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ABSTRACT Thrombin cleaves its G-protein-linked sev-
en-transmembrane domain receptor, thereby releasing a 41-aa
peptide and generating a new amino terminus that acts as a
tethered ligand for the receptor. Peptides corresponding to the
new amino terminal end of the proteolyzed seven-transmem-
brane domain thrombin receptor [TR4; 55, SFLLRNPND-
KYEPF, also known as TRAP (thrombin receptor-activating
peptide)], previously have been demonstrated to activate the
receptor. In this study, we demonstrate that the 41-aa cleaved
peptide, TR;_4; (MGPRRLLLVAACFSLCGPLLSARTRAR-
RPESKATNATLDPR) is a strong platelet agonist. TR;_4
induces platelet aggregation. In whole-blood flow cytometric
studies, TR;_4; was shown to be more potent than TRy, 55 and
almost as potent as thrombin, as determined by the degree of
increase in: (i) platelet surface expression of P-selectin (re-
flecting o granule secretion); (ii) exposure of the fibrinogen
binding site on the glycoprotein (GP) IIb-IIla complex; and
(#ii) fibrinogen binding to the activated GPIIb-IIla complex.
As determined by experiments with inhibitors [prostaglandin
I, staurosporine, wortmannin, the endothelium-derived re-
laxing factor congener S-nitroso-N-acetylcysteine (SNAC),
EDTA, EGTA, and genestein], and with Bernard-Soulier or
Glanzmann’s platelets, we demonstrated that TR;_4;-induced
platelet activation is: (/) inhibited by cyclic AMP; (ii) mediated
by protein kinase C, phosphatidyl inositol-3-kinase, myosin
light chain kinase, and intracellular protein tyrosine kinases;
(iii) dependent on extracellular calcium; and (iv) independent
of the GPIb-IX and GPIIb-IIla complexes. TR;_4;-induced
platelet activation was synergistic with TR4;_ss. In summary,
the cleaved peptide of the seven-transmembrane domain TR
(TRy-41) is a strong platelet agonist.

Thrombin is one of the most physiologically important platelet
agonists (1-3). Moreover, thrombin is an essential component
in the hemostatic, proliferative, and inflammatory responses to
injury (4). The recent identification of the seven-transmem-
brane domain thrombin receptor (TR) revealed a proteolytic
mechanism of activation (5). Thrombin binds to the hirudin-
like domain of the seven-transmembrane domain TR via its
anion binding exosite and then cleaves the receptor between
R41-S42, thereby releasing a cleaved peptide and forming a
new amino-terminal, the latter of which acts as a tethered
ligand (5). The tethered ligand hypothesis has been confirmed
by a number of experiments, including the use as receptor
agonists of synthetic peptides that correspond to the amino
acid sequence of the new amino terminal (5, 6). Although the
platelet-activating effects of these synthetic peptides initially
were considered to be identical to those of thrombin, recent
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work has suggested platelet activation by these synthetic
peptides is less potent, and via a different signal transduction
pathway, than platelet activation by thrombin (7-11). There-
fore, an additional mechanism of action for thrombin’s effects
on platelets may be present, possibly via protease-activated
receptor 3 (12) and/or via glycoprotein (GP) Ib (13). The
cleaved seven-transmembrane domain TR fragment PESKAT-
NATLDPRSFLL (TRy9_45) is devoid of agonist activity for the
wild-type seven-transmembrane domain TR expressed in Xe-
nopus oocytes (5). However, the effect on platelet activation of
the entire 41-aa peptide released from the seven-transmem-
brane domain TR has not yet been examined. In this study, we
demonstrate that this cleaved peptide of the seven-
transmembrane domain TR (TRj_4) is a strong platelet
agonist.

MATERIALS AND METHODS

TRy_41 Synthesis. TR;_4; (MGPRRLLLVAACFSLCGPL-
LSARTRARRPESKATNATLDPR, ref. 5), TRi_;o (MGPR-
RLLLVA), TRyi-21 (ACFSLCGPLL), TR»1-30 (SARTRAR-
RPE), TR3;-41 (SKATNATLDPR), TR0 (MGPRRLLLV-
AACFSLCGPLL), TR2i-41 (SARTRARRPESKATNATLD-
PR), TR29_45s (PESKATNATLDPRSFLL), TR4, ssi (inactive
TRy 55 resulted from reversing the first two amino acids,
FSLLRNPNDKYEPF), TRy44_ss (inactive LLRNPND-
KYEPF), and TR;_415 (scrambled TR;_4; by randomly rear-
ranging the amino acid sequence to LRTNASLLVPFLT-
ARAKSSGTREAADPPRLMCLRPLARRCG) were synthe-
sized in the core peptide facility of the University of
Massachusetts Medical Center by using a Rainin Symphony
12-port automated instrument set to perform fluorenylme-
thoxycarbonyl chemistry with HBTU (N,N,N',N',-tetramethyl-
O-{1H-Benzotriazol-1-yl} uronium hexafluorophosphate)-
mediated coupling. The peptides then were obtained by au-
tomated cleavage from the resin by using trifluoroacetate and
appropriate scavengers. The peptides were purified by using
HPLC with a 25 X 100 mm DeltaPak C18 column (Waters
Millipore) and linear gradient in CH3CN with UV spectro-
photometric detection at 280 nm. The isolated peptides dis-
placed appropriate molar ratios of the constituent amino acids
as determined by Accutag analyses after acid hydrolysis.

Endothelium-Derived Relaxing Factor (EDRF) Congener.
The EDRF congener S-nitroso-N-acetylcysteine (SNAC) was
prepared at 22°C by reacting equimolar concentrations of fresh
N-acetylcysteine with NaNO, at acidic pH, as previously
described (14). SNAC was prepared within 10 min of use, kept

Abbreviations: TR, thrombin receptor; SNAC, S-nitroso-N-
acetylcysteine; GP, glycoprotein; EDRF, endothelium-derived relax-
ing factor; FITC, fluorescein isothiocyanate; PG, prostaglandin.
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at 4°C, and diluted as necessary into aqueous buffer immedi-
ately before addition to assay systems.

mAbs. S12 (Centocor) is directed against P-selectin (15).
P-selectin, also referred to as CD62P, GMP-140, and
PADGEM protein, is a component of the « granule membrane
of resting platelets that is expressed only on the platelet surface
after platelet degranulation and secretion (15). PAC1 (Cell
Center, University of Pennsylvania, Philadelphia, PA) is di-
rected against the fibrinogen binding site exposed by a con-
formational change in the GPIIb-IIIa complex of activated
platelets (16). F26 (provided by Harvey Gralnick, National
Heart, Lung, and Blood Institute, Bethesda, MD) is directed
against a conformational change in fibrinogen bound to the
GPIIb-IIIa complex (17, 18). Y2 /51 (Dako) is directed against
GPIIIa (19) and was purchased conjugated to fluorescein
isothiocyanate (FITC). Unlike Y2/51, antibodies PAC1 and
F26 do not bind to resting platelets (16-19). Y2/51 does not
interfere with PAC1 or F26 binding and therefore can be used
in the same assays (data not shown). S12, PACI1, and F26 were
biotinylated as previously described (20). S12, F26, and Y2/51
are IgG, whereas PACI is IgM.

Whole-Blood Flow Cytometry. The method has been previ-
ously described in detail (20). There were no centrifugation,
gel filtration, vortexing, or stirring steps that could artifactually
activate platelets. The protocol was approved by the Commit-
tee for the Protection of Human Subjects in Research at the
University of Massachusetts Medical Center. Peripheral blood
was drawn form healthy volunteers who had not ingested
aspirin or other antiplatelet drugs during the previous 10 days.
As indicated, some samples were drawn from a now 8-year-old
boy with Bernard-Soulier syndrome (21) or a now 14-year-old
boy with Glanzmann’s thrombasthenia (22). The first 2 ml of
drawn blood was discarded. Blood then was drawn into a
sodium citrate Vacutainer (Becton Dickinson). Within 15 min
of drawing, the blood was diluted 1:20 in modified Hepes-
Tyrode’s buffer (137 mM NaCl/2.8 mM KCl/1 mM MgCl,/12
mM NaHCO3/0.4 mM Na,HPO,/0.35% BSA/10 mM Hepes/
5.5 mM glucose), pH 7.4. The peptide glycine-L-prolyl-L-
arginyl-L-proline (GPRP, Calbiochem) at a concentration of
2.5 mM was added to the samples to prevent fibrin polymer-
ization (20). The samples were incubated for varying times at
22°C with various concentrations of either (i) the peptides
TRi_41, TRi_415, TRy_19, TR11-20, TR21-30, TR31-41, TRy 20,
TR21-41, or TR4ss5s [amino acid sequence SFLLRNPND-
KYEPF, also known as TR activating peptide (TRAP) (Cal-
biochem)], TR29_45, TRuzs5i, or TR4s_s5; (i) purified human
a-thrombin (provided by John W. Fenton II, New York
Department of Health, Albany, NY); or (iif) control buffer. In
some experiments 10 units/ml of hirudin (Calbiochem), a
specific thrombin inhibitor (23), was added concomitantly with
the addition of the synthetic peptides or thrombin. In other
experiments, the chelating agents EDTA (2 mM) or EGTA (2
mM) were added 10 min before addition of the synthetic
peptides or thrombin. In some experiments, various concen-
trations of TR;_4; were added to various concentrations of: a)
TRi_10,b) TR11-20, ¢) TR21-30, d) TR31-41, €) TR 120, f) TR21-41,
g) TRy4ss5, h) TR29_45, 1) TR42 551, j) TR4s-s5, k) TRy_415 for 10
min at 22°C. In other experiments, either 10 uM prostaglandin
(PG) I, (Sigma) or 10 uM SNAC (an EDRF congener), known
inhibitors of platelet activation (24, 25), were added concom-
itantly with the addition of the synthetic peptides or thrombin.
Rather than the diluted whole blood used in experiments with
PGI, and other inhibitors (see below), experiments with SNAC
were performed in platelet-rich plasma diluted 1:20 in modi-
fied Hepes-Tyrode’s buffer, pH 7.4 as previously described
(26). In some experiments, the following agents were incu-
bated at 22°C for 10 min before the addition of the synthetic
peptides, thrombin, or combinations of the synthetic peptides:
(i) 10 uM staurosporine (Sigma), an inhibitor of protein kinase
C; (ii) 100 nM or 1 uM wortmannin (Sigma), an inhibitor of
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phosphatidyl inositol-3-kinase, also an inhibitor of myosin light
chain kinase (27, 28), or (iii) 100 uM genestein (Sigma), an
inhibitor of protein tyrosine kinases (29, 30).

At various time points up to 300 sec after the addition of the
agonists, all samples were fixed at 22°C for 20 min with 1%
formaldehyde (final concentration). After fixation, samples
were diluted 10-fold in modified Tyrode’s buffer, pH 7.4. The
samples then were incubated at 22°C for 20 min with a near
saturating concentration of FITC-conjugated mAb Y2/51 and
a saturating concentration of biotinylated mAb S12 followed
by an incubation at 22°C for 20 min with 30 ug/ml of
phycoerythrin-streptavidin (Jackson ImmunoResearch). In as-
says using biotinylated mAbs PACI or F26 (rather than S12),
the antibody incubation was performed before fixation, as
previously described (31).

As previously described (20), samples were analyzed in an
EPICS Profile flow cytometer (Coulter). The flow cytometer
was equipped with a 500 mW argon laser (Cyonics, San Jose,
CA) operated at 15 mW with an emission wavelength of 488
nm. The fluorescence of FITC and phycoerythrin were de-
tected by using 525-nm and 575-nm band pass filters, respec-
tively. After identification of platelets by gating on both
Y2/51-FITC positivity (i.e., GPIIla positivity) and their char-
acteristic light scatter, binding of the biotinylated mAb (S12,
PACI, or F26) was determined by analyzing 5,000 individual
platelets for phycoerythrin fluorescence. Background binding,
obtained from parallel samples run with FITC-Y2/51 and
purified biotinylated mouse IgG (IgM for PACI assays)
(Boehringer Mannheim), was subtracted from each test sam-
ple.

Platelet Aggregometry. Platelet aggregometry was per-
formed in a Chronolog 560ca aggregometer (Chrono-Log,
Halvertown, PA). Washed platelets were prepared as previ-
ously described (32). Blood was drawn by venepuncture into a
Vacutainer, as described above. The citrated blood was cen-
trifuged (150 X g, 15 min, 22°C), and the supernatant (platelet-
rich plasma, PRP) was separated. After addition to the PRP of
citrate albumin wash buffer (128 mM NaCl/4.3 mM
Na,H,P04.H,0/7.5 mM Na,HPO,/4.8 mM sodium citrate/
2.4 mM citric acid/11 mM glucose/0.35% BSA), pH 6.5 with
50 ng/ml PGE,, washed platelets were prepared by centrifu-
gation. The concentration of washed platelets was adjusted to
300,000/ul in modified Hepes-Tyrode’s buffer, pH 7.4. Vari-
ous concentrations of TR;_41, TR4_s5, TR29_45, TR1_19, TR42_5i,
TRy44_55, TR_415, or thrombin were added to a final volume of 500
wl of washed platelets. Aggregation was recorded as an increase
in light transmission.

RESULTS

TR;_41 Activates Platelets. Exposure of diluted whole blood
to TR;_4; resulted in a concentration-dependent increase in
the surface expression of various activation-dependent anti-
gens, as determined by whole-blood flow cytometry (Fig. 1).
TR;_4; resulted in increased platelet surface expression of
P-selectin (reflecting « granule secretion) (Fig. 14). TRi_41
also resulted in increased expression of the activated confor-
mation of the GPIIb-IIla complex, as reported by PACI
binding (Fig. 1B). The TR_4;-induced increase in the platelet
surface binding of mAb F26 demonstrated that TR;_4; resulted
in fibrinogen binding to this activated GPIIb-IIla complex
(Fig. 1C). The maximal TR_4;-induced binding of S12, PAC1,
and F26 was significantly greater than with TR4,_s5 and almost
as great as with thrombin (Fig. 1). To assess whether thrombin
is required for TRi_s4;-induced platelet activation, platelets
were activated with TR;_4; in the presence of saturating
amounts (10 units/ml) of hirudin, a specific thrombin inhib-
itor. Hirudin did not inhibit the ability of TRy_4; or TR45_s5 to
activate platelets but, as expected, did inhibit thrombin-
induced platelet activation. The seven-transmembrane domain
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Fi1G. 1. TRi_41-, TR42-55-, and thrombin-induced platelet activation. The indicated concentrations of TR_4;-, TR42-55-, and thrombin, or control

buffer were incubated (22°C, 10 min) with diluted whole blood and then fixed. The platelet surface binding of the mAbs S12 (directed against
P-selectin, A4), PAC1 (directed against the activated GPIIb-IIIa complex, B) and F26 (directed against fibrinogen bound to the GPIIb-IIIa complex,
C) were determined by whole-blood flow cytometry. Binding is expressed as a percent of the binding with maximal thrombin (2 units/ml). Data

are mean = SEM. n = 6.

TR-related fragment TRy9_45, and the control TR agonist
peptides TRy, ssi, and TR44_s5 are devoid of activity in seven-
transmembrane domain TR expressing Xenopus oocytes (5).
As determined by flow cytometry, 20 uM TRag_s5, 20 uM
TR4z2-ssi, 20 uM TRys_ss, or 20 uM TR;_415, a peptide with a
random sequence of the amino acids of TR _4;, did not result
in platelet degranulation. To assess whether the entire 41-aa
sequence of TR_4; is required for platelet activation, peptides
were synthesized that correspond to the first, second, third, and
fourth sets of 10 sequential amino acids and the first and
second sets of 20 sequential amino acids of TR_4;. None of
these peptides (TRl_lo, TR1120, TR21-30, TR31_41, TR1_59, OF
TR21-40) resulted in platelet activation as detected by whole-
blood flow cytometry.

Platelet aggregation studies were performed with washed
platelets in response to the addition of various concentra-
tions of TR_41, TR42_55, TR29_45, TR_10, TR _415, TR42 551,
TRu4_ssi, or thrombin (Table 1). The maximum amplitude of
the aggregation curve for TRi_4; was slightly less than that
for TR4>_55 or thrombin. Moreover, the time-to-maximum
aggregation for TR;_4; was greater than that of TR4z 55 or
thrombin and the slope of the TR;_4; aggregation curve were
less than that of TR4, 55 and thrombin, demonstrating slower
kinetics of TRj_4i-induced platelet aggregation. TRyg_4s,
TR42,55I., TR44,55, or TR],41S did not result in platelet
aggregation (Table 1). TR;_4; did not induce platelet aggre-
gation in platelet-rich plasma (data not shown).

Similar to the aggregometry studies with washed platelets,
the increase in platelet surface expression of P-selectin de-
tected by flow cytometry was more rapid in response to
thrombin and TR4,ss than to TR;_4; (data not shown). After

1 min of agonist-induced platelet activation, 2 units/ml of
thrombin resulted in greater than 80% of maximal degranu-
lation, 25 uM of TRy, ss resulted in greater than 60% of
maximal platelet degranulation, but 25 uM of TR_4; resulted
in 7% platelet degranulation. Thrombin and TR4,_s5 resulted
in maximal platelet degranulation within 1.5 min, whereas
TR;_4; resulted in maximal platelet degranulation after 5 min.

TR;_41-induced platelet activation also was assessed in the
presence of excess amounts of TRi_j0, TRi1-20, TR2i-30,
TR31-41, TRi20, TR21-40, TR4o-ssi, and TRj_415 to see
whether any of these peptides competed for TR;_4; binding.
TRi-10, TR11-20, TR21-30, TR31-41, TR 20, TR21-40, TR42 550,
and TR_4s failed to inhibit TR;_4;-induced platelet degran-
ulation. Similarly, TR_41s did not interfere with TRy s5-
induced platelet activation.

TRi_41 Synergy with TR4,_ss. TR;_4; augmented TRy s5-
induced platelet activation and TR4_ss augmented TR;_4;-
induced platelet activation in a concentration-dependent man-
ner, thereby demonstrating that these two peptides act syner-
gistically (Fig. 2).

TR;-_41 Requires Extracellular Calcium to Activate Platelets.
The divalent cation chelator EDTA (2 mM) and the calcium
chelator EGTA (2 mM) reduced 25 uM TR;_4-induced
platelet degranulation, as indicated by platelet surface P-
selectin (Fig. 3). Neither EDTA nor EGTA inhibited throm-
bin- (2 units/ml) or TR4y ss- (25 uM) induced platelet de-
granulation (Fig. 3). Because the platelet surface expression of
P-selectin is not calcium-dependent (33), these experiments
demonstrate that TRj_4; requires extracellular calcium to
activate platelets.

Table 1. Platelet aggregation
Amplitude of Maximum slope, Time delay to
light transmission, % light Concentration to achieve maximum

Agonist % maximum transmission/sec maximum aggregation aggregation, sec ECso
Thrombin 93.8 £1.2 1.5+0.1 0.28 =+ 0.13 units/ml 475 =103 0.09 = 0.01 units/ml
TRi.41 68 =11 0.82 = 0.19 153 = 2.8 uM 62.5 + 16.8 7.25 £ 1.08 uM
TRa2-55 85 4.7 1.53 £ 0.33 12*+12uM 427+ 193 13 =234 uM
TR29.45 15+07 NA NA NA NA
TRi-10 1.0 = 0.6 NA NA NA NA
TRi-418 1.0 = 0.6 NA NA NA NA
TRus.551 1.0 =04 NA NA NA NA
TRyo-550 1.0 = 0.6 NA NA NA NA

s, Scrambled; i, inactive; NA, not applicable. Data are mean = SEM. n = 6.
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Fi1G. 2. TRi_41 and TR4o_s5 activate platelets synergistically. Di-
luted whole blood was incubated (22°C, 10 min) with TR_41 and with
TR4>-s5 at the indicated concentrations. The platelet surface binding
of the P-selectin-specific mAb S12 was determined by flow cytometry.
Binding is expressed as a percent of the binding with maximal
thrombin (2 units/ml). Data are mean = SEM. n = 6.

TR;_41 Requires Neither GPIb-IX Nor GPIIb-IIla Com-
plexes to Activate Platelets. The absence of the GPIb-IX
complex (Bernard-Soulier syndrome) or the GPIIb-IIIa com-
plex (Glanzmann’s thrombasthenia) did not reduce TRj_4;-
induced platelet activation (Fig. 3). In normal platelets, inhi-
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bition of the binding of fibrinogen to GPIIb-IIla by the
addition of RGD (Arg-Gly-Asp)-containing peptides (34) also
did not interfere with TR;_4;-induced platelet activation (data
not shown).

Intracellular Signaling Pathways Involved in TR;_4;-
Induced Platelet Activation. To explore the signal transduction
mechanisms involved in TR;_4;-induced platelet activation, we
studied platelet activation by TR;_4; (and by TR4,-ss, concom-
itant TR;_4; and TR4,_s5, and thrombin for comparison) in the
presence of agents that modify the intracellular environment
(Fig. 4). PGI,, an agent that elevates intraplatelet cyclic AMP,
almost completely inhibited 15 uM TR;_41-, 15 uM TRy s5-,
15 uM concomitant TRy_4;-, 15 uM TRy; ss5-, and 0.1 units/ml
of thrombin-induced platelet degranulation (as detected by
S12 binding) (Fig. 4), and expression of activated GPIIb-IIIa
(as detected by PACI1 and F26 binding, data not shown). The
EDRF congener SNAC partially inhibited thrombin- and
TR4-ss-induced platelet activation, but had only minimal
effect on TRi_41- and concomitant TRi_4;- and TRy4o_s5-
induced platelet activation (Fig. 4). The protein kinase C
inhibitor staurosporine almost completely inhibited TR_4;-,
TR4>_55-, concomitant TR_4;- and TR4>_s55-, and thrombin-
induced S12 binding (Fig. 4) and PAC-1 binding (data not
shown). At nanomolar concentrations, wortmannin selectively
inhibits phosphatidyl inositol-3-kinase (PIs; kinase) but at
higher concentrations wortmannin also inhibits myosin light
chain kinase (27, 28). At a concentration of 100 nM or 1 uM,
wortmannin reduced platelet surface P-selectin expression in
response to TRj_4; and TR4z-55 more than platelet surface
P-selectin expression in response to concomitant TR;_4; and
TR4z-s55 or thrombin (Fig. 4). Inhibition of intracellular ty-
rosine kinase activity by the addition of genestein (29, 30)
resulted in a decrease in TR_41-, TR42_s55-, concomitant TR _4;-
and TRy, ss-, and thrombin-induced platelet activation (Fig. 4).
Taken together, the data in Fig. 4 demonstrate that TR;_4-
induced platelet activation may be modulated, at least in part, via
cyclic AMP, protein kinase C, PI; kinase, myosin light chain
kinase, and intracellular protein tyrosine kinases.
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FiG. 3. Effects of extracellular calcium and the GPIb-IX and GPIIb-I11a complexes on TR;_4i-induced platelet activation. Diluted whole blood
from normal volunteers was incubated (22°C, 10 min) with TRi_41, TR42-s5, concomitant TRi_4; and TR4>_s5, or thrombin at the indicated
concentrations in the presence of buffer alone (control), 2 mM EDTA, or 2 mM EGTA. Also, diluted whole blood from a patient with either
Bernard-Soulier syndrome or Glanzmann’s thrombasthenia was incubated (22°C, 10 min) with TR_4; or thrombin at the indicated concentrations.
The platelet surface binding of the P-selectin-specific mAb S12 was determined by flow cytometry. Binding is expressed as a percent of the binding
with maximal thrombin (2 units/ml). Data are mean *+ SEM. n = 6 except for data for Bernard-Soulier syndrome and Glanzmann’s thrombasthenia,

which are means of two experiments.
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FiG. 4. Intracellular signal transduction pathways involved in TR;_41-induced platelet activation. After either (i) preincubation (22°C, 30 min)

with 10 uM staurosporine, 100 nM or 1 uM wortmannin, or 100 uM genestein, or (if) coincubation with buffer only (control), 10 uM PGI», or
10 uM the EDRF congener SNAC, diluted whole blood (or diluted platelet-rich plasma for the experiments with SNAC) were incubated (22°C,
10 min) with TR1_41, TR42-55, concomitant TR_41 and TR4>s5, or thrombin at the indicated concentrations and then fixed. The platelet surface
binding of the P-selectin-specific mAb S12 was determined by whole-blood flow cytometry. Binding is expressed as a percent of the binding with
maximal thrombin (2 units/ml) in normal volunteers. Data are mean = SEM. n = 6.

DISCUSSION

In this study we report that the peptide cleaved from the
seven-transmembrane domain TR (TR_4;) is a strong platelet
agonist. The function of TR_4; is not completely known, but
bound to the intact native seven-transmembrane domain TR,
TR_4 inhibits receptor activation by the tethered ligand (5).
Our data suggests that although TR;_4; is still bound to the
seven-transmembrane domain TR it is itself sequestered and
unable to activate platelets. Once cleaved by thrombin from
the intact receptor, TRi_4; is more potent than TRy ss
(TR-activating peptide) and is almost as potent as thrombin, as
determined by the degree of increase in: (i) the platelet surface
expression of P-selectin (reflecting o granule secretion); (ii)
exposure of the fibrinogen binding site on the GPIIb-IIla
complex; and (i) fibrinogen binding to the activated GPIIb-
IITa complex. TRi_4; is a less potent aggregator of platelets
than TRy, 55 or thrombin. As determined by experiments with
inhibitors (PGI,, staurosporine, wortmannin, SNAC, EDTA,
EGTA, and genestein), and with Bernard-Soulier or Glanz-
mann’s platelets, we demonstrated that TR;_4;-induced plate-
let activation is: (i) inhibited by cyclic AMP; (if) mediated by
protein kinase C, phosphatidyl inositol-3-kinase, myosin light
chain kinase, and intracellular protein tyrosine kinases; (iii)
dependent on extracellular calcium; and (iv) independent of
the GPIb-IX and GPIIb-IIla complexes. TR_4;-induced plate-
let activation was synergistic with TR4z_ss.

As evidenced by the lack of TR;_41-induced platelet aggre-
gation in platelet-rich plasma, there may be a plasma inhibitor.
However, paradoxically, the small amount of plasma present in
the diluted whole blood used in our flow cytometric experi-
ments allowed maximal TR;_4-induced platelet activation.
Thus, the effects of plasma on TR_4;-induced platelet acti-
vation remain to be fully characterized.

Coughlin’s laboratory reported that the cleaved seven-
transmembrane domain TR fragment TRy9_45 was devoid of
agonist activity for the wild-type seven-transmembrane do-
main TR expressed by direct expression cloning in Xenopus
oocytes (5). In our study TRy9_45 did not activate platelets as
determined by platelet surface expression of P-selectin and did
not result in platelet aggregation. These findings are consistent

with our data that platelet activation only occurs with the
entire 41-aa cleaved peptide.

The cleaved peptide of the TR has been predicted to be less
than 41 amino acids in length because of a hydrophobic
sequence with potential peptidase cleavage sites located at
amino acids T24 and A26 (5). However, it has been recently
reported by Ramachandran et al. (35) that a mAb with an
epitope that binds to the first half of TR;_4; binds to intact and
TR4>_ss-activated platelets but not to receptors that have been
cleaved and activated by thrombin. Furthermore, this mAb
fails to bind to the receptor after cathepsin G cleavage, but
does bind to platelets activated by agonists that are unrelated
to thrombin (35). Thus, while the precise amino acid length of
the mature thrombin receptor on the platelet surface is
unknown, available evidence (35) suggests that at least resi-
dues 19-41 are expressed on the platelet surface.

The physiologic significance of platelet activation by TR;_4;
is unclear. Assuming (i) 1,000-2,000 seven-transmembrane
domain TRs on the resting platelet surface (36), (ii) this
number increases by 40% when platelets are activated because
of the translocation of TRs from the surface connecting
membrane system to the plasma membrane (37), and (iii) all
of the resultant available TRs are cleaved by thrombin, the
concentration of TR;_4; generated by cleavage of all available
seven-transmembrane domain TRs would be, based on the
present data, insufficient to activate platelets [(3 X 101
platelets/liter of blood) X (2,100 molecules/platelet) -
(6.023 X 10?* molecules) = 1.05 nM]. However, at sites of
thrombus formation such as vessel injury the local concentra-
tion of TR;_4; is likely to be such that TR;_4;-induced platelet
activation occurs. Furthermore, similar to its effects with
TR42-s55, TRi_41 may act synergistically with other platelet
agonists such as ADP, epinephrine, and thromboxane A, to
enhance thrombus formation. Thus, TR;_4; may augment
platelet activation in a growing thrombus. Such a role for
TRi_41 would be consistent with the slower Kkinetics of
TR;_41-induced platelet activation compared with thrombin-
or TR4,_ss-induced platelet activation.

In summary, the cleaved peptide of the seven-transmem-
brane domain TR (TR_4;) is a strong platelet agonist. Further
work will be required to define the role of TR;_4; in platelet
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physiology and hemostasis. Important areas for future inves-
tigation include identification of a binding site of TRy_4; on the
platelet surface, other components of the intracellular signal
transduction pathways, and other cells responsive to TRj_4;.
Identification of other cells responsive to TR;_4; will be
important in light of the recent finding that seven-
transmembrane domain TRs are present on the endothelial
layer of normal human arteries, and in smooth muscle and
intimal cells in human atheroma (38). Because the presence of
the seven-transmembrane domain TR in these tissues implies
the local generation of TR;_41, TR;_4; may be involved in the
pathophysiology of atherosclerosis and restenosis.

We thank Drs. John W. Fenton II and Harvey Gralnick for
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