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ABSTRACT How does a protease act like a hormone to
regulate cellular functions? The coagulation protease throm-
bin (EC 3.4.21.5) activates platelets and regulates the behavior
of other cells by means of G protein-coupled protease-
activated receptors (PARs). PAR1 is activated when thrombin
binds to and cleaves its amino-terminal exodomain to unmask
a new receptor amino terminus. This new amino terminus then
serves as a tethered peptide ligand, binding intramolecularly
to the body of the receptor to effect transmembrane signaling.
The irreversibility of PAR1’s proteolytic activation mecha-
nism stands in contrast to the reversible ligand binding that
activates classical G protein-coupled receptors and compels
special mechanisms for desensitization and resensitization. In
endothelial cells and fibroblasts, activated PAR1 rapidly
internalizes and then sorts to lysosomes rather than recycling
to the plasma membrane as do classical G protein-coupled
receptors. This trafficking behavior is critical for termination
of thrombin signaling. An intracellular pool of thrombin
receptors refreshes the cell surface with naı̈ve receptors,
thereby maintaining thrombin responsiveness. Thus cells have
evolved a trafficking solution to the signaling problem pre-
sented by PARs. Four PARs have now been identified. PAR1,
PAR3, and PAR4 can all be activated by thrombin. PAR2 is
activated by trypsin and by trypsin-like proteases but not by
thrombin. Recent studies with knockout mice, receptor-
activating peptides, and blocking antibodies are beginning to
define the role of these receptors in vivo.

Among their myriad roles, extracellular proteases can function
like hormones to regulate cellular behaviors. Perhaps the
best-studied example of such a process is activation of platelets
by the coagulation protease thrombin (EC 3.4.21.5). This
article briefly reviews our current understanding of the recep-
tors that mediate protease signaling in platelets and other cells
and points out some of the interesting questions they raise.

How Does a Protease Talk to a Cell?

Because platelets and thrombin are important in myocardial
infarction and other thrombotic processes, understanding how
thrombin activates platelets has long been an important goal
(1). How does thrombin talk to platelets? Thrombin signaling
is mediated at least in part by a family of G protein-coupled
protease-activated receptors (PARs), for which PAR1 is the
prototype (2, 3). Thrombin activates PAR1 by binding to and
cleaving its amino-terminal exodomain to unmask a new
receptor amino terminus (2). This new amino terminus then
serves as a tethered peptide ligand, binding intramolecularly to
the body of the receptor to effect transmembrane signaling
(Fig. 1) (2, 4, 5). The synthetic peptide SFLLRN, which mimics
the first six amino acids of the new amino terminus unmasked
by receptor cleavage, functions as an agonist for PAR1 and

activates the receptor independently of thrombin and prote-
olysis (2, 6, 7). Beyond supporting the tethered ligand model
of receptor activation, such peptides have been useful as
agonists for probing PAR function in various cell types and as
a starting point for antagonist development.

Thus PAR1 is a peptide receptor that carries its own ligand.
The ligand remains hidden until it is revealed by selective
cleavage of PAR1’s amino-terminal exodomain. This proteo-
lytic switch removes amino-terminal sequence that sterically
hinders ligand function and generates a new protonated amino
group at the amino terminus created by receptor cleavage. In
the SFLLRN peptide, the cognate protonated amino group is
critical for agonist activity (7, 8). Parallels with zymogen
activation in serine proteases are apparent (2, 9). In conversion
of trypsinogen to trypsin, precise proteolytic cleavage gener-
ates a new amino terminus that bears a new protonated amino
group, which then docks intramolecularly to trap the protease
in its active conformation (9).

Irreversible Activation, Disposable Receptors, and
Intracellular Reserves

The mechanism of PAR1 activation is strikingly irreversible.
Cleavage of PAR1 by thrombin is irrevocable, and the tethered
ligand generated cannot diffuse away from the receptor. In the
absence of the reversible ligation that characterizes most
receptor systems, how is PAR1 shut off? The b2-adrenergic
receptor has served as a prototype for dissecting the molecular
events responsible for G protein-coupled receptor desensiti-
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FIG. 1. Mechanism of PAR1 activation. Thrombin (large sphere)
recognizes the amino-terminal exodomain of the G protein-coupled
thrombin receptor PAR1. This interaction utilizes sites both amino-
terminal (P1–P4, small sphere) and carboxyl-terminal (P99–P149, small
oval) to the thrombin cleavage site. Thrombin cleaves the peptide bond
between receptor residues Arg-41 and Ser-42. This serves to unmask
a new amino terminus beginning with the sequence SFLLRN (dia-
mond) that functions as a tethered ligand, docking intramolecularly
with the body of the receptor to effect transmembrane signaling.
hPAR1, human PAR1; the asterisk indicates the activated form.
Synthetic SFLLRN peptide will function as an agonist, bypassing the
requirement for receptor cleavage.
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zation and resensitization (10–13). Upon activation, b2-
adrenergic receptor is rapidly phosphorylated. It then binds
arrestin, preventing further interaction with G proteins. Ar-
restin also mediates internalization of b2-adrenergic receptors
via clathrin-coated pits (14, 15). Within an endosomal com-
partment, receptors dissociate from ligand, are dephosphory-
lated, and recycle back to the cell surface competent to signal
again. Thus trafficking serves to remove activated b2-
adrenergic receptors from the cell surface and to return the
receptors to the surface in an off state, ready to respond again
to ligand.

Like the b2-adrenergic receptor, PAR1 is rapidly phosphor-
ylated and uncoupled from signaling after activation (16, 17).
PAR1 is also internalized after activation (18–20). However,
instead of efficiently recycling after internalization, activated
PAR1 sorts predominantly to lysosomes (18, 19, 21). Indeed,
in transfected fibroblast cell lines, activation decreased the
half-life of PAR1 from 8 hr to 30 min (22). Recent studies that
employed chimeras between PAR1 and the substance P re-
ceptor were informative regarding the role of PAR1’s distinct
sorting pattern in signal termination (22, 23). Wild-type sub-
stance P receptor internalized and recycled after activation like
b2-adrenergic receptor; PAR1 bearing the substance P recep-
tor’s cytoplasmic tail (PyS) behaved similarly. By contrast,
wild-type PAR1 and a substance P receptor bearing PAR1’s
cytoplasmic carboxyl tail (SyP) sorted to lysosomes after
activation. Consistent with these observations, PAR1 and the
SyP chimera were effectively down-regulated by their respec-
tive agonists as assessed by both receptor protein levels and
signaling. By contrast, substance P receptor and the PyS
chimera showed little down-regulation. Strikingly, cells ex-
pressing the PyS chimera signaled indefinitely after exposure
to thrombin, apparently due to ‘‘resignaling’’ by cleaved and
activated thrombin receptors returning to the cell surface (23).
These data suggest that the cytoplasmic tails of PAR1 and
substance P receptor specify distinct intracellular sorting pat-
terns in a single cell type. More importantly, the ‘‘irreversible’’
thrombin signaling seen in cells expressing the PyS chimera
suggests that lysosomal sorting is indeed necessary to prevent
persistent signaling by activated PAR1.

When some cell types were exposed to thrombin for a
prolonged period, a steady-state level of cleaved receptors was
detected on the cell surface (16, 18). In such a state, cells were
refractory to thrombin but responded to the PAR1-activating
peptide SFLLRN (16, 18). Such responses were mediated by a
subset of PAR1 molecules in which the tethered ligand was
modified or otherwise prevented from functioning (24, 25).
The significance of this phenomenon is unclear; it may rep-
resent a mechanism for dealing with the minority of activated
PAR1 molecules that escape sorting to lysosomes.

Termination of PAR1 signaling thus occurs at several levels.
The initial uncoupling of PAR1 depends on phosphorylation
and may involve arrestin binding, as for other G protein-
coupled receptors. Activated PAR1 is prevented from recy-
cling and ‘‘resignaling’’ mainly by its sorting to lysosomes—a
trafficking solution to a signaling problem. Such mechanisms
for maintaining the temporal fidelity of thrombin signaling are
presumably important in fibroblasts and vascular endothelial
cells; both cell types express PAR1 and may need to respond
to thrombin accurately over time.

While assuming special significance in the case of proteo-
lytically activated PAR1, internalization and degradation of
activated receptors is important for long-term down-regulation
in many receptor systems. PAR1 may be useful as a model
system for characterizing this sorting process in mammalian
cells.

The finding that each PAR1 molecule is used once and
discarded raises the question of how cells maintain respon-
siveness to thrombin over time. In fibroblasts and endothelial
cells, unactivated PAR1 appears to cycle slowly between the

cell surface and an intracellular compartment, such that at
steady state approximately one-half of PAR1 molecules are
inside the cell and protected from thrombin cleavage (19, 21).
This intracellular ‘‘reserve’’ can repopulate the cell surface
with naı̈ve receptors without new receptor synthesis, thereby
restoring or maintaining responsiveness to thrombin. Slow
agonist-independent internalization of PAR1 is required for
maintaining this intracellular reserve (20, 26). Hence, the
irreversibility of PAR1’s proteolytic activation mechanism is
accommodated by special desensitization and resensitization
machinery. Like recycling and lysosomal sorting, tonic and
agonist-triggered internalization of PAR1 were separable by
mutation (20, 26). This observation suggests that distinct
machinery may recognize naı̈ve vs. activated PAR1 and that
elucidating the molecular basis for PAR1’s trafficking behav-
ior might reveal new mechanisms.

A Protease-Activated Receptor Family

Recognition and cleavage of PAR1 by thrombin is specified by
two short stretches of amino acids in PAR1’s amino-terminal
exodomain. LDPRyS binds thrombin’s active center, and the
‘‘hirudin-like’’ sequence DKYEPF binds thrombin’s fibrino-
gen-binding exosite (4, 27–30). Thrombin’s role in activating
PAR1 appears limited to cleaving the receptor (4, 30). Indeed,
replacing the PAR1 thrombin cleavage site LDPRyS with the
enteropeptidase cleavage site DDDDKyS produced a receptor
that signaled to enteropeptidase but not thrombin (4). A
trypsin cleavage site was similarly effective (25). It is notewor-
thy that such a discrete sequence dictates receptor specificity.
One might expect that it would be relatively easy to generate
a family of receptors with distinct protease specificities once
one protease-activated receptor had evolved.

Four PARs are now known (Fig. 2). PAR1, PAR3, and
PAR4 are thrombin receptors (2, 3, 31–33). PAR1 and human
PAR3 respond to thrombin at subnanomolar concentrations
(2, 3, 31, 33). PAR4 requires higher but probably still physi-
ological levels of thrombin for activation (see below) (32, 33),
perhaps because it lacks the hirudin-like thrombin-binding

FIG. 2. Protease-activated receptor family. Four PARs are known.
Amino acid sequence identity between human (h-) and mouse (m-)
homologues of each is approximately 60%, but identity between
different PARs within a single species falls to approximately 30%. Xen
indicates Xenopus. Human PAR1, PAR3, and PAR4 can be activated
by thrombin, and sensing thrombin is likely, at least in part, their role
in vivo (see text). One receptor, PAR2, is activated by trypsin and
tryptase but not by thrombin. Its roles in vivo remain to be explored.
The four PAR genes share a common two-exon structure. In essence,
the first exon encodes a signal peptide and the second the mature
receptor protein. The genes encoding PARs 1, 2, and 3 are adjacent
in the mouse and human genomes, whereas the PAR4 gene resides at
a separate location (32, 65, 66).
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sequence that is present in PAR1 and PAR3. PAR2 is acti-
vated by trypsin and tryptase, not by thrombin (34, 35).

It is interesting to note that a Xenopus thrombin receptor
(36) is clearly identifiable as a PAR1 homologue (Fig. 2),
suggesting that several PAR genes may have existed before
amphibians and mammals diverged. How and in what context
did PARs evolve? It was relatively easy to ‘‘evolve’’ a tethered
ligand in vitro for the formyl peptide receptor (37). However,
the identity of the common ancestor of PARs and other G
protein-coupled receptors, the temporal relationship of the
appearance of PAR genes vs. that of various protease cascades,
and the function of the first PAR are unknown.

Given the importance of thrombin and platelets in myocar-
dial infarction and other thrombotic processes, identification
of the receptors responsible for thrombin signaling in platelets
has been a high priority. Recent studies outlined below provide
a model for the roles of the known PARs in this process. The
roles of PARs in other cell types and processes are just
beginning to be explored.

PARs and Platelet Activation

Our understanding of the role of PARs in platelet activation
is evolving rapidly. PAR1 mRNA and protein were detected in
human platelets (2, 38–40). PAR1-activating peptides acti-
vated human platelets (2, 6, 7). PAR1-blocking antibodies
inhibited human platelet activation by low but not high con-
centrations of thrombin (38, 39). These data suggested a role
for PAR1 in activation of human platelets by thrombin but held
open the possibility that other receptors contribute. Curiously,
in mouse platelets, PAR1 appeared to play no role. PAR1
expression was difficult to detect and PAR1-activating pep-
tides did not activate rodent platelets (41–43). Moreover,
platelets from PAR1-deficient mice responded like wild-type
platelets to thrombin (43). The latter observation prompted a
search for additional thrombin receptors and led to the
identification of PAR3 (31). PAR3 was indeed expressed in
mouse platelets (31) but could not be detected in human
platelets (44). Inhibition of PAR3 function with antibodies that
bound to PAR3’s hirudin-like domain or by gene knockout
prevented mouse platelet activation by low but not high
concentrations of thrombin (33, 45). These results established
that PAR3 is necessary for normal thrombin signaling in
mouse platelets but also pointed to the existence of another
platelet thrombin receptor. Such a receptor, PAR4, was re-
cently identified (32, 33). PAR4 appears to function in both
mouse and human platelets (32, 33, 44). Thus in both mouse
and human, platelets utilize two thrombin receptors. A ‘‘high-
affinity’’ thrombin receptor (PAR1 in human, PAR3 in mouse)
is necessary for responses to low concentrations of thrombin,
whereas a ‘‘low-affinity’’ receptor (PAR4 in both species)
mediates responses at higher concentrations of thrombin. Do
these receptors account for thrombin activation of platelets?
Addressing this question at the genetic level awaits generation
of a mouse deficient in both PAR3 and PAR4. In the mean-
time, pharmacological studies of human platelets suggest that
the answer might be yes (44). Inhibition of PAR1 function
alone—whether by blocking antibody, antagonist, or desensi-
tization—inhibited platelet responses at 1 nM thrombin but
only slowed responses at 30 nM thrombin. Inhibition of PAR4
function alone with a blocking antibody had no effect at either
concentration. Strikingly, combined inhibition of PAR1 and
PAR4 signaling profoundly inhibited platelet responses even at
high concentrations of thrombin (44).

Available data suggest that PAR4 activation is not necessary
for robust responses in human platelets when PAR1 function
is intact. Why do platelets have two receptors? Aside from
providing a backup signaling device, PAR4 might allow plate-
lets to respond to proteases other than thrombin, mediate
thrombin signaling to distinct effectors or with a tempo

different from that of PAR1, or function in platelet responses
beyond simple secretion and aggregation. The existence of two
genes and gene products also raises the possibility of differ-
ential regulation at many levels in platelets or other cell types.
Most interestingly, it is possible that PARs interact. These
issues remain to be explored.

The identification of the receptors that mediate platelet
activation by thrombin raises important questions regarding
strategies for the development of antithrombotic therapies.
Clearly PAR antagonists can be developed (44, 46). The
observation that PAR1 inhibition blocked platelet responses
to low concentrations of thrombin and slowed responses to
high concentrations raises the question of whether PAR1
inhibition alone might be sufficient for an antithrombotic
effect (44, 47). Alternatively, it may be necessary to block
both PAR1 and PAR4 to prevent or arrest thrombosis in
vivo. Whether such strategies should be pursued can now be
determined by using receptor blocking reagents in appro-
priate animal models.

A Role for Thrombin Signaling in Embryonic Development
and Other Processes?

The role of PARs in cell types other than platelets is under
active investigation in a number of laboratories. Several at-
tractive hypotheses focus on possible roles for PARs in pro-
tease signaling to the blood vessel wall. In the adult, PAR1 is
expressed by vascular endothelial cells and smooth muscle cells
and is thus opportunely positioned to mediate communication
between blood and the cells comprising the vessel wall. In cell
culture, thrombin causes endothelial cells to deliver the leu-
kocyte adhesion molecule P-selectin to their surfaces (48), to
secrete von Willebrand factor (48), to elaborate growth factors
and cytokines (49, 50), and to change shape and increase
permeability (51). Thrombin is also a mitogen for fibroblasts
(52) and vascular smooth muscle cells (53) and has a variety of
metabolic effects on these cells. Vascular injury in any form,
whether metabolic, mechanical, immune-mediated, or infec-
tious, is likely to promote local thrombin generation at some
level. These considerations prompt the hypothesis that throm-
bin might participate in acute andyor chronic inflammatory
and proliferative responses to vascular injury. One might also
imagine a role for thrombin signaling in the setting of angio-
genesis, where leaky nascent vessels might trigger local throm-
bin activity. PAR-deficient mice will be invaluable for testing
such hypotheses.

We are particularly interested in the role of PAR1 in
embryonic development because it may reveal unanticipated
roles for the coagulation cascade that are independent of
platelet activation and fibrin formation. Approximately half of
PAR1-deficient embryos die between embryonic days 9.5 and
10.5 (43, 54). Histological examination of these embryos
revealed embryonic blood cells in the pericardial, amniotic,
and exocoelomic cavities, suggesting a defect in hemostatic
mechanisms or vascular integrity (C. Griffin and S.R.C.,
unpublished results). Deficiency of prothrombin or factor V,
which is necessary for thrombin generation, caused grossly
similar developmental defects (55–57). Although one might
ascribe bleeding in these knockouts to failed fibrin generation
andyor platelet activation, fibrinogen (58) and platelets (59)
are not necessary for normal embryonic development. More-
over, PAR1 is not expressed in mouse platelets, at least in the
adult, and platelets from the PAR1-deficient mice that sur-
vived to adulthood had no defect in their response to thrombin
(43). The relationships of the developmental phenotypes of
PAR1, factor V, and prothrombin deficiency have not been
formally tested, and it is certainly possible, even likely, that
thrombin acts on targets other than PAR1 andyor that PAR1
has activators other than thrombin during development. None-
theless, it is tempting to postulate that the ‘‘vascular integrity
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defect’’ common to PAR1-, prothrombin-, and factor V-
deficient embryos is due at least in part to defective thrombin
signaling in cells other than platelets. Although PAR1 is
expressed in a variety of cell types at embryonic day 9.5 (E9.5),
in situ hybridization of E9.5 embryos revealed PAR1 mRNA
to be most abundant in endothelial cells (ref. 60 and data not
shown). This prompts the working hypothesis that PAR1
signaling in endothelial cells is important for normal vascular
development. Thrombin generation is triggered when factor
VIIa in plasma meets extravascular tissue factor, hence the
coagulation protease cascade can be viewed in part as a ‘‘leak
detector’’ for blood vessels. Perhaps developing blood vessels
use this system to monitor their functional status as they grow
and remodel. Studies designed to test the role of endothelial
PAR1 in vascular development are ongoing.

Summary

PARs provide one mechanism by which proteases can act as
hormones and talk directly to cells. In PARs, nature has
utilized a mechanism analogous to zymogen activation to
trigger ligation of a G protein-coupled receptor. The irrevers-
ibility of this activation mechanism poses an unusual problem
for receptor desensitization and resensitization, a problem
solved by specialized receptor trafficking. Such trafficking
bells and whistles raise the question of how long PARs have
had to evolve and how broad their spectrum of activities might
be. Four PARs are now known. Given the myriad of mem-
brane-anchored and soluble extracellular proteases, it would
not be surprising if more existed. Indeed, because only a few
amino acids in their amino-terminal exodomains dictate the
specificity of PARs for their activating proteases, one might
predict that new PARs with new protease specificities might
‘‘easily’’ evolve. Thrombin’s cellular actions motivated the
search for PAR1 (2, 3) and descriptions of cellular responses
to trypsin that were independent of PAR1 presaged the
identification of PAR2 (61). Cathepsin G and tissue factory
VIIa each elicit interesting signaling phenomena (62–64), as
do a variety of other proteases; whether known or new PARs
will account for such signaling remains to be determined.
Similarly, defining the roles of the known PARs in vivo in
normal and disease states remains an important challenge.
These receptors have already provided useful insights into
regulation of platelet function and are likely to provide
surprises regarding the regulatory roles of proteases in other
cell types and processes.
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