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Introduction
How does the protease thrombin activate platelets and other
cells? This question presents intriguing issues from both basic
scientific and clinical perspectives. From a basic view, the fact
that thrombin is a protease raises the possibility of a novel
proteolytic mechanism of receptor activation. From a clinical
view, thrombin regulates hemostasis and thrombosis. More-
over, a host of thrombin actions on cells have been defined in
vitro; in vivo these actions may be critical for both normal
responses to wounding and for pathological vascular events.
An understanding of the mechanism ofthrombin-induced cell
activation promises reagents for identifying thrombin's role in
cellular responses in vivo and possibly new therapeutics.

In this Perspectives, we review the recent cloning and char-
acterization of a platelet thrombin receptor in our laboratory
(1). Identification ofthe thrombin receptor did reveal a unique
proteolytic mechanism of receptor activation, and led to the
development of a novel agonist peptide which activates the
thrombin receptor independent of thrombin and thrombin's
protease activity. This agonist peptide is a useful new tool for
addressing the role of thrombin receptor activation in cellular
responses. It is our hope that having the cloned receptor in
hand will also allow the development of thrombin receptor
antagonists. Such reagents will define the role of thrombin re-
ceptor activation in normal and disease processes in vivo, and
may provide the basis for a new class of antithrombotic or
antiproliferative pharmaceuticals.

Cell-activatingfunctions ofthrombin
In addition to cleaving fibrinogen to fibrin, thrombin exhibits
important "cell-activating" functions (Fig. 1; reviewed in ref.
2). First and foremost, thrombin is the most potent stimulator
of platelet aggregation (3), a thrombin activity probably critical
in arterial thrombosis (see below). A variety of other thrombin
activities on cells has been defined, largely in vitro. Thrombin
is chemotactic for monocytes (4), mitogenic for lymphocytes
and for mesenchymal cells including vascular smooth muscle
cells (5, 6), and has a number ofeffects upon the vascular endo-
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thelium. These include stimulating endothelial production of
prostacyclin (7), platelet-activating factor (8), plasminogen ac-
tivator-inhibitor (9), and the potent smooth muscle cell mito-
gen platelet-derived growth factor (10). Thrombin also induces
neutrophil adherence to the vessel wall by an endothelial-de-
pendent mechanism (1 1), probably by causing surface expres-
sion ofGMP- 140 (12). Teleologically, these multiple cell-acti-
vating functions of thrombin may be viewed as orchestrating
the response to vascular injury, potentially mediating not only
hemostatic but perhaps inflammatory and proliferative or re-
parative responses. Whether these disparate actions of throm-
bin are all important in vivo remains to be defined.

Thrombin activities that would not necessarily be asso-
ciated with vascular injury have also been described. The sur-
prising inhibitory effects of thrombin on neurite outgrowth
(13, 14) and the apparent expression ofprothrombin mRNA in
brain (15) conjure up hypotheses regarding potential roles for
thrombin or a related protease in neuronal plasticity or develop-
ment, hypotheses which remain to be tested.

Recently developed potent and specific thrombin inhibi-
tors such as recombinant hirudin, argatroban, and PPACK are
defining the role of thrombin activity in vivo. These agents
bind thrombin itself, blocking not only thrombin's ability to
activate its receptor but all active site-dependent thrombin
functions including thrombin's ability to cleave fibrinogen and
to activate protein C and other zymogens. For this reason, they
do not address whether thrombin's effects are mediated di-
rectly by thrombin receptor activation or indirectly via other
actions ofthe thrombin protease. With these limitations, avail-
able antithrombins provide exciting support for the impor-
tance ofthrombin in certain cellular responses in vivo. Animal
studies with antithrombins do suggest a critical role for throm-
bin in platelet thrombus formation in several models ofarterial
thrombosis (16-20). In general, the importance ofthrombin in
mediating nonthrombotic responses in vivo remains to be de-
fined. In particular, whether thrombin plays a significant role
in inflammatory or proliferative responses to vascular injury
remains to be tested. A recent study using recombinant hirudin
does suggest a role for thrombin in mediating restenosis after
angioplasty in one animal model (21). It is hoped that the char-
acterization of the platelet thrombin receptor will permit the
development ofthrombin receptor blockers to directly address
the importance of thrombin-induced cell activation in vivo.

Identification ofa functional thrombin receptor
Previous theories of possible mechanisms by which thrombin
activates platelets included classical receptor occupancy mecha-
nisms, mechanisms involving proteolytic cleavage ofthe recep-
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Figure 1. Cellular events stimulated by thrombin. Cellular targets for thrombin are depicted in the context of a blood vessel. Thrombin is the
most potent stimulator of platelet aggregation, is chemotactic for monocytes and mitogenic for lymphocytes and mesenchymal cells. Thrombin
also has a number of effects on the vascular endothelium, including stimulating expression of the neutrophil adhesive protein GMP-140 on the
endothelial surface as well as the production of the potent smooth muscle cell mitogen, platelet-derived growth factor (PDGF). As discussed in
the text, these multiple activating functions of thrombin may be viewed teleologically as orchestrators of hemostatic, inflammatory, and repara-
tive responses to vascular injury.

tor, and combinations thereof (2, 22). Traditional ligand bind-
ing approaches to identify a functional thrombin receptor iden-
tified proteins which bind thrombin but have no apparent
signalling function (23, 24). In fact, because modified throm-
bins that lack both agonist and antagonist activity do bind to
platelets in a manner indistinguishable from wild type throm-
bin (25-29), it has not been possible to conclude that the sites
identified in binding studies are related to the functional
thrombin receptor. Because of difficulties with the classical
binding approach and the undefined nature of thrombin-re-
ceptor interaction, we adopted an expression cloning approach
which followed thrombin-induced responses in Xenopus oo-
cytes expressing exogenous mRNA to isolate a functional hu-
man thrombin receptor cDNA (1). This strategy was based on
studies by Masu and colleagues who had successfully used ex-
pression cloning in Xenopus oocytes to isolate a cDNA for the
substance K receptor (30). The cloning ofthe thrombin recep-
tor was described in detail elsewhere (1). The deduced amino
acid sequence of this clone revealed a novel member of the
seven transmembrane receptor family. Closest relatives in-
cluded receptors for small peptides, substance P and substance
K (1), suggesting that the thrombin receptor is peptide recep-
tor-like. This analogy was a useful hint at the outset of the
structure-function work described below.

Closer inspection ofthe receptor's amino acid sequence was
revealing in the light of a large body of literature on thrombin
action. Thrombin cleaves peptides after arginines (31). In hope

of finding a receptor cleavage site, we examined sequences
surrounding extracellular arginines in the receptor sequence.
We noted that the receptor's relatively long (100 residue) extra-
cellular amino-terminal extension contained the putative
thrombin cleavage site LDPR/S (single letter amino acid code,
/ representing the point of cleavage after arginine 41 [R4 1] in
the receptor, Figs. 2 and 3). This site resembled the known
thrombin cleavage site found in the thrombin-activated zymo-
gen protein C (LDPR/I) (32). Carboxyl to this putative cleav-
age site lies a receptor domain resembling the carboxyl tail of
the polypeptide hirudin, a leech-derived anticoagulant which
binds thrombin with remarkable avidity. To put these se-
quence observations into context, thrombin possesses an ex-
tended substrate binding surface that recognizes residues both
amino and carboxyl to a substrate's cleavage site (33) (Fig. 2).
Part ofthis extended substrate binding surface, the anion-bind-
ing exosite (Fig. 2), is important for thrombin's ability to acti-
vate its receptor (1, 34). Because the carboxyl tail of hirudin
interacts with thrombin's anion-binding exosite (35), the pres-
ence of the hirudin-like sequence carboxyl to the putative
thrombin cleavage site within the thrombin receptor's amino
terminal extension suggested that receptor proteolysis at this
cleavage site might be important in receptor activation (Fig. 2).

We evaluated the importance of the putative cleavage site
at R41/S42 by changing the arginines in the receptor's amino
terminal extension to alanines, a maneuver designed to render
each site uncleavable by thrombin. These mutant receptors
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Figure 2. Thrombin-receptor inter-
action. Functional domains within
the thrombin receptor's amino-ter-
minal extension are depicted in A.
The cleavage recognition sequence
(LDPR), thrombin cleavage site, ag-
onist peptide domain, and
anion-binding exosite binding do-
main as defined by structure activity
studies (38, 39) with the human re-
ceptor are shown. These are aligned
with the murine thrombin receptor
sequence and the anion-binding
exosite binding sequence of the leech
anticoagulant hirudin. A model for
interaction of these domains with
thrombin is shown in B. Thrombin
has an extended substrate binding
surface (represented by the canyon
running laterally) which recognizes
residues both amino and carboxyl to
its substrate's cleavage site. Structure
function studies (38, 39) suggest that
the receptor's hirudin-like domain
(YEPFWEDEE) interacts with
thrombin's anion-binding exosite,
while its cleavage site (LDPR/S) in-
teracts with thrombin's S 1-S4 sub-
sites. This model has important im-
plications for the development of
blocking monoclonal antibodies and
receptor-peptide based thrombin in-
hibitors, as discussed in the text (re-
printed with permission from Na-
ture [38]).

were expressed in Xenopus oocytes and their ability to respond
to thrombin assessed. The putative cleavage site mutant
(R4 lA) could not be activated by thrombin. The other mu-
tants, R46A and R70A, were fully activatable. As an indepen-
dent means of rendering the putative thrombin cleavage site
uncleavable, serine 42 at the site's P1' position was changed to
a proline. Like the R4 lA mutant, this S42P mutant receptor
could not be activated by thrombin. These data strongly sug-
gested that the receptor's putative thrombin cleavage site was
critical for thrombin-induced receptor action (1).

How might proteolysis at this site lead to receptor activa-
tion? The favored hypothesis was that proteolysis at this site
would unmask a new amino terminus that might serve as a

peptide ligand for the receptor (1). Precedent for proteolytic
unmasking of a "ligand" existed in trypsinogen activation to
trypsin (36), and in fibrinogen cleavage to fibrin monomer
(37). Indeed, a peptide mimicking the new receptor amino ter-
minus that would be revealed by receptor cleavage at the R4 1
position was a full agonist for the cloned receptor expressed in
oocytes. Not only could the wild type receptor be activated, the
R4 IA receptor, unactivatable by thrombin, responded fully to
the new amino terminus "agonist peptide." Thus the agonist
peptide could bypass the requirement for proteolysis and acti-
vate the receptor directly (1). This agonist peptide not only
activated the thrombin receptor expressed in oocytes; it was a
full agonist for platelet activation (1). This suggests that activa-

tion of the cloned thrombin receptor or a highly related recep-
tor is sufficient for platelet activation.

Modelfor thrombin receptor activation
The studies described above suggest that thrombin receptor
activation proceeds by the novel mechanism depicted in Fig. 3.
Thrombin cleaves its receptor after arginine 41 in the receptor's
amino terminal extension, exposing a new amino terminus
that functions as a tethered peptide ligand for the receptor. The
new amino terminus then binds to an as yet undefined receptor
site, effecting receptor activation (1).

Recent studies buttress this model (38, 39). Replacing the
receptor's thrombin cleavage site (LDPR/S) with that for en-

terokinase (DDDDK/S) completely switched the receptor's
specificity, creating a functional "enterokinase receptor" that
was fully activatable by enterokinase but unresponsive to
thrombin (38). These results strongly suggest that receptor pro-
teolysis that unmasks the amino terminus beginning a position
42 (SFLL. . .) is sufficient for receptor activation (38). No spe-

cial "hormone-like" properties ofthrombin need to be invoked
for activation of this receptor.

Additional studies have shown the receptor's hirudin-like
sequence can indeed bind thrombin's anion-binding exosite
(38, 39). Detailed mutagenesis studies have defined the specific
residues important in this interaction and strengthened the
analogy between the receptor's anion binding exosite binding
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Figure 3. Model of thrombin recep-
tor activation. Thrombin binds its
receptor via the receptor's amino
terminal extension as detailed in Fig.
2; whether additional receptor do-
mains may participate in thrombin
binding is unknown. After binding
to the amino terminal extension,
thrombin cleaves the receptor at the
LDPR/S cleavage site (junction be-
tween open andfilled receptor seg-
ments), releasing an inactive frag-
ment of the receptor's amino ter-
minus (openfragment) and exposing
a new amino terminus. This newly
unmasked amino terminus then

functions as a tethered peptide ligand, binding to an as yet undefined pocket, thereby effecting receptor activation (1) (reprinted with permission
from Nature [38]).

domain and hirudin's carboxyl tail (38). These relationships
are cartooned in Fig. 2 B.

Issues and opportunities
The studies presented above raise provocative questions and
present opportunities at both basic mechanistic and clinical
levels. Some of these are discussed below.

From a basic perspective, we have learned a great deal
about how the receptor senses thrombin in its environment,
i.e., via the binding and proteolytic events described above.
More detailed information regarding thrombin-receptor inter-
action will undoubtedly come from crystallographic studies.
The rapid unravelling of the mechanism by which thrombin
activates its receptor "fell out" of an analysis of the thrombin
receptor's amino acid sequence. Existing literatures on throm-
bin structure/function and on seven transmembrane domain
receptors allowed us to identify the receptor's thrombin cleav-
age site and binding domains and to frame the thrombin recep-
tor as a "peptide receptor", leading naturally to the model de-
picted in Figs. 2 and 3.

Many questions remain unanswered. Where does the ago-
nist peptide domain unmasked by receptor proteolysis bind,
and how does this binding event lead to a transmembrane sig-
nal that allows the receptor to talk to intracellular signalling
molecules (Fig. 3)? These intracellular signalling molecules are
certainly G-proteins; the specific G-proteins remain to be de-
fined.

The unique proteolytic mechanism by which the thrombin
receptor becomes liganded prompts a number of questions.
This mechanism produces a ligand that is tethered to the recep-
tor and cannot diffuse away. How is the receptor turned off?
We have shown that the agonist peptide can desensitize the
receptor, thus at least one specific mechanism independent of
proteolysis by thrombin exists to shut offthis receptor. By anal-
ogy with other seven transmembrane receptors, it is probable
that several mechanisms including receptor phosphorylation
by a beta-adrenergic receptor kinase-like enzyme (40) and
other protein kinases regulate thrombin receptor desensitiza-
tion. Perhaps more interesting but entirely speculative is a possi-
ble second mechanism in which thrombin might cleave the
receptor at a second site carboxyl to the R41/S42 activation
site, relieving the receptor of its agonist peptide domain.

The unusual activation mechanism of thrombin receptor
activation requires in essence a peptide receptor that contains

its own ligand. Where did this mechanism come from? Was it
an evolutionary specialization of a previous peptide receptor?
Or is it representative of a more primitive heritage from which
peptide receptors and ligands may have evolved?

Will this clone sire a family ofthrombin or protease recep-
tors? And how many ofthe assorted cell-activation functions of
thrombin does this receptor account for? The agonist peptide
described above, which activates the cloned thrombin receptor
directly and independent ofthrombin and its protease activity,
will be useful in this regard. Specifically, thrombin responses
mimicked by the agonist peptide are likely mediated by the
unusual mechanism described above via the cloned receptor or
a highly related receptor. Thrombin responses not mimicked
by the agonist peptide may be mediated by a different mecha-
nism.

What is the relationship of known thrombin binding pro-
teins, in particular, platelet GPIb, to thrombin signalling and to
this receptor? Bernard-Soulier syndrome platelets are deficient
in GPIb and have a selective and partial defect in their respon-
siveness to thrombin (reviewed in 3, 22). Does GPIb promote
activation of the cloned receptor by binding thrombin and lo-
calizing it to the cell surface (3, 20, 22)? A body ofcircumstan-
tial evidence does support this model, but direct demonstration
ofan adjunctive role for GPIb in thrombin signalling using, for
example, GPIb expressed in null cells is lacking at this time. As
an alternative hypothesis, could GPIb serve as a sink for throm-
bin? Perhaps, at low ambient thrombin concentrations, GPIb
might bind thrombin long enough to allow inactivation by an-
tithrombin III. By preventing thrombin interaction with the
receptor and receptor desensitization by trace levels ofthrom-
bin in the normal circulation, such a mechanism might also
explain the defect in thrombin signalling seen in Bernard-Sou-
her. Lastly, it is possible that thrombin binding to GPIb serves
an independent, as yet undefined function.

From the pathophysiologic and clinical perspective, these
studies suggest a number ofpaths to novel reagents that will be
useful in defining the role of thrombin receptor activation in
vivo. Receptor-based peptides that bind and inhibit various
thrombin functions have been produced (38, 39, 41). These are
novel among thrombin inhibitor peptides (42) in that they are
based on human sequence; whether this will translate into any
practical clinical benefit over other agents in development is
unknown.

More novel and useful would be thrombin receptor
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blockers. Blocking monoclonal antibodies might be obtained
in a number of ways. Antibodies to the receptor's hirudin-like
sequence or thrombin cleavage site should inhibit thrombin-re-
ceptor interaction and receptor proteolysis. Antibodies binding
these regions or the agonist peptide domain itself might also
interfere with the "liganding" of the receptor after proteolysis.
A similar function would be served by antibodies to receptor
regions comprising or affecting the as yet undefined binding
site for the agonist peptide. Whether nonantibody receptor
blockers, i.e., competitive or noncompetitive antagonists ofthe
agonist peptide, can be obtained remains to be explored. Such
reagents will define the role of thrombin receptor activation in
vivo, and may lead to the development of a new class of phar-
maceuticals.
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