 (18). This does not seem to be the case. In the present
studies we found that there was a substantial residual re-
sponse to SFLLRN even when activation of both receptor types
eliminated the response to SLIGRL (Figs. 1 and 2). Among
other possibilities, one explanation for the persistent response
to SFLLRN is the presence of an as-yet-unidentified third
member of the family of protease-activated G protein-coupled
receptors. Based upon the present observations, this receptor
would be predicted to be SFLLRN-responsive but unable to be
activated by either thrombin or trypsin.

In conclusion, the results of this study suggest that on endo-
thelial cells, the thrombin receptor and PAR-2 act independ-
ently of each other but elicit a similar range of cellular re-
sponses. The results also suggest that the constraints affecting
thrombin receptor behavior, including the ability to respond to
a protease only once and the mechanisms of receptor clearance
and replacement, apply to PAR-2 as well and may prove to be
generic to this subfamily of G protein-coupled receptors. Hav-
ing (at least) two such receptors on endothelial cells extends

the range of proteases to which these cells are able to respond,
but it is likely that the full range of proteases to which these
receptors respond, particularly PAR-2, is still to be determined.
Recent knockout studies suggest that there is at least one more
form of the thrombin receptor (14, 15), but whether there are
additional members of this family that can respond to other
proteases remains to be determined.
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