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Abstract

Platelet activation by thrombin is critical for hemostasis and
thrombosis. Structure-function studies with a recently cloned
platelet thrombin receptor suggest that a hirudin-like domain
in the receptor's extracellular amino terminal extension is a
thrombin-binding determinant important for receptor activa-
tion. Wenow report that a peptide antiserum to this domain is a
potent and specific antagonist of thrombin-induced platelet ac-
tivation. This study demonstrates that the cloned platelet
thrombin receptor is necessary for platelet activation by throm-
bin, and provides a strategy for developing blocking monoclonal
antibodies of potential therapeutic value. (J. Clin. Invest. 1992.
89:1350-1353.) Key words: antibody * inhibitor * serine pro-
teases * thrombosis * hirudin

Introduction

Thrombin-induced platelet activation plays a pivotal role in
arterial thrombosis (1, 2). Werecently isolated a cDNAclone
encoding a functional platelet thrombin receptor (3). The clone
encoded a member of the seven transmembrane span family of
receptors with a 100-residue amino terminal extension. The
amino acid sequence of this extracellular extension revealed a
thrombin cleavage site (LDPR/S with/representing the point of
cleavage) and a "hirudin-like domain" (DKYEPFWEDEE).
Structure-function studies with the cloned receptor and recep-
tor-based peptides suggest the following model of receptor acti-
vation. Thrombin binds its receptor via at least two sites:
thrombin's S1-S4 subsites interact with the receptor's throm-
bin cleavage site (LDPR/S), while thrombin's anion-binding
exosite interacts with the receptor's hirudin-like domain (4, 5).
Thrombin then cleaves the receptor at the LDPR/S site, un-
masking a new receptor amino terminus beginning with the
sequence SFLL ... ; this new amino terminus then functions
as a tethered peptide ligand to effect receptor activation (3). A
synthetic peptide mimicking this new amino terminus func-
tioned as a full agonist for platelet activation (3), suggesting
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that activation of the cloned receptor or a highly related recep-
tor was sufficient for platelet activation.

Is the cloned platelet thrombin receptor necessary for plate-
let activation by thrombin? Wenow report that a peptide anti-
serum to the receptor's hirudin-like domain specifically blocks
thrombin-induced responses in platelets. These studies show
that activation of the cloned thrombin receptor is indeed neces-
sary for platelet activation by thrombin, and buttress the im-
portance of the receptor's hirudin-like domain in thrombin-re-
ceptor interactions. Moreover, these studies establish the
cloned thrombin receptor as a potential target for antiplatelet
therapy, and provide a strategy for the development of block-
ing monoclonal antibodies of potential therapeutic value.

Methods

Materials. Purified human a-thrombin was a generous gift from Dr.
John W. Fenton II, Albany Medical College of Union University, Al-
bany, NY. Thrombin receptor agonist peptide SFLLRNPNDKYEPF,
"scrambled" peptide FSLLRNPNDKYEPF,and peptides used for an-
tigen or controls (YEPFWEDEEKNESGLTEY["360"], YEPFWE-
DEEKNESGLTEYC["360-1"], PESKATNATLDPRSFLL["359"],
and PESKATNATLDPRSFLLC["359-1"]) were synthesized by
UCSF's Biomolecular Resource Center (see Fig. 1 A). Rabbit polyclo-
nal antisera were raised to peptides 359-1 and 360-1 conjugated by
maleido-bis-succinimide to keyhole limpet hemocyanin (KLH) (6).
Antisera were screened initially by ELISA against antigen and irrele-
vant peptides (6), then by immunoblot (see Fig. 1 B). All platelet and
oocyte experiments used IgG purified from immune or preimmune
sera, using protein-A agarose (Pierce Chemical Co., Rockford, IL) and
dialysis against phosphate-buffered saline. Stably transfected Rat 1 cells
expressing the cloned human platelet thrombin receptor were prepared
by standard techniques (7). Antiserum raised to KLH-conjugated pep-
tide 360-1 is referred to as "hirudin-like domain antiserum." IgG puri-
fied from this antiserum is referred to as "hirudin-like domain IgG."
Preimmune sera and "irrelevant" peptide antiserum raised to mono-
cyte chemoattractant protein were used as controls.

Platelet aggregation and ATP secretion studies. Washed platelets
were prepared as previously described (8), and unless otherwise noted,
were suspended in modified Tyrode's buffer, pH 7.4 with 2 mMmagne-
sium and 1 mMcalcium at a concentration of 3 X 10' platelets/ml.
All platelet studies were performed in a total volume of 500 ;d, with 20
;Il Chromolumes reagent (Chrono-log Corp., Havertown, PA). Platelet
ATP secretion and aggregation were quantitated independently by
measuring changes in luminescence and light transmittance, respec-
tively, in a dual-channel lumiaggregometer (Chrono-log Corp.) (9).
Stirred platelets were used to ensure rapid and uniform distribution of
agonist, and initial rates of secretion were determined as defined in the
appropriate figure legends.

Xenopus oocyte studies. Xenopus oocytes were harvested from fe-
male Xenopus laevis and processed using published techniques (10,
11). Individual oocytes were microinjected with cloned functional
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platelet thrombin receptor cRNA and cultured for 48 h at 18'C in
modified Barth's solution (3). Thrombin- or agonist peptide-induced
calcium mobilization was measured by 45Ca release from receptor-ex-
pressing oocytes (3, 11).

Results and Discussion

The importance of the thrombin receptor's hirudin-like do-
main in thrombin-receptor interaction (4, 5) suggested that an
antiserum to this domain might block receptor activation by
thrombin. Accordingly, we raised rabbit antiserum to a peptide
representing this domain; IgG purified from this antiserum was
used for these studies.

The hirudin-like domain antiserum recognized a broad
band at 70 kD in immunoblots of lysate from mammalian
cells transfected with thrombin receptor cDNA(Fig. 1 B). The
relative molecular mass predicted for the unglycosylated
thrombin receptor is 44 kD. The pattern of molecular
weights seen presumably reflects receptor glycosylation and/or
aberrant migration of this highly hydrophobic protein. A simi-
lar pattern was recognized in lysates from human platelets. No
signal was detected in lysates from the untransfected parent cell
line. These data suggested that the antiserum specifically recog-
nized the thrombin receptor protein expressed by the trans-
fected cells and platelets.

A Figure 1. Characteriza-
tion of the thrombin

PEPÂTI E NIRU III-LIKE receptor hirudin-like
_4DIdomain antiserum. (A)WIILD TYPD9 FCFPT0R 38-69: PESKATNATLDPR/SFLLRNPNDKYEPFWEDEEKNESGLTEY

PIDTIDE AISTzG 359-1 PESKATNATLDPR/SFLLC Amino acid sequences
A 51-63 RECEPTOR: LDPR/SFLLRNPND-------------SGLTEY

of the native thrombin
B receptor's amino termi-

N ,i nal extension with its
qj N hirudin-like domain, of

R,<<$<>Qpeptides to which anti-
sera were raised, and of
the hirudin-like domain

Mr (kDa) deletion mutant throm-
bin receptor (dashes in-

106 - dicate deleted residues).
(B) Immunoblot of ly-
sates from untransfected
(left lane), receptor-
transfected (central
lane), and human plate-
lets (right lane). Ap-

50- proximately 106 un-
transfected Rat I cells,
Rat 1 cells stably trans-
fected with the platelet
thrombin receptor

cDNA clone, and washed human platelets (prepared from 3 cm3 of
blood) were lysed in 100 ,d phosphate-buffered saline, calcium and
magnesium-free, with 0.04% EDTA, 1 mMAPMSF, 1 mMbenza-
midine, 1 mMleupeptin, 1 mMaprotinin, and 1%Triton X-100 for
15 min at 4°C. The lysates were clarified by centrifugation at 14,000
rpm for 5 min, and supernatants were analyzed by 9%SDS-PAGEgel
electrophoresis under nonreducing conditions. After transfer to ni-
trocellulose, the immunoblot was blocked with 5%powdered milk
for 1 h at room temperature, and then incubated with 1.5 jsg/ml of
the hirudin-like domain IgG overnight at 4°C. Primary antibody was
detected with goat anti-rabbit IgG conjugated to horseradish peroxi-
dase (6)

The hirudin-like domain antiserum effectively blocked
thrombin-induced platelet activation. 30 ttg/ml IgG purified
from this antiserum completely inhibited platelet ATP secre-
tion and aggregation in response to 1 nM thrombin (Fig. 2, A
and B). This concentration of thrombin typically elicits EC50 or
greater platelet responses. IgG prepared from an irrelevant rab-
bit antiserum had no inhibitory effects on thrombin-induced
platelet activation, and was used as "control IgG" in most ex-
periments (Figs. 2-5). IgG prepared from preimmune serum
also had no inhibitory effects (not shown). Furthermore, no
platelet agonist activity could be demonstrated in the hirudin-
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Figure 2. Hirudin-like
domain antiserum in-
hibits thrombin-in-
duced platelet ATP se-
cretion and platelet ag-
gregation. (A)
Representative tracing
of thrombin-induced
platelet ATP secretion
curves in the presence
of hirudin-like domain
(dotted lines) or control
(solid lines) IgG. (B)
Representative record-
ings of thrombin-in-
duced platelet aggrega-
tion in the presence of
hirudin-like domain or
control IgG. Curves in
A and B are representa-
tive of over 20 record-

3 ings. (C) Platelet ATP
secretion in response
to varying concentra-

< tions of thrombin in the
presence of hirudin-like
domain (open circles) or
control (closed circles)
IgG. 480 ,l of washed

ke platelets (8) suspended
erum

in Tyrode's buffer at a
TTTM concentration of- 3

x 108 platelets/ml were
incubated for 5 min at

37°C with IgG purified from hirudin-like domain antiserum (30 ug/
ml final concentration), or an equal concentration of IgG from irrel-
evant antiserum or preimmune antiserum. 10 Ml of ChromolumeO
reagent was added, followed by challenge with 1 nMa-thrombin.
This concentration of thrombin typically gives EC50 or greater platelet
responses. Platelet ATPsecretion and platelet aggregation were mea-
sured in a lumiaggregometer (9). In panel C, platelets were pretreated
with hirudin-like domain or control IgG and challenged with the
concentrations of thrombin indicated, and platelet ATP secretion was
measured. Points represent the mean of the peak ATPsecretion noted
at each thrombin concentration indicated in three replicate determi-
nations. Platelet ATP secretion and aggregation data in all experi-
ments are expressed as a percentage of maximum; 100% ATP secre-
tion is defined as the peak luminescence signal obtained after the
addition of 100 nM a-thrombin to control IgG-pretreated platelets;
100% aggregation is defined as the light transmission obtained 2.5
min after the addition of 100 nM a-thrombin to control IgG-pre-
treated platelets. All experiments were replicated at least three times.
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65 Figure 3. Hirudin-like
domain antiserum spe-

+ Hirudir-lie domain antiserum cifically blocks throm-Ei / - Control antiserum
bin-induced platelet
ATP secretion. Washed
platelets were incubated

a<,| k + in the presence of 30
PRZfi0 m + Asg/ml IgG from hiru-

din-like domain anti-
l/z + / l/ serum (+), or the equiv-

o- alent final concentra-
ii I itr tion of control IgG (-)o 1 0 1 0 1 and platelet ATP secre-

Time (minutes) tion in response to
thrombin (1 nM), agonist peptide SFLLRNPNDKYEPF(30 ,M),
and A23187 (60 nM) was measured as described in Fig. 2. 100% ATP
secretion is defined as the peak luminescence signal obtained after
the addition of 100 nM a-thrombin to control IgG-pretreated plate-
lets. These figures are tracings of platelet ATP secretion curves and
are representative of the results obtained in four replicate experiments.

like domain IgG preparation, suggesting that the inhibitory ef-
fects of the antiserum on platelet activation by thrombin were
not due to platelet desensitization by the antiserum.

The ICO of the hirudin-like domain IgG to block EC50 con-
centrations of thrombin for platelet ATP secretion was - 7.5
jig/ml. This inhibition was competitive, as increasing concen-
trations of thrombin overcame the inhibitory effects of the an-
tiserum on responses in both the platelet system (Fig. 2 C) and
in oocytes expressing the cloned thrombin receptor (Fig. 5; see
below).

The inhibitory effect of the hirudin-like domain IgG was
specific for thrombin-induced responses. It blocked platelet
ATPsecretion in response to EC50 concentrations of thrombin,

70 Untreated Figure 4. The inhibitory
effect of the hirudin-like

H|rudin-he doma3 i antiaerum domain antiserum on
.

peptide 360
thrombin-induced

platelet ATP secretion
* 1. is ablated by preincuba-

._ ., tion with a peptide rep-
C.) | 1resenting the hirudin-

ZK' .E Elike domain. Washed

platelets were incubated
with 30,gg/ml IgG from
hirudin-like domain an-

tiserum or an equivalent
final concentration of
control IgG in the pres-

* Hirudin-ilke domain antiserumHirudin-ike ence (dotted lines) or
lHirudin omain antiserum absence (solid lines) of

0 +~~~peptide 35

50 ,uM peptide PES-
1 2 KATNATLDPRSFLL

Time (minutes) (359), or hirudin-like
domain peptide YEPF-

WEDEEKNESGLTEY(360), as described in Fig. 2. Platelets were
then challenged with 1 nM a-thrombin and platelet ATP secretion
was measured. 100% ATP secretion is defined as the peak lumines-
cence signal obtained after the addition of 100 nMa-thrombin to
control IgG-pretreated platelets. These figures are tracings of platelet
ATP secretion curves and are representative of the results obtained
in three replicate experiments.
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Oocytes expressing cRNA encoding wild type thrombin receptor
(WTTR) or mutant thrombin receptors lacking the hirudin-like do-
main (A5 1-63 TR) were preincubated with 30 ,g/ml IgG from hiru-
din-like domain antiserum (open circles) or an equivalent final con-
centration of control IgG (closed circles) for 5 min, and then treated
with a-thrombin at the concentrations indicated for 10 min at room
temperature. Agonist-induced 45Ca release was measured, as previ-
ously described (3, 10).

but did not block platelet responses to EC_0, or even lower
concentrations of thrombin receptor agonist peptide (Fig. 3).
Thrombin receptors on antibody-treated platelets are thus
available for activation by agonist peptide, which bypasses re-
ceptor proteolysis and activates the thrombin receptor directly
(3, 4). The ability of the hirudin-like domain IgG to block
thrombin- but not agonist peptide-induced platelet activation
suggests that the hirudin-like domain IgG does act by specifi-
cally binding the receptor's hirudin-like domain, thereby
blocking thrombin interaction with the receptor's amino termi-
nal extension, but not agonist peptide interaction with the
body of the receptor. The specificity of the antiserum is further
confirmed by its inability to block platelet activation by sub-
EC_, concentrations of calcium ionophore (Fig. 3).

The inhibitory effects of the hirudin-like domain IgG prepa-
ration were ablated by preincubating the IgG with the peptide
to which it was raised (peptide 360, Fig. 4), but not by preincu-
bation with an unrelated peptide (peptide 359, Fig. 4). These
data strongly suggest that the inhibitory activity of this prepara-
tion is due to antibodies that recognize the thrombin receptor's
hirudin-like domain.

To further test the importance of the receptor's hirudin-like
domain in the action of this antiserum, a mutant receptor lack-
ing this domain was expressed in Xenopus oocytes and throm-
bin responses assessed. Deletion of the receptor's hirudin-like
domain caused the concentration response to thrombin to shift
rightward, but had no significant effect on the concentration
response to peptide (4). Hirudin-like domain IgG inhibited
thrombin-induced calcium mobilization in oocytes expressing
the wild-type thrombin receptor, right shifting the concentra-
tion response curve by - 30-fold and toward that seen for dele-
tion mutant receptor (A51-63; Fig. 5). Moreover, the recep-
tor's hirudin-like domain was indeed required for the inhibi-
tion by the hirudin-like domain antiserum, in that the
antiserum did not inhibit thrombin responses in oocytes ex-
pressing the A5 1-63 receptor (Fig. 5).

Similar studies with multiple different antisera to various
receptor domains support the role of the cloned receptor in
thrombin-induced platelet activation (not shown). IgG from
three different rabbit antisera raised to the receptor's hirudin-
like domain peptide (peptide 360-1, Fig. 1 A) all blocked
thrombin-induced platelet activation. Additional antisera were
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raised to other receptor-based peptides. Like the hirudin-like
domain antiserum, all recognized the receptor by immunoblot.
Three of these antisera were raised to a peptide containing the
LDPR/SFLL sequence which represents the receptor's throm-
bin cleavage site and a portion of its agonist peptide domain
(peptide 359-1, Fig. 1 A). IgG from two of these antisera
blocked thrombin-induced platelet activation, but less effec-
tively than the hirudin-like domain antisera. Prevention of ago-
nist peptide function or of receptor cleavage by antibody bind-
ing at or near this sequence may account for the activity of the
inhibitory 359-1 antisera.

IgG from a third antiserum to peptide 359-1 had no inhibi-
tory activity at up to 30 Aig/ml, nor did IgG from two other
antisera raised to a peptide representing the thrombin recep-
tor's second extracellular loop. In the absence of information
on the fraction of receptor's occupied by antibody on the intact
platelet, these negative data cannot be used to draw conclu-
sions regarding specific structure-function issues; such studies
will become possible when receptor monoclonal antibodies are
available. These data do suggest, however, that blocking activ-
ity may not be a general feature of all receptor antisera.

In summary, these studies strongly demonstrate that an an-
tiserum to the cloned thrombin receptor's hirudin-like domain
blocks thrombin-induced platelet activation. Previous reports
have suggested that activation of the cloned thrombin receptor
is sufficient for platelet activation by showing that thrombin
receptor agonist peptide mimics thrombin-induced platelet se-
cretion and aggregation (3) and thrombin-induced phosphoin-
ositide signaling ( 17). The present study now "closes the loop"
on the clone; the demonstration that peptide antisera to the
cloned thrombin receptor block thrombin-induced platelet ac-
tivation now strongly suggests that the cloned receptor is neces-
sary for platelet activation by thrombin. This result does not
preclude a role for other thrombin receptors or binding pro-
teins in platelet activation ( 12), but implies that such receptors
would play an adjunctive rather than central role.

Mutation of the thrombin receptor's hirudin-like domain
by deletions or by alanine scanning suggested the importance
of this domain in receptor activation by thrombin (4). Recep-
tor peptides representing this domain directly bind thrombin,
apparently by interacting with thrombin's anion-binding exo-
site (5). The inhibitory activity of the hirudin-like domain anti-
serum buttresses these studies by providing functional evi-
dence for the importance of the thrombin receptor's hirudin-
like domain in intact platelets.

The effectiveness with which this polyclonal antiserum
blocks thrombin-induced platelet activation establishes the
cloned thrombin receptor as a potential target for antiplatelet
therapy as well as the feasibility of developing antibody-based
thrombin receptor antagonists. Blocking monoclonal antibod-
ies to the receptor's hirudin-like domain or other domains will
be valuable reagents for establishing the role of thrombin re-
ceptor activation in various in vivo processes. Such antibodies
may be of therapeutic value as antithrombotic agents or as
antagonists of thrombin's inflammatory (13, 14), or prolifera-
tive actions ( 15, 16).
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