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Inhibition of Cellular Action of Thrombin by N3-
Cyclopropyl-7-{[4-(1-methylethyl)phenyl]methyl}-7H-
pyrrolo[3,2-flquinazoline-1,3-diamine (SCH 79797), a

Nonpeptide Thrombin Receptor Antagonist
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ABSTRACT. A growing body of evidence suggests an important contribution of the cellular actions of
thrombin to thrombosis and restenosis following angioplasty. Recently we reported on SCH 79797 (N3-
cyclopropyl-7-{[4-(1-methylethyl)phenyl|methyl}-7H-pyrrolo[3,2-flquinazoline-1,3-diamine) and its analogs as
new potent, nonpeptide thrombin receptor antagonists. This study further characterizes the biochemical and
pharmacological actions of pyrroloquinazoline inhibitors of protease activated receptor-1 (PAR-1) in human
platelets and coronary artery smooth muscle cells (hRCASMC). SCH 79797 and its N-methyl analog (SCH
203099) inhibited binding of a high-affinity thrombin receptor-activating peptide (*HJhaTRAP, Ala-Phe(p-
F)-Arg-ChA-HArg-’H|Tyr-NH,) to PAR-1 with 1Cs, values of 70 and 45 nM, respectively. SCH 79797
inhibited ["PH]JhaTRAP binding in a competitive manner. SCH 79797 and SCH 203099 inhibited a-thrombin-
and haTRAP-induced aggregation of human platelets, but did not inhibit human platelet aggregation induced
by the tethered ligand agonist for protease-activated receptor-4 (PAR-4), y-thrombin, ADP, or collagen. SCH
203099 inhibited surface expression of P-selectin induced by haTRAP and thrombin, and it did not increase
P-selectin expression or prevent thrombin cleavage of the receptor. Thrombin and TFLLRNPNDK-NH, (TK),
a PAR-1-selective agonist, produced transient increases in cytosolic free Ca?™ concentration ([Ca”*],) in
hCASMC. This increase in [Ca’"], was inhibited effectively by SCH 79797. However, the Ca”* transients
induced by SLIGKV-NH, a PAR-2-selective agonist, were not inhibited by SCH 79797. Thrombin- and
TK-stimulated [*H]thymidine incorporation also was inhibited completely by SCH 79797. The results of this
study demonstrate that SCH 79797 and SCH 203099 are potent, selective antagonists of PAR-1 in human
platelets and hCASMC. These data also suggest that the thrombin stimulation of Ca’* transients and
mitogenesis in hCASMC is mediated primarily through activation of PAR-1. BIOCHEM PHARMACOL 60;10:
1425-1434, 2000. © 2000 Elsevier Science Inc.
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Thrombin is a plasma serine protease that plays a critical
role in hemostasis, as well as in thrombotic disorders and
atherosclerosis [1-4]. Thrombin stimulates fibrin generation,
platelet aggregation, smooth muscle cell contraction and
proliferation, and monocyte chemotaxis [1, 5]. Whereas fibrin
generation is the result of direct cleavage of fibrinogen by
thrombin, many of the cellular actions of thrombin are
mediated by a G-protein-coupled receptor, PAR-1{ [6].
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When PAR-1 is cleaved by thrombin, a new N-terminus is
generated that acts as the tethered ligand to activate
PAR-1. TRAPs containing 5-14 amino acid residues cor-
responding to the newly exposed amino-terminus of throm-
bin receptor mimic many of the actions of thrombin,
including aggregation of platelets [6—8], vascular smooth
muscle contractility [9, 10], and proliferation [11, 12].
Three additional members (PAR-2, -3, and -4) of the PAR
receptor family have been reported. PAR-2 [13, 14] is
stimulated by trypsin and tryptase, whereas PAR-3 [15] and
PAR-4 [16, 17] are stimulated by thrombin. PAR-2 and
PAR-4 are also stimulated by their respective tethered
ligand analogs [13, 16]. Current research focuses on the
relative importance of the three protease-activated throm-
bin receptors in various cell types.

Several lines of evidence suggest that thrombin, acting
through PAR-1, contributes to thrombosis and restenosis in
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patients after angioplasty procedures [4, 18-21]. Increased
levels of thrombin generation in addition to a high level of
thrombin receptor have been detected at the sites of
vascular lesions [4, 18, 19]. TRAP antagonists and antibod-
ies to the thrombin receptor (PAR-1) inhibit thrombin- or
TRAP-stimulated platelet aggregation in wvitro [21-25], as
well as experimental arterial thrombosis in primates [4, 21].
Studies such as these suggest that PAR-1 antagonists could
be useful drugs for the prevention of thrombosis and
restenosis.

Peptides [26-29] and peptidomimetic compounds [22—
25, 30, 31] derived from the PAR-1 tethered ligand have
been shown to be PAR-1 antagonists. Although useful as
tools, they display one or more of the following limitations:
lack of reproducible activity and lack of specificity, partial
agonist activity, or low affinity [23, 24, 26, 29, 31-33].
Although nonpeptide PAR-1 antagonists have been re-
ported, they are of low affinity (15, values of 0.6 to 1.0
mM) and unknown selectivity [34]. Using a tritiated
high-affinity TRAP analog, ["[H]JhaTRAP, we developed a
PAR-1 ligand-binding assay [35] and used this assay to
identify small molecule antagonists of PAR-1 [36]. Shortly
after publication of our study on the nonpeptide PAR-1
antagonist SCH 79797 (N3-cyclopropyl-7-{[4-(1-methyl-
ethyl)phenyllmethyl}-7H-pyrrolo[3,2-flquinazoline-1,3-dia-
mine [36]) another nonpeptide thrombin receptor antagonist,
3-(4-chlorophenyl)-2-(2,4-dichlorobenzoylimino)-5-(meth-
oxycarbonylmethylene)-1,3-thiazolidin-4-one (FR171113)
[37], was reported. This compound exhibits selective
thrombin receptor antagonism, as evidenced by its inhibi-
tory action on aggregation of human platelets induced by
thrombin and SFLLRN (a thrombin receptor agonist) but
not by ADP or collagen [37]. However, it is not known
whether it exhibits selectivity towards PAR-1 over other
PARs, such as PAR-2 and PAR-4. This study was initiated
to characterize the biochemical and pharmacological ac-
tions of the pyrroloquinazoline class of molecules, typified
by SCH 79797, a potent, nonpeptide PAR-1 antagonist, in
human platelets and hCASMC. The results reported here
indicate that SCH 79797 and its N-methyl analog, SCH
203099, can effectively antagonize the PAR-1 receptor-
mediated actions of thrombin on human platelets and

hCASMC.

MATERIALS AND METHODS
Reagents

HaTRAP (Ala-Phe(p-F)-Arg-ChA-HArg-Tyr-NH,),
SLIGKV-NH, Gly-Tyr-Pro-Gly-Gln-Val-NH, (a PAR-4
agonist), and TFLLRNPNDK-NH, were custom-synthe-
sized by AnaSpec. Human a-thrombin and vy-thrombin
were purchased from Enzyme Research Laboratories. Unless
otherwise indicated, other chemicals were obtained from
the Sigma Chemical Co.
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Thrombin Receptor [P’HJhaTRAP Binding Assay

The filtration binding assay was performed as previously
described [35]. Briefly, human platelet membranes (40
pg/0.2 mL reaction mixture) were incubated with 10 nM
PHJhaTRAP and various concentrations of SCH 79797
and SCH 203099 at room temperature for 1 hr. Human
platelet membranes (700 mg) were prepared by ABS
(Analytical Biological Services Inc.) from 40 units of fresh
human platelets according to a published method [35].

Platelet Aggregation Assay

Platelets were obtained from blood collected by venipunc-
ture from human volunteers who had been aspirin-free for
at least 7 days. Platelets were prepared, and platelet aggre-
gation was measured according to the procedure of Bednar
et al. [38]. Measurements were made at room temperature
using a Spectromax Plate Reader (405 nm, Molecular Devic-
es). Plates were vortex-mixed at speed 6 on a titer plate shaker
(Labline Instruments). Aggregation was calculated as percent

change of transmittance, [(T — Ty)/(T;00 — To)] X 100.

Flow Cytometry

Surface expression of P-selectin on platelets was measured
using a FACScan flow cytometer (Becton Dickinson).
Washed platelets were resuspended in pH 7.4 aggregation
buffer (134 mM NaCl, 3 mM KCl, 0.3 mM NaH,PO, 2
mM MgCl, 5 mM HEPES, pH 7.4, 5 mM glucose, 12 mM
NaHCO; and 3.5 mg/mL of BSA). Platelets (2-3 X
10%/mL) were preincubated with drugs for 30 min at room
temperature. Agonists were added for 5 min followed by the
addition of 10 L of PE-conjugated anti-CD62 (Becton
Dickinson) for 30 min. This concentration of antibody is
saturating. To measure thrombin cleavage of PAR-1, hu-
man PAR-1 was cloned with a FLAG-tag epitope (N-Asp-
Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C, Kodak) added at the N-
terminus using standard procedures. The clone was inserted
into the baculovirus vector pVL 1392 (PharMingen, where
recombinant baculovirus was produced). Sf9 insect cells
(3—4 X 10°/mL) were infected for 48 hr with baculovirus
(multiplicity of infection = 1). Infected cells (10°) were
preincubated with 10 wM SCH 203099 for 30 min, and 10
nM thrombin was added at room temperature for 1 min.
The assay was terminated by the addition of 15 nM
D-Phe-Pro-Arg-chloromethylketone (Sigma), an inhibitor
of thrombin activity. The presence or absence of the
FLAG-tag was detected by incubating with 10 wg/mL of
M1 anti-FLAG mouse monoclonal antibody (Sigma) fol-
lowed by a 1:40 dilution of PE-conjugated goat anti-mouse
IgG (Sigma). Both platelets and Sf9 cells were fixed with 1
mL of 1% paraformaldehyde, and mean fluorescence was
measured within 24 hr. Platelets and insect cells were
identified by their characteristic forward and side-scattering
light patterns, and 10,000 platelets or cells were counted for
each assay.
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Cell Cultures

Primary hCASMC were purchased from Clonetics.
hCASMC were grown in SmGM2 growth medium (Clo-
netics) containing 5% fetal bovine serum (Gibco-BRL), 50
mg/L of gentamicin (Clonetics), and 50 pg/L of amphoter-
icin-B (Clonetics). Sf9 cells were cultured in suspension at
27° in TNM-FH insect medium (PharMingen No. 21227),
which contained fully supplemented Grace’s medium, 10%
fetal bovine serum, and gentamicin.

Cytosolic Ca?’* Measurement

Intracellular calcium mobilization was measured by using a
fluorescence technique. Twenty-four hours prior to the
assay, hCASMC at passages 2 to 5 were plated on poly-d-
lysine-coated Biocoat 96-well plates (Becton Dickinson) at
a density of 10,000 cells/well. Cells were incubated for 1 hr
with 4 uM Fluo 3-AM dye (Molecular Probes) in Hanks’
buffered salt solution (HBSS) containing 1% BSA, 20 mM
HEPES, pH 7.4, and 2.5 mM probenecid. Cells were
washed three times in this buffer without dye using a
Denley cell plate washer. After washing, cells were prein-
cubated with vehicle or an antagonist in HBSS for 30 min.
Thrombin or agonist peptide was added, and the fluores-
cence signal was recorded for 2 min. Net peak calcium,
expressed in arbitrary fluorescence units, was measured by
using a Fluorescence Imaging Plate Reader (FLIPR; Molec-
ular Devices Corp.).

DNA Synthesis ([?H]Thymidine Incorporation)

Cell proliferation was measured by [’H]thymidine incorpo-
ration. hCASMC were seeded on 48-well plates at 6000
cells/well in growth medium (see the section on Cell
Cultures). After 3 days of growth, cells were washed two
times with Dulbecco’s PBS (Gibco) and transferred into
serum-free SmBM medium supplemented with ITS (10
mg/L of insulin, 5.5 mg/L of transferrin, 5 pg/L of selenium;
Sigma) and GA-1000 (50 mg/L of gentamicin and 50 wg/L
of amphotericin-B; Clonetics). After the 3-day serum
depletion, fresh serum-free medium was added to these
cells. A PAR-1 antagonist was added 30 min before the
addition of thrombin or PAR-1 agonist. After 1820 hr of
incubation, [H]thymidine (0.1 wCi, New England Nu-
clear) was added, and incubation was continued for 20 hr.
Fifty micromolar amastatin was included in the incubation
mixture to prevent degradation of the peptide. The cells
were washed successively with Dulbecco’s PBS, 5%
trichloroacetic acid, and water, and solubilized with 0.5
N NaOH. The cell lysates were transferred to glass
counting vials containing 5.2 mL of Packard’s Ultima-
Gold liquid scintillation fluid for radioactive counting in a
beta counter.
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FIG. 1. Inhibition of [’H]haTRAP binding to PAR-1 on human
platelet membranes by SCH 79797 and SCH 203099. Human
platelet membranes (40 pg/0.2 mL) were incubated for 60 min
at 20° with 10 nM [?H]haTRAP and various concentrations of
SCH 79797 (A) and SCH 203099 (B). The final concentration
of vehicle (DMSO) was 5%. The K; was calculated using the
following Cheng—Prusoff equation [39]: K; = 1c5,/(1+[LJ/K,),
where 1C5, is the concentration of drug required for 50%
inhibition of the binding, [L] is the radioligand concentration
(10 nM), and K, is 10 nM. Each value represents the mean of
three determinations, with SEM of less than 5%.

Statistical Analysis

Data are presented as means = SEM of the indicated
number (N) of determinations. The significance of drug
effects was assessed by a paired t-test. A P value of less than
0.05 was considered to be statistically significant.

RESULTS
Inhibition of [’HJhaTRAP Binding by SCH 79797 and
SCH 203099

SCH 79797 and its N-methyl analog, SCH 203099, com-
peted with PHIhaTRAP for binding to thrombin receptor
(PAR-1) on human platelet membranes with 1c5, values of
70 nM (K; = 35 nM) and 45 nM (K, = 22 nM),

respectively (Fig. 1). Analysis of saturation binding of
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FIG. 2. Scatchard plots of saturation binding of [’H]haTRAP to
PAR-1 on human platelets in the presence of SCH 79797. Key:
(®) control; (O) 0.1 pM SCH 79797; and (A) 0.5 pM SCH
79797. Binding studies were performed as described in the
legend of Fig. 1 using 2.5, 5, 10, 20, 30, 40, 60, and 80 nM
[PH]haTRAP.

PH]haTRAP in the presence and absence of SCH 79797
indicated that this compound is a competitive inhibitor of
PAR-1 (Fig. 2).

Inhibition of Platelet Aggregation and P-Selectin
Expression

SCH 79797 and SCH 203099 blocked platelet aggregation
induced by the PAR-I-selective agonist haTRAP in a
concentration-dependent fashion (Fig. 3, A and B), with
IC5o values of 300 and 150 nM, respectively [36]. SCH
79797 and SCH 203099 selectively inhibited platelet
aggregation mediated by PAR-1, since at 10 uM they had
no effect on aggregation induced by 100 uM ADP or 5 uM
collagen (data not shown). Both compounds also inhibit
aggregation induced by a-thrombin, with icsy values of
3000 and 700 nM, respectively [36]. In contrast to the
sustained inhibition of haTRAP-induced aggregation, the
inhibition of thrombin-induced aggregation was transient
(Fig. 3, C and D), and the observed delay in aggregation
was dependent on the concentration of thrombin used. At
0.5 nM thrombin (Fig. 4A), full aggregation was delayed by
several minutes, whereas at 10 nM thrombin, no significant
delay was seen (Fig. 4B). To explore possible explanations
for this phenomenon, we looked at the ability of SCH
79797 to block PAR-4. SCH 79797 did not inhibit aggre-
gation induced by PAR-4 tethered ligand peptide (Fig. 4C).
In addition, SCH 79797 had no effect on platelet aggrega-
tion induced by vy-thrombin (Fig. 4D), a proteolytically
modified thrombin lacking the high-affinity binding site for
PAR-1 [40]. Binding of these drugs to platelets was revers-
ible. Using 1 pwM SCH 79797, a concentration that
produces complete inhibition of aggregation, it was neces-
sary to preincubate platelets with the drug for 60 min to
obtain full inhibition (Fig. 5A), and full reversal of inhibi-
tion required platelets to be washed free of drug for 20 min

(Fig. 5B).
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Some reported peptide antagonists of PAR-1 are actually
partial agonists [23, 24, 32]. Flow cytometric determination
of P-selectin expression can be used as a measure of platelet
activation [41]. Using this assay, we showed that SCH
203099 has no agonist properties at concentrations as high
as 3 wM, although a slight increase in P-selectin expression
was observed at a 10 uM concentration of drug (Fig. 6A).
The drug was effective at blocking haTRAP- or thrombin-
induced P-selectin expression. In addition, using a FLAG-
tag-labeled PAR-1 receptor expressed in Sf9 cells, it was
possible to demonstrate that SCH 203099 did not inhibit
the catalytic activity of thrombin, since thrombin cleavage
of the N-terminus of the receptor occurred in the presence
of a 10 uM concentration of drug (Fig. 6B). Similar results
were obtained with SCH 79797.

Inhibition of Thrombin- and TFLLRNPNDK-NH,-
Induced Calcium Transients in Vascular Smooth
Muscle Cells

Thrombin and a PAR-1-selective tethered ligand analog,
TFLLRNPNDK-NH, [42], elevated the intracellular cal-
cium concentration in a concentration-dependent manner
in hCASMC (data not shown). The ECs; values of throm-
bin and TFLLRNPNDK-NH, were 0.9 = 0.2 nM (N = 6)
and 12 = 2.6 pM (N = 5), respectively. The effects of SCH
79797 on calcium transients in hCASMC were assessed.
Because of the slow equilibration of drug with PAR-1
receptor on platelets, cells were preincubated with drug for
30 min before the addition of agonist. SCH 79797 inhib-
ited the calcium transients induced by thrombin (3 nM)
and TFLLRNPNDK-NH, (30 pM) with respective K,
values of 82 and 55 nM (Fig. 7). In contrast to platelets,
where inhibition of thrombin-induced effects was transient,
inhibition of the calcium transients in hCASMC was
sustained over the time course of the assay. Platelets are
known to possess multiple thrombin receptors [16, 17], but
the thrombin receptors in hCASMC have not been char-
acterized yet. To assess whether another tethered ligand
thrombin receptor exists in these cells, the effects of a
human PAR-4 agonist, GYPGQV-NH, [16, 17], on the
intracellular calcium concentration were examined.
GYPGQV-NH, at concentrations up to 1 mM did not
stimulate calcium transients (data not shown), consistent
with a lack of PAR-4 thrombin receptors in these cells.
SLIGKV-NH, a selective PAR-2 agonist, induced calcium
transients, an effect that was not inhibited by SCH 79797
at concentrations of up to 10 wM (data not shown). These
data indicate the presence of PAR-2 and the selective
inhibition of PAR-1 over PAR-2 by SCH 79797 in these cells.

Inhibition of Thrombin-Stimulated [°’H]Thymidine
Incorporation in hCASMC

We next examined the effect of thrombin and TFLLRN-
PNDK-NH, on [’H]thymidine incorporation into
hCASMC as a measure of smooth muscle cell proliferation.
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FIG. 3. Inhibition of platelet aggregation induced by haTRAP and a-thrombin. (A) Inhibition by SCH 79797 of aggregation induced
by 0.3 pM haTRAP. Platelets were preincubated for 60 min with: (* and []) vehicle; (X) 0.03 pM SCH 79797; (A) 0.1 pM SCH
79797; (V) 0.3 pM SCH 79797; (#) 1 pM SCH 79797; (O) 3 pM SCH 79797; and (H) 10 pM SCH 79797. Except for *, which
was a vehicle control, all samples received 0.3 pM haTRAP. (B) Inhibition by SCH 203099 of aggregation induced by 0.3 pM
haTRAP. Platelets were preincubated for 60 min with: (* and []) vehicle; (X) 0.03 pM SCH 203099; (A) 0.1 pM SCH 203099;
(V) 0.3 pM SCH 203099; (¢]) 1 pM SCH 203099; (O) 3 pM SCH 203099; and (H) 10 pM SCH 203099. Except for *, which
was a vehicle control, all samples received 0.3 pM haTRAP. (C) Inhibition by SCH 79797 of aggregation induced by 3 nM
a-thrombin. Conditions were identical to those of panel A, except that 3 nM a-thrombin was substituted for haTRAP. (D) Inhibition
by SCH 203099 of aggregation induced by 3 nM «-thrombin. Conditions were identical to those of panel B, except that 3 nM thrombin
was substituted for haTRAP. Data are means = SD, N = 4. Similar results were obtained in repeat experiments using platelets from
different individuals.

Thrombin and TELLRNPNDK-NH, stimulated [*’H]thymi-
dine incorporation into these cells in a concentration-
dependent manner and to a similar extent, with ECs, values
of 0.0021 and 22 uM, respectively (data not shown). SCH
79797 completely inhibited thrombin- and TFLLRN-
PNDK-NH,-stimulated [’H]thymidine incorporation, with

respective apparent K; values of 88 and 32 nM (Fig. 8).
Similar inhibition of [PH]thymidine incorporation was
observed for SCH 203099 (data not shown). As observed
with the calcium flux experiments, inhibition of thrombin-
induced thymidine incorporation was sustained throughout
the incubation period of the assay.
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FIG. 4. Inhibition of platelet aggregation induced by a-thrombin, PAR-4 TRAP, and y-thrombin. (A) Inhibition by SCH 79797 of
aggregation induced by 0.5 nM a-thrombin. Platelets were preincubated for 60 min with: ((]) vehicle; (A) 0.1 pM SCH 79797; (V)
0.3 pM SCH 79797; (#) 1 pM SCH 79797; (O) 3 pM SCH 79797; and (H) 10 pM SCH 79797. All samples received 0.5 nM
a-thrombin. (B) Inhibition by SCH 79797 of aggregation induced by 10 nM a-thrombin. Conditions were identical to those of panel
A, except that all samples received 10 nM a-thrombin. (C) Inhibition by SCH 79797 of aggregation induced by 1 mM PAR-4 TRAP.
Conditions were identical to those of panel A, except that all samples received 1 mM PAR-4 TRAP instead of thrombin. (D) Inhibition
by SCH 79797 of aggregation induced by 30 nM +y-thrombin. Conditions were identical to those of panel A, except that 30 nM
v-thrombin was substituted for a-thrombin. Data are means = SD, N = 4.

Lack of Effect of a PAR-2 Agonist and PAR-4 Tethered
Ligand Analogs on [’ H]Thymidine Incorporation

To confirm our observations of the absence of PAR-4 in
hCASMC, we examined the effect of the PAR-4 agonist
GYPGQV-NH, [16, 17] on [H]thymidine incorporation.
There have also been reports of a PAR-2 agonist stimulat-
ing ’H]thymidine incorporation in vascular smooth muscle
cells from other sources [43, 44]. Therefore, we tested a
human PAR-2 agonist, SLIGKV-NH, [13], head to head
with the PAR-1 and PAR-4 agonists. Whereas the PAR-1

agonist TELLRNPNDK-NH, stimulated [*’H]thymidine in-
corporation, the PAR-2 and PAR-4 agonists did not (Fig. 9).

DISCUSSION

The thrombin receptor PAR-1 is distributed widely in
various cell types [45], and activation of this receptor
following vascular injury contributes to thrombosis, reste-
nosis, and atherosclerosis [1-4]. Thus, the development of
potent, small-molecule PAR-1 antagonists would allow us
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FIG. 5. Time course of inhibition of platelet aggregation by SCH 79797. (A) Platelets were preincubated with 1 puM SCH 79797 for
the times indicated: (V) 60 min; (®) 45 min; (O) 30 min; () 20 min; (A) 10 min; and (V¥) 1 min. Controls ([ ] and *) were incubated
for 60 min. without drug. Platelet aggregation was initiated by the addition of 0.3 pM haTRAP except for *, which received no agonist.
Aggregation was monitored as described in Materials and Methods. (B) Platelets were preincubated with 1 puM SCH 79797 (¢, A,
V, #) or vehicle ((J, 0.1% DMSO) for 60 min at room temperature in pH 6.5 wash buffer (see Materials and Methods). Platelets were
pelleted, and the supernatant solutions were removed carefully. Platelets were resuspended in pH 7.4 aggregation buffer without drug
and incubated at room temperature for the times shown [(¥) O min; (A and [J) 10 min; (* and 4) 20 min]. Aggregation was then
initiated by the addition of 0.3 pM haTRAP ([, #, A, ¥) or vehicle (*) and monitored as described in Materials and Methods. Each

value represents the mean of three determinations, with SEM of less than 5%.

to test the potential therapeutic effect of blocking cellular
actions of thrombin. SCH 79797 and SCH 203099 repre-
sent the first potent, nonpeptide class of competitive

PAR-1 receptor antagonists. SCH 79797 and SCH 203099

do not inhibit thrombin enzyme activity or cause platelet
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FIG. 6. (A) Effect of SCH 203099 on P-selectin expression in
platelets. P-selectin expression was measured using flow cytom-
etry as described in Materials and Methods. Platelets were
preincubated for 30 min with drug. Vehicle (gray bars), 0.3 pM
haTRAP (downward cross-hatched bars), or 1 nM thrombin
(solid bars) was added, and P-selectin expression was determined
by binding of fluorescent labeled antibody against P-selectin. (B)
Effect of SCH 203099 on thrombin cleavage of PAR-1 throm-
bin receptors expressed in Sf9 cells. Cells expressing FLAG-tag-
labeled PAR-1 were preincubated for 30 min with drug. Throm-
bin (10 nM) was added for 1 min, and the reaction was stopped
with d-Phe-Pro-Arg-chloromethylketone as described in Mate-
rials and Methods. Cleavage of the receptor was measured as loss
of the FLAG-tag, determined by selective antibody binding. This
experiment was repeated once with essentially the same results.
Conditions: (a) no primary antibodies; (b) vehicle; (c) 10 nM
a-thrombin; and (d) 10 nM a-thrombin plus 10 pM SCH
203099.

activation. They are functionally selective for PAR-1 inhi-
bition, showing no activity against PAR-4, PAR-2, and other
receptors (ADP, collagen) involved in platelet activation.

Two additional thrombin receptors with close homology
to PAR-1, namely PAR-3 [15] and PAR-4 [16, 17], have
been cloned and identified in various cell types and tissues
(see Ref. 45, a review paper on protease-activated recep-
tors). Whereas human platelets aggregate in response to
both PAR-1 and PAR-4 agonists, we showed in the current
study that hCASMC mobilize calcium only in response to
PAR-1 agonists. In contrast to its effect on human platelets,
SCH 79797 blocked thrombin-induced calcium mobiliza-
tion completely in hCASMC. These results clearly dem-
onstrate that PAR-1 is the only thrombin-sensitive recep-
tor coupled to calcium mobilization in hCASMC. An
essentially similar finding has been reported for rat aortic
smooth muscle cells [25].

The proliferation of arterial smooth muscle cells is a key
event in the development of arterial lesions after vascular
injury and angioplasty [4, 46]. Coronary arterial smooth
muscle cells are a major target for thrombin, and prolifer-
ation of these smooth muscle cells is a hallmark of intimal
thickening and restenosis after angioplasty. Thrombin is
known to promote vascular smooth muscle cell prolifera-
tion in vitro [11, 12]. Thrombin also has been reported to
stimulate thymidine incorporation in cultured human and
porcine coronary artery smooth muscle cells [47, 48]. To
date, no information is available regarding the type of
thrombin receptor that mediates the mitogenic action of
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FIG. 7. Inhibition of thrombin- and TFLLRNPNDK-NH,-
stimulated calcium transients in hCASMC by SCH 79797.
SCH 79797 was added 30 min before the addition of thrombin
(3 nM) and TFLLRNPNDK-NH, (30 pM). The final concen-
tration of vehicle (DMSO) was 0.2%. Key: (®) 3 nM thrombin;
and (O) 30 pM TFLLRNPNDK-NH, The K; was calculated
using the following Cheng-Prusoff equation [39]: K; = 1C50/
(1+[Al)/[Ec5o]), where ICs, is the antagonist concentration for
inhibition of an agonist effect by 50%, [A] is the concentration
of the agonist used, and ECs, is the agonist concentration for
half-maximal stimulation. Each value is the mean + SEM of 4
determinations. All points (% inhibition) with the exception of
one point (0.03 pM SCH 79797 against TFLLRNPNDK-
NH,) were significantly different from the control (no SCH
79797) (P < 0.05). These data are representative of three
separate experiments with essentially similar results.

T
10.00

thrombin in hCASMC. Thrombin and a PAR-1 agonist,
but not PAR-2 or PAR-4 agonists, induced stimulation of
mitogenesis in hCASMC, and this response was inhibited
completely by the selective PAR-1 antagonists SCH 79797
and SCH 203099. The predominant role of PAR-1 in
mediating thrombin-induced mitogenesis of hCASMC is in
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FIG. 8. Inhibition of thrombin- and TFLLRNPNDK-NH,-
stimulated [*H]thymidine incorporation in hCASMC by SCH
79797. SCH 79797 was added 30 min before the addition of
PAR-1 agonists. The final concentration of vehicle (DMSO)
was 0.2%. Key: (@) 3 nM thrombin; and (O) 10 puM TFLL
RNPNDK-NH, Amastatin (50 pM) was present in the incu-
bation medium when TFLLRNPNDK-NH, was tested. Each
value is the mean = SEM of 4 determinations. These data are
representative of three experiments with similar results. The K;
values were determined as described in the legend to Fig. 7.
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FIG. 9. Lack of effect of PAR-2 and PAR-4 agonist peptides on
thymidine incorporation in hCASMC. Key: (®) TFLLRN
PNDK-NH,, ([J) SLIGKV-NH,, and (A) GYPGQV-NH,,
Amastatin (50 pM) was present in the incubation medium.
Each value represents the mean of four determinations, with
SEM of less than 12%. The mean £ SEM of the control value
(PH]thymidine incorporated into the cells, dpm) was 1639 =+
124 (N = 12). This experiment was repeated once with similar
results.

agreement with a recent report showing complete inhibi-
tion of thrombin-stimulated rat aortic smooth muscle
proliferation by a selective peptidomimetic PAR-1 antago-
nist, RWJ-56110 [25]. Earlier studies [47, 49] failed to show
a stimulatory effect of a PAR-1 agonist peptide on the
mitogenesis of bovine coronary artery smooth muscle cells,
despite the fact that thrombin stimulated mitogenesis.
However, this may have resulted in part from degradation
of the peptide by aminopeptidases during a long incubation
period. Even in our study, TFLLRNPNDK-NH, or
SFLLRN-NH, failed to stimulate thymidine incorporation
consistently unless amastatin, an aminopeptidase inhibitor,
was present at a concentration of 50 wM or higher
(unpublished observation). Species differences in the mi-
togenic response of vascular smooth muscle cells to PAR-1
agonist peptides have also been reported [12].

Since the actual ligands of protease-activated receptors
are new N-terminal peptides generated by enzymatic cleav-
age of the receptors themselves, it was originally thought
that the entropic advantage of such “tethered” ligands
would make them difficult or impossible to block [50].
However, this does not appear to be the case. The complete
inhibition of thrombin-induced PAR-1 activation in
hCASMC by SCH 79797 with a K; value of 82 nM
demonstrates that these antagonists functionally antagonize
the thrombin-generated tethered ligand. Thus, it is likely
that the failure of these compounds to inhibit thrombin
activation of platelet aggregation for more than a few
minutes is due to the action of thrombin on a second
thrombin receptor such as PAR-4 [16, 17, 51]. This
conclusion is supported by the observation that the delay of
platelet aggregation was greatest at a low thrombin concen-
tration (0.5 nM) and disappeared at a high thrombin
concentration (10 nM). These results are consistent with
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the observations of Kahn et al. [17], who showed that
PAR-4 is less sensitive to cleavage by thrombin than
PAR-1. They concluded that at low concentrations of
thrombin, PAR-1 is the primary mediator of aggregation,
whereas at high concentrations, activation of either PAR-1
or PAR-4 can produce full aggregation of platelets [51].
Therefore, in the presence of drug at 10 nM thrombin,
aggregation most likely proceeds through activation of
PAR-4. The delayed aggregation in the presence of SCH
79797 at 0.5 nM thrombin probably results from a slow
cleavage of PAR-4 at this enzyme concentration. Further
evidence for the role of PAR-4 comes from the experiment
with y-thrombin. Unlike a-thrombin, ~-thrombin is
equally active in stimulating PAR-1 and PAR-4 [16]. Since
SCH 79797 has no effect on y-thrombin-induced platelet
aggregation, the effect of y-thrombin appears to be medi-
ated primarily through PAR-4.

The only other class of thrombin receptor antagonists
reported to date with potencies similar to those of SCH
79797 and SCH 203099 are peptidomimetics based on the
structure of the tethered ligand peptide SFLLRN [25]. The
pyrroloquinazoline compounds shown here demonstrate
that inhibition can be achieved with smaller molecules
without peptidomimetic properties. Thrombin receptor an-
tagonists have potential advantages over other thrombin-
inhibitory drugs in treating vascular diseases because they
leave the fibrinolytic function of thrombin and other
non-thrombin-mediated platelet aggregation mechanisms
intact. Unlike GPIIbllla antagonists and thrombin inhibi-
tors, thrombin receptor inhibitors are expected to have
minimal bleeding side-effects [52]. In addition, receptor
antagonists will have a direct effect on thrombin-induced
mitogenesis in smooth muscle cells. Thus, this class of com-
pounds will have a dual action on platelets and smooth muscle
cells that should reduce the risk of restenosis after angioplasty.

In summary, SCH 79797 and SCH 203099 represent the
first potent, non-peptidic class of selective PAR-1 antago-
nists that effectively inhibit PAR-1 on human platelets and
hCASMC. The present study demonstrates for the first
time that thrombin stimulation of calcium mobilization and
mitogenesis of hCASMC is mediated by PAR-1 activation,
in contrast to the involvement of multiple thrombin
receptors in platelet activation. This new pyrroloquinazo-
line class of selective thrombin receptor antagonists will
serve as useful tools to clarify the role of PAR-1 in
restenosis and other pathophysiological conditions.

We thank Dr. C. Strader for her support during the course of this study.
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