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The effects of 2*- and 3*-O-(4-benzoylbenzoyl)-ATP
BzATP) on intracellular Ca21 mobilization and cyclic
MP accumulation were investigated using rat brain
apillary endothelial cells which express an endoge-
ous P2Y1 receptor, human platelets which are known
o express a P2Y1 receptor, and Jurkat cells stably
ransfected with the human P2Y1 receptor. In endo-
helial cells, BzATP was a competitive inhibitor of
-methylthio ADP (2-MeSADP) and ADP induced
Ca21]i responses (Ki 5 4.7 mM) and reversed the inhi-
ition by ADP of adenylyl cyclase (Ki 5 13 mM). In
uman platelets, BzATP inhibited ADP-induced aggre-
ation (Ki 5 5 mM), mobilization of intracellular Ca21

tores (Ki 5 6.3 mM), and inhibition of adenylyl cyclase.
n P2Y1-Jurkat cells, BzATP inhibited ADP and
-MeSADP-induced [Ca21]i responses (Ki 5 2.5 mM). It
as concluded that BzATP is an antagonist of rat and
uman P2Y1 receptors and of platelet aggregation. In
ontrast to other P2Y1 receptor antagonists (A2P5P
nd A3P5P) which inhibit only ADP-induced Ca21 mo-
ilization, BzATP inhibits both the Ca21- and the
AMP-dependent intracellular signaling pathways of
DP. These results provide further evidence that P2Y1

eceptors contribute to platelet ADP responses. © 1999

cademic Press

Purinergic responses of the P2 type are mediated by
wo classes of membrane receptor, ionotropic P2X and
etabotropic P2Y receptors, which comprise proteins

f variable molecular structure (1, 2). P2Y1 receptors
rom chicken (3), turkey (4), bovine (5), rat, mouse (6),
nd human (7) species have now been structurally
dentified.

Several antagonists of P2Y1 receptors have been de-
cribed to date: pyridoxal phosphate-6-azophenyl-29,49
isulfonic acid (PPADS) (8, 9), adenosine-29-phos-
hate-59-phosphate (A2P5P), adenosine-39-phosphate-
94006-291X/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
10,11), ATP and its 2- substituted derivatives, 2-chloro
TP (2-ClATP) and 2-methylthio ATP (2-MeSATP) (12,
3) and N6-methyl 29-deoxyadenosine 39,59-bisphos-
hate (14). The P2Y1 receptor is now believed to play
role in ADP induced platelet activation by mediat-

ng mobilization of intracellular Ca21 stores (12, 13,
5–17).
This paper describes the effects of 29- and 39-O-(4-

enzoylbenzoyl)-ATP (BzATP) on purinoceptor re-
ponses. BzATP is a selective agonist of the pore form-
ng P2Z receptor now identified as the P2X7 receptor
18) and has also been reported to be a full agonist of
he P2Y1 receptor of turkey erythrocytes (10, 19). The
resent results show that BzATP is on the contrary an
ntagonist of the endogenous P2Y1 receptor expressed
y rat endothelial cells, of the human P2Y1 receptor
xpressed in Jurkat cells and of platelet aggregation.

ATERIALS AND METHODS

Chemicals. ATP, ADP, BzATP, prostaglandin E1 (PGE1), isobutyl
ethyl xanthine, forskolin and cholera toxin were from Sigma
hemicals (St. Quentin-Fallavier, France). Indo-1/AM and fura-
/AM were from Calbiochem (Meudon, France). 2-MeSADP was from
esearch Biochemicals International (Natick, USA) and adenosine
9-O-(1-thiotriphosphate) (Sp isomer) (ATPaS) from Boehringer
Mannheim, Germany).

Intracellular Ca21 measurements. Procedures for the preparation
f cells of the B7 (20) and B10 clones (21), of Jurkat cells stably
ransfected with the human P2Y1 receptor (P2Y1-Jurkat cells) (12)
nd washed human platelets (11) have been described previously.
ntracellular Ca21 measurements in intact cells were performed us-
ng flow cytometric analysis of indo-1 loaded cells (12, 22). Human
latelet rich plasma was centrifuged at 1570g for 15 min and the
latelet pellet was resuspended in albumin and Ca21 free Tyrode’s
uffer at a density of about 6 3 105 platelets ml21. The cells were
oaded with 2 mM fura-2/AM for 45 min at 37°C in the dark, washed
n Tyrode’s buffer containing 0.35% human serum albumin and
nally resuspended at 37°C at a density of 3 3 105 platelets ml21 in
yrode’s buffer containing 0.02 units ml21 apyrase, 0.1% essentially

atty acid free human serum albumin and 2 mM Ca21. Aliquots of
ura-2 loaded platelets were transferred to 10 3 10-mm quartz



cuvettes maintained at 37°C. Fluorescence measurements were per-
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ormed under continuous stirring, in a PTI Deltascan spectroflu-
rometer (Photon Technology International Inc, Princeton, NJ). The
xcitation wavelength was alternately fixed at 340 and 380 nm and
uorescence emission was recorded at 510 nm. Platelets were stim-
lated with 0.3 mM ADP in the presence or absence of BzATP and the

ura-2 fluorescence ratio was determined at the peak of the transient
ntracellular Ca21 rise.

Adenylyl cyclase assay. B7 cells were incubated at 37°C in Earle’s
alt solution containing 100 ng ml21 cholera toxin. After 30 min, 1
M isobutyl methyl xanthine was added, followed by agonists 15
in later and incubation was continued for a final 15 min. The

eaction was stopped by addition of 10% (v/v) ice-cold 6.6 N perchloric
cid and the incubation solution was eliminated by centrifuging the
ubes at 2000g for 30 s.

A 450-ml aliquot of washed platelet suspension was stirred at 1100
pm in an aggregometer cuvette and the following reagents were
dded at 30-s intervals: 10 mM PGE1 (or vehicle), 100 mM BzATP or
00 mM ATPaS (or vehicle) and 5 mM ADP (or vehicle), where the
ehicle was Ca21 and Mg21 free Tyrode’s buffer. One minute later,
he reaction was stopped by addition of 50 ml ice-cold 6.6 N perchloric
cid.
Perchloric acid extracts were centrifuged at 11,000g for 5 min to

emove protein precipitate. cAMP was quantified by radioimmuno-
ssay using commercial kits (Immunotech, Luminy, France or Am-
rsham, Les Ulis, France) and cell proteins were determined accord-
ng to Bradford (23).

Platelet aggregation. Platelet aggregation was measured at 37°C
y a turbidimetric method in a dual-channel Payton aggregometer
Payton Associates, Scarborough, Ontario, Canada). A 450-ml aliquot
f washed platelet suspension was stirred at 1100 rpm and activated
y addition of agonists to a final volume of 500 ml.

Data analysis. All experiments were carried out in triplicate and
ere repeated at least three times and results are reported as the
verall mean (6SEM). On the figures, which show representative
lots, when no error bars are visible these were smaller than the size
f the points. Dose-response curves were fitted to a logistic equation
sing Sigma plot software, while Ki values were determined either
y generating Schild plots or through the Cheng-Prüssoff relation-
hip.

ESULTS

Effects of BzATP in endothelial cells. Two clones of
ndothelial cells were employed, B7 cells which express
oth P2Y1 and P2Y2 receptors and B10 cells which
xpress only P2Y1 receptors (20, 21, 24). It was first
onfirmed that BzATP alone (up to 1 mM) had no
nfluence on [Ca21]i levels in either B7 or B10 cells.

2-MeSADP, a potent and selective agonist of the
2Y1 receptor of B7 cells, produced a half-maximum

ncrease in [Ca21]i at a concentration (EC50) of 100 6 10
M (n 5 4). BzATP inhibited the action of 2-MeSADP
y shifting its dose–response curve to higher concen-
rations (Fig. 1A). In three independent experiments,
he inhibitory constant (Ki) for BzATP estimated from
child plots was 3.2 6 0.7 mM. Identical results were
btained in B10 cells, where EC50 values for 2-MeSADP
ere 30 nM, 0.2 mM and 3 mM in the presence of 0, 10
M and 100 mM BzATP respectively (data not shown)
nd the Schild plot indicated a Ki value of 2.8 mM.
ose–response curves were also determined for the

nhibition by BzATP of the response to 1 mM
95
-MeSADP in B7 cells (Fig. 1B). Half maximum inhi-
ition was observed at 25 mM BzATP. A Ki value of
.3 6 2.3 mM was calculated from the results of three
ndependent experiments using the Cheng-Prüsoff re-
ationship.

ADP is the natural agonist of P2Y1 receptors. Al-
hough high concentrations of ADP were previously
ound to activate P2Y2 receptors on B7 cells (20), this is
ow known to be due to trace amounts of ATP contam-

nating the ADP solutions (25). The effects of BzATP on
DP responses were examined using B10 cells, which
xpress only P2Y1 receptors (24). BzATP inhibited the
ction of ADP by shifting its dose–response curve to
igher concentrations, without modifying its maxi-
um efficacy. EC50 values for ADP were 1, 3, and 20
M in the presence of 0, 10, and 100 mM BzATP,
espectively (data not shown) and the Schild plot, of
lope close to unity, indicated a Ki of 5.6 mM for BzATP.
ose-response curves for the inhibition by BzATP of

he response to 3 mM ADP gave a similar Ki value of
.8 6 0.2 mM in three independent experiments.
Thus, BzATP acted as a competitive inhibitor of the

ffects of ADP and 2-MeSADP on endothelial cells,
ith an overall Ki value of 4.7 6 0.8 mM as estimated

rom five different types of experiment.
ADP inhibits cholera toxin stimulated adenylyl cy-

lase in endothelial cells and its action is prevented by
ertussis toxin (24). BzATP did not stimulate cAMP

ormation in B7 cells (Table 1), whereas addition of
holera toxin increased cAMP levels by 60 fold and this
ffect was partially inhibited by 30 mM ADP. The IC50

alue for ADP was 7.9 6 2.5 mM (n 5 6). BzATP
artially reversed the action of ADP (Table 1) and
ose–response curves for the inhibition by BzATP of
he response to 30 mM ADP in B7 cells gave an IC50

alue of 60 mM and a Ki value of 13 mM.

Effects of BzATP on human platelets. BzATP inhib-
ted ADP induced aggregation of human platelets. This
nhibition resulted from a shift of the ADP dose–

FIG. 1. Inhibitory actions of BzATP in endothelial cells. (Left)
ndo-1-loaded B7 cells were stimulated with the indicated concen-
rations of 2-MeSADP and of BzATP and indo-1 fluorescence was
easured after 15 s. EC50 values for 2-MeSADP were 0.15 mM

control, F), 0.5 mM (10 mM BzATP, E), 3 mM (100 mM BzATP, ■),
nd 8 mM (300 mM BzATP, h). A Schild plot of the data had a slope
lose to unity and indicated a Ki value for BzATP of 4.6 mM. (Right)
ose–response curve for the inhibition by BzATP of 2-MeSADP

nduced [Ca21]i responses in endothelial cells.
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esponse curve to higher concentrations (Fig. 2A) and a
child plot of the data indicated a Ki value of 5 mM.
It is now well established that ADP triggers both
a21 and cAMP dependent signaling pathways in
latelets. BzATP inhibited the [Ca21]i rise induced by
.3 mM ADP in fura-2 loaded platelets (Fig. 2B), with
n IC50 value of 12.5 mM and a Ki value of 6.3 mM.
lthough without effect on basal or PGE1 stimulated

ormation of cAMP in human platelets, BzATP par-
ially reversed the ADP induced inhibition of cAMP
ormation in PGE1 activated platelets (Table 2). The
ame result was obtained using ATPaS, a well known
nhibitor of ADP induced aggregation, intracellular
a21 increases and adenylyl cyclase inhibition in hu-
an platelets (26, 27). Thus, BzATP inhibited ADP

nduced platelet aggregation by intervening in both
a21 and cAMP dependent intracellular signaling
athways.

Effects of BzATP on P2Y1-Jurkat cells. ADP and
-MeSADP induce the mobilization of intracellular
a21 stores in P2Y1-Jurkat cells (13), with EC50 values
f 200 6 60 nM (n 5 3) and 10 6 3 nM (n 5 3)

BzATP Inhibits the Coupling of ADP Receptors
to Adenylyl Cyclase in B7 Cells

Additions
cAMP

(nmol/mg protein)

Control 0.11 6 0.01 (n 5 3)
BzATP (0.3 mM) 0.14 6 0.02 (n 5 3)
Cholera toxin 6.13 6 0.14 (n 5 6)
Cholera toxin 1 ADP (30 mM) 3.23 6 0.17 (n 5 6)
Cholera toxin 1 ADP (30 mM)

1 BzATP (0.3 mM)
4.84 6 0.13 (n 5 6)

Note. n denotes the number of experiments.

FIG. 2. Inhibitory actions of BzATP human platelets. (Left) Ag-
regation of washed human platelets was induced by addition of the
ndicated concentrations of ADP in the presence of BzATP. EC50

alues for ADP were 1.8 mM (control, F), 12.4 mM (10 mM BzATP, E),
6 mM (30 mM BzATP, ■), and 37 mM (100 mM BzATP, h). A Schild
lot of the data had a slope of 0.8 and indicated a Ki value for BzATP
f 5 mM. (Right) Fura-2 loaded platelets were stimulated with 0.3 mM
DP in the presence of 2 mM extracellular Ca21 and BzATP. Fluo-

escence ratios were determined at the peak of the transient [Ca21]i
ise.
96
espectively. BzATP itself had no influence on [Ca21]i
evels but inhibited the effects of ADP and 2-MeSADP
Fig. 3). The Ki value for BzATP was calculated to be
.8 6 0.4 mM (n 5 3) in experiments using ADP and
.2 6 0.5 mM (n 5 3) in experiments using 2-MeSADP.
s in previous work, no positive or negative coupling of
2Y1 receptors to adenylyl cyclase could be detected in
2Y1-Jurkat cells (11).
Thus, BzATP was an antagonist of the human P2Y1

eceptor expressed by P2Y1-Jurkat cells, having a
ean Ki value of 2.5 mM as estimated from two types

f independent experiment.

ISCUSSION

Activation by ADP or 2-MeSADP of the endogenous
2Y1 receptor of rat brain capillary endothelial cells or
he human P2Y1 receptor stably expressed on Jurkat
ells is accompanied by a large increase in [Ca21]i re-
ulting mainly from the mobilization of intracellular
a21 stores (12, 20). The present study shows that this
ction of ADP and 2-MeSADP is inhibited by BzATP.
ll evidence supports the hypothesis that BzATP is a
ompetitive antagonist of ADP and 2-MeSADP actions:
i) BzATP shifts the dose–response curves of these
gonists to higher concentrations and (ii) Schild plots

BzATP Inhibits the Coupling of ADP Receptors
to Adenylyl Cyclase in Human Platelets

Additions
cAMP

(pmol/108 platelets)

Control 3.45 6 0.09
BzATP (0.1 mM) 3.36 6 0.08
PGE1 (10 mM) 25.39 6 0.75
PGE1 (10 mM) 1 BzATP (0.1 mM) 25.16 6 0.52
PGE1 (10 mM) 1 ADP (5 mM) 7.36 6 0.34
PGE1 (10 mM) 1 ADP (5 mM)

1 BzATP (0.1 mM)
18.88 6 0.20

PGE1 (10 mM) 1 ADP (5 mM)
1 ATPaS (0.1 mM)

22.50 6 0.48

Note. Values are means 6 SEM from four independent experi-
ents.

FIG. 3. Inhibitory actions of BzATP in P2Y1-Jurkat cells. Indo-1
oaded P2Y1-Jurkat cells were treated with 0.3 mM ADP and BzATP.
ndo-1 fluorescence was measured after 15 s.
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rom PPADS (22) in that its action is immediate and
oes not require preequilibration with the cells to be
bserved. Overall Ki values for BzATP were 4.7 mM in
at endothelial cells and 2.5 mM in P2Y1-Jurkat cells.
hese values are 5 to 10 times lower than the Ki values
hat have been previously reported for ATP, 2-ClATP
nd 2-MeSATP (12, 13). They are similar to the Ki
alues reported for A2P5P, A3P5P, and their sulfate
erivatives (10, 11). They are 20 to 100 times higher
han the Ki value for N6-methyl 29-deoxyadenosine
9,59-bisphosphate at the turkey P2Y1 receptor (14).
It is noteworthy that BzATP is an agonist rather

han an antagonist of turkey P2Y1 receptors (10, 19)
nd whether this is due to species differences or to
eceptor expression levels (28) is not yet known. Simi-
ar discrepancies have been observed for A3P5P and
3P5PS. These compounds are partial agonists of the

urkey P2Y1 receptor on erythrocyte membranes and of
he turkey receptor stably expressed in 1321N1 astro-
ytoma cells (10), but are simple competitive antago-
ists of the human P2Y1 receptor stably expressed in
strocytoma (10) or Jurkat cells (11) and of the endog-
nous receptor of rat endothelial cells (11).
In platelets, ADP induces a rapid influx of Ca21 medi-

ted by P2X1 receptors (29, 30), mobilization of intracel-
ular Ca21 stores and inhibition of adenylyl cyclase (26,
7, 31). Similarly, in rat brain capillary endothelial cells
f the B10 clone, ADP induces mobilization of intracellu-
ar Ca21 stores (21) and inhibition of adenylyl cyclase
24). Recent pharmacological evidence suggests that
hile ADP induced mobilization of intracellular Ca21

tores is mediated by known P2Y1 receptors, ADP in-
uced inhibition of adenylyl cyclase may be mediated by
yet to be characterized P2TAC receptor (15–17). P2Y1

eceptors would be specifically blocked by PPADS, A2P5P
nd A3P5P (8, 9, 13, 24). P2TAC receptors could be spe-
ifically blocked by ARL 66096 (15). This study shows
hat BzATP differs from other P2Y receptor antagonists
PPADS, A2P5P, A3P5P, and ARL 66096) in that they
nhibit both the Ca21 and the cAMP dependent intracel-
ular signaling pathways of ADP in endothelial cells and
latelets. This property is shared however by ATP and
elated analogs such as ATPaS, 2-MeSATP and 2-ClATP
11–13).
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7. Léon, C., Vial, C., Cazenave, J. P., and Gachet, C. (1996) Gene
171, 295–297.

8. Brown, C., Tanna, B., and Boarder, M. R. (1995) Br. J. Pharma-
col. 116, 2413–2416.

9. Schachter, J. B., and Harden, T. K. (1997) Br. J. Pharmacol. 121,
338–344.

0. Boyer, J. L., Romero-Avila, T., Schachter, J. B., and Harden,
T. K. (1996) Mol. Pharmacol. 50, 1323–1329.
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0. Vial, C., Hechler, B., Léon, C., Cazenave, J. P., and Gachet, C.

(1997) Thromb. Haemost. 78, 1500–1504.
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