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Summary

The identity of the receptors mediating platelet activation by ADP
remains elusive. To distinguish between platelet ADP receptor sub-
types, the effects of antagonists on platelet responses and the cloned
P2Y1 receptor, a putative platelet ADP receptor, have been investigat-
ed. 2-methylthio-AMP (2MeSAMP), an inhibitor of ADP-dependent
platelet aggregation, antagonized ADP-mediated inhibition of adenylyl
cyclase, competed with binding of [3H]2-methylthio-ADP and inhibit-
ed the stimulation of [35S]GTPgS binding. 2MeSAMP did not inhibit
platelet shape change and was only a weak antagonist of intracellular
calcium mobilization in platelets or in cells expressing the cloned hu-
man P2Y1 receptor. By contrast, the P2Y1 receptor antagonist adeno-
sine 3’,5’-diphosphate (A3P5P) inhibited ADP-induced platelet aggre-
gation, completely abolished shape change, but did not antagonize
ADP effects on cyclic AMP generation or [3H]2-methylthio-ADP bind-
ing. However, A3P5P antagonized intracellular calcium mobilization in
platelets and cells expressing the cloned P2Y1 receptor. Furthermore,
using a specific monoclonal antibody and flow cytometry, P2Y1 recep-
tor protein was detected on human platelets. These results support the
existence of two G protein-coupled ADP receptors mediating platelet
aggregation, one of which is coupled to Gi proteins and blocked by
2MeSAMP, whereas the second receptor is similar or identical to P2Y1

and coupled to Gq.

Introduction

ADP induces platelet aggregation and shape change and, in concert
with other agonists such as thrombin and collagen, contributes to hemo-
stasis and to pathological thrombus formation and vascular occlusion.
Inhibitors of ADP-dependent platelet activation are efficacious anti-
thrombotic drugs (1). On the intracellular level, ADP induces various
signaling events, including the activation of heterotrimeric G proteins,
the inhibition of adenylyl cyclase and transient elevation of intracellu-
lar calcium. Conflicting data have been reported regarding the receptor-
mediated activation of phospholipase C and A2 (1-5).

The identity of the platelet ADP receptors mediating aggregation
and other responses has been elusive. Despite some discrepancies, the
pharmacological profile of platelet ADP responses and the high-affin-
ity binding site for the potent agonist 2MeSADP were generally
thought to be consistent with a unique platelet ADP receptor antago-
nized by ATP. The very rapid calcium influx caused by ADP in plate-

lets has been attributed to an additional receptor with characteristics of
a ligand-gated ion channel (2, 3, 5, 6). Other platelet membrane pro-
teins that bind adenosine or ATP derivatives have been proposed to be
ADP receptors but their functional relevance for platelet ADP respons-
es remains to be defined (4, 7).

Receptors recognizing adenine and uridine nucleotides have been
classified as P2 receptors, with G protein-coupled receptors being re-
ferred to as P2Y receptors and ligand-gated ion channels as P2X recep-
tors (8-10). Since ADP activates heterotrimeric G-proteins and initiates
signaling pathways typical of G-protein coupled receptors in platelets,
it has been proposed to refer to the previously termed P2T receptor as
P2YADP, until the molecular structure has been clearly identified (10).
Recently, it has been shown that in contrast to earlier observations, the
previously cloned P2Y1 receptor is an ADP receptor antagonized by
ATP and therefore might be the elusive ADP receptor mediating plate-
let aggregation and typical G-protein coupled responses (11-13). In
addition, P2Y1 RNA has been detected in platelets and cells of mega-
karyoblastic origin (11). However, other investigators reported that
antagonists of the cloned P2Y1 receptor inhibited only some platelet
responses to ADP. By contrast, ARL66096, a specific antagonist of
ADP-dependent aggregation, selectively inhibited the cAMP response
of ADP, contradicting the model of a single G protein-coupled ADP
receptor (14, 15). The relevance for platelet function of the third ADP
receptor, a ligand-gated ion channel of the P2X family, could not be
determined (14-17).

In this study, three approaches have been used to help clarify the role
of the P2Y1-like receptor and other G protein-coupled ADP receptors
on platelets. First, we have characterized previously unidentified 
selective properties of 2-methylthioadenosine 5’-monophosphate
(2MeSAMP) and used it together with a P2Y1 antagonist to discrimi-
nate between two ADP receptors on human platelets leading to aggre-
gation, shape change, and intracellular signaling events. Second, the
human P2Y1 receptor has been cloned and expressed and the effect of
the antagonists on the P2Y1 receptor have been compared to those on
platelet responses. Third, the presence on platelets of the P2Y1 receptor
protein was investigated with a monoclonal antibody.

Materials and Methods

Materials

Apyrase (grade V), forskolin, adenosine 3’, 5’ diphosphate (A3P5P), 
prostaglandin I2, GDP, GTPgS, bovine serum albumin were obtained from 
Sigma (St. Louis, MO). 2MeSADP (2-methylthioadenosine 5’-diphosphate),
2MeSAMP (2-methylthioadenosine 5’-monophosphate, custom synthesis),
IBMX (3-isobutyl-1-methylxanthine) and 8-(p-sulphophenyl)theophylline
were from Research Biochemicals International (Natick, MA). ADP and pro-
tease inhibitors were purchased from Boehringer Mannheim (Indianapolis, IN).
[3H]2-MeS-ADP ([3H]2-methylthioadenosine-5’-diphosphate, ammonium salt;
specific activity 49 Ci/mmole, custom synthesis), the Biotrak cAMP[125I] assay
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system and [35S]GTPgS were obtained from Amersham (Arlington Heights,
IL). Human fibrinogen was from American Diagnostics (Greenwich, CT), 
Fura-2AM (fura-2 acetoxymethylester) from Molecular Probes (Eugene, OR),
keyhole limpet hemocyanin from Pierce (Rockford, IL), cell culture reagents
and G418 (Geneticin) from Gibco BRL (Gaithersburg, MD), the expression
vector pcINeo from Promega (Madison, WI), and Jurkat cells from ATCC
(Rockville, MD), F(ab’)2 phycoerythrin-conjugated goat anti-mouse IgG was
purchased from Jackson ImmunoResearch Laboratories (West Grove, PA).

Methods

Platelet Preparation and Aggregation

Human venous blood was collected from healthy, drug-free volunteers 
into 1⁄8 volume of ACD containing prostaglandin I2 (85 mM sodium citrate, 
111 mM glucose, 71.4 mM citric acid, 1.6 mM PGI2). Platelet-rich plasma
(PRP) was prepared by centrifugation at 160 3 g for 20 min at room tempera-
ture. PRP was centrifuged for 10 min at 730 3 g and the platelet pellet resus-
pended in CGS (13 mM sodium citrate, 30 mM glucose, 120 mM NaCl) con-
taining 1 U/ml apyrase. After incubation at 37° C for 15 min, the platelets were
collected by centrifugation at 730 3 g for 10 min and resuspended at a concen-
tration of 3 3 108 platelets/ml in HEPES-Tyrode’s buffer (10 mM HEPES, 
138 mM NaCl, 5.5 mM glucose, 2.9 mM KCl, 12 mM NaHCO3, pH 7.4) con-
taining 0.1% BSA, 1 mM CaCl2 and 1 mM MgCl2. This platelet suspension was
kept for at least 45 min at 37° C before use in aggregation assays. Inhibition of
ADP-dependent aggregation was determined in 96-well flat-bottom microtiter
plates at room temperature to facilitate simultaneous processing of samples
(18). This method yielded results similar to those derived from aggregometer
readings. The total reaction volume of 0.2 ml/well included in HEPES-Tyrodes
buffer/0.1% BSA: 4.5 3 107 apyrase-washed platelets, 0.5 mg/ml human 
fibrinogen, serial dilutions of inhibitors and 2 mM ADP which induces sub-
maximal aggregation. The absorption of the samples was then determined at
490 nm using a microtiter plate reader (Softmax, Molecular Devices) resulting
in the 0 minute reading. The plates were then agitated for 5 min on a microtiter
plate shaker and the 5 min reading obtained in the plate reader. Aggregation
was calculated from the decrease of absorption at 490 nm at 5 min compared
to 0 min and expressed as % of the decrease in the ADP control samples
corrected for changes in the unaggregated control samples. Dose-response
curves and IC50s were derived by non-linear regression analysis from three
independent experiments using the Prism software (GraphPad, San Diego CA).

Platelet Shape Change

Shape change was determined with apyrase-washed human platelets pre-
pared as described above for aggregation assays. Platelet suspensions were
diluted to 5 3 107 platelets/ml. EDTA (final concentration of 5 mM) was
added under stirring to 0.5 ml platelet samples in an aggregometer (Chronolog)
at 37° C, followed by antagonists and 1 mM ADP. Shape change resulted in a
stable decrease of transmission.

Determination of Cyclic AMP Levels

Apyrase-washed human platelets were prepared as described above and
resuspended in HEPES-Tyrode’s buffer/0.1% BSA/1 mM CaCl2 at a concentra-
tion of 108/ml at room temperature. Aliquots of 0.2 ml were preincubated with
0.5 mM IBMX for 10 min at 37° C. The platelets were then incubated for an ad-
ditional 10 min with 50 mM forskolin, 1 mM ADP and antagonists as indicated.
The incubation was terminated by addition of 0.4 ml of ice-cold ethanol. Ex-
tracts were obtained by mixing and centrifugation. Cyclic AMP levels were
determined using a radioimmunoassay (Amersham Biotrak cAMP[125I] assay
system).

[3H]2MeSADP Binding

[3H]2MeSADP binding to washed human platelets was determined using a
rapid filtration assay. Apyrase-washed platelets were prepared as described

above, except for a final resuspension at a concentration of 6.7 3 108 plate-
lets/ml in HEPES-Tyrode’s buffer containing 0.1% BSA without CaCl2 or
MgCl2 to reduce ectonucleotidase activity. Platelets were allowed to recover for
45 min at room temperature and then binding experiments were performed. 
Apyrase-washed platelets (1 3 108) were incubated with test compounds and 
1 nM [3H]2MeSADP in a final volume of 0.2 ml HEPES-Tyrode’s buffer/0.1%
BSA. Total binding was determined in the absence of test compounds and non-
specific binding in the presence of 10 mM unlabelled 2MeSADP. After 15 min
incubation at 4° C reactions were terminated by addition of ice-cold 10 mM
HEPES pH 7.4, 138 mM NaCl, rapid filtration through GF/C glassfiber filters
and three subsequent washes using a cell harvester (Brandel, Gaithersburg,
MD). The platelet-bound radioactivity was determined in a scintillation coun-
ter. Specific binding was determined by subtraction of nonspecific binding
from total binding. Competition binding data were analyzed using the Prism
software (GraphPad, San Diego, CA) and Ki‘s were estimated according 
to the equation Ki = IC50/(1 + [L]/KD), where [L] was the concentration of
[3H]2MeSADP (1 nM) and KD the affinity constant as determined by saturation
binding (0.6 nM).

Binding of [35S]GTPgS to Platelet Membranes

Human platelet membranes were prepared from apheresis units obtained
from blood banks. Platelets were washed with CGS and resuspended in ice-cold
10 mM HEPES pH 7.4, 5 mM EGTA, 0.1 mM PMSF at about 1010 platelets/ml
and aliquots sonicated 2-3 3 for 10 s. Lysates were centrifuged for 10 min at
550 3 g and the resulting supernatant spun for 30 min at 37,500 3 g to pellet
crude membranes. Membranes were stored frozen in 10 mM HEPES pH 7.4, 
5 mM MgCl2, 0.1 mM EDTA 0.1 mM PMSF, 20 mg/ml antipain, 8 mg/ml beta-
statin, 10 mg/ml chymostatin, 1 mg/ml F-64, 0.5 mg/ml leupeptin, 0.66 mg/ml
pepstatin, 20 mg/ml phosporamidon, and 1 mg/ml aprotinin. Before use, 
thawed membranes were washed twice by resuspension and centrifugation at
13,000 rpm in an Eppendorf centrifuge with 50 mM Tris 7.5, 1 mM EDTA.
[35S]GTPgS binding assays were performed similar to published procedures
(19) in 0.1 ml containing 10 mg membrane protein, 50 mM Tris pH 7.5, 1 mM
EDTA, 2 mM MgCl2, 1 mM DTT, 10 mM GDP, 0.5 nM [35S]GTPgS, and ago-
nists and antagonists as indicated. Nonspecific binding was determined in the
presence of 10 mM GTPgS. After 45 min at room temperature, membrane-
bound [35S]GTPgS was determined by rapid filtration in a cell harvester
(Brandel, Gaithersburg, MD) using GF/C filters and three subsequent washes
with 20 mM Tris pH 7.5 and 5 mM MgCl2. Bound radioactivity was determined
by liquid scintillation counting. Specific binding was determined by subtracting
nonspecific from total binding.

Cloning and Expression of the Human P2Y1 Receptor

A genomic fragment encompassing the entire open reading frame of the
human P2Y1 receptor plus 220 bp of 3’ untranslated region and 10 bp 5’ to the
ATG initiation codon was isolated from a human genomic DNA library using a
human P2Y1 probe derived from RT-PCR of Dami cell RNA and standard
molecular biology techniques. The deduced amino acid sequence was as de-
scribed (20). This fragment was cloned into the mammalian expression vector
pcINeo and transfected into Jurkat cells by electroporation. G418 (Geneticin)
selection and subcloning resulted in the clonal cell line hP2Y1-JA7 stably
expressing the human P2Y1 receptor. Transfected Jurkat cells were maintained
in RPMI medium containing 10% fetal bovine serum and 0.8 mg/ml Geneticin.
The pharmacological profile of the expressed receptor was verified in Ca++

mobilization assays with Fura-2 loaded cells.

Determination of Intracellular Ca++ Concentrations in Platelets 
and hP2Y1-JA7 Cells

Human platelet-rich plasma (PRP) was prepared as described above and 
incubated with 4 mM Fura-2AM in the presence of 0.008% Pluronic F-127 for
45 min at 37° C. Platelets were collected by centrifugation of PRP for 10 min 
at 730 3 g, resuspended in CGS containing 1 U/ml apyrase and incubated at
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37° C for 15 min. After centrifugation at 730 3 g for 10 min platelets were
resuspended at a concentration of 2 3 108 platelets/ml in HEPES-Tyrode’s
buffer containing 0.1% BSA and 1 mM CaCl2 and kept at room temperature for
calcium determinations.

Jurkat cells expressing the hP2Y1 receptor (hP2Y1-JA7 cells) were washed
and resuspended in HEPES-Tyrodes buffer/0.1% BSA/1 mM CaCl2 at 
107 cells/ml at 37° C. Cells were then loaded with 4 mM Fura-2AM in the pres-
ence of 0.008% Pluronic F-127 for 30 min at 37° C. After centrifugation, cells
were incubated for 15 min at 37° C in buffer with 1 U apyrase/ml and after a 
final spin resuspended at a concentration of 2 3 106 cells/ml at 4° C.

Intracellular calcium measurements were performed with an SLM-Aminco
AB2 spectrofluorimeter using the ratio method (excitation wavelengths: 340
and 380 nm; emission wavelength: 510 nm). Aliquots of platelets or cells 
(0.5 ml) were warmed up for 1 min at 37° C and calcium responses were deter-
mined after addition of submaximal agonist concentrations (10 mM ADP for
platelets and 0.1 mM 2MeSADP for hP2Y1-JA7 cells) in the absence and pres-
ence of various concentrations of test compounds. Maximum fluorescence
ratios were obtained by addition of 100 mM digitonin, minimum ratios after
addition of 20 mM Tris and 10 mM EGTA. Fluorescence ratio measurements
were then converted to calcium concentrations (21). Increases in intracellular
calcium levels were determined by subtraction of baseline levels from peak 
calcium levels.

Generation of Monoclonal Antibodies to the Human P2Y1 Receptor 
and Flow Cytometry

A peptide corresponding to the amino-terminal 16 amino acids of the de-
duced P2Y1 protein sequence (MTEVLWPAVPNGTDAAC) was synthesized
using an Applied Biosystems 431 peptide synthesizer with a carboxy-terminal
cysteine residue added for conjugation. The peptide was conjugated to keyhole
limpet hemocyanin according to manufacturer’s specifications for use as anti-
gen (50-100 mg/mouse) to immunize IRCF-1 mice. Positive hybridomas were
detected by peptide ELISA. Supernatants from positive clones were screened
by flow cytometry for activity against mammalian cells using the hP2Y1-JA7
cell line and clones with the best responses used to generate ascites. Antibodies
were purified from ascites using protein A-sepharose (22). For flow cytometry,
washed human platelets, Jurkat and hP2Y1-JA7 cells were resuspended in
FACS Buffer (phosphate-buffered saline containing 0.1% BSA and 2% heat-
inactivated fetal bovine serum). Cells (8 3 105 platelets, 5 3 105 Jurkat or
hP2Y1-JA7 cells) were incubated with 5-20 mg/ml of the anti-hP2Y1 mono-
clonal antibody (PY1-520.1) in a total volume of 50 ml for 30 min at 4° C. In
some experiments, the anti-P2Y1 antibody was preincubated with a 200-fold
molar excess of the amino-terminal P2Y1 peptide for 30 min at room tempera-
ture. Cells were then washed with ice-cold FACS buffer and incubated with
2.5 mg/ml of F(ab’)2 phycoerythrin-conjugated goat anti-mouse antibody for
30 min at 4° C. Cells and platelets were washed and resuspended in ice-cold
FACS buffer and fluorescence of cell-bound phycoerythrin-conjugated sec-
ondary antibody was determined with a FACSort flow cytometer (Becton-
Dickinson, San Jose, CA). Control samples contained cells without antibodies
for determination of autofluorescence or cells with secondary antibody alone.

Results

Effect of P2 Receptor Antagonists on ADP-induced 
Platelet Aggregation

A major limitation for the investigation of the physiological role of
P2 receptor subtypes on cells is the lack of a panel of selective antago-
nists. 2MeSAMP (2-methylthioadenosine 5’-monophosphate) has been
described as an antagonist of ADP-induced platelet aggregation, but ef-
fects on other platelet responses have not been published (23, 24).
A3P5P is a competitive and selective antagonist of the cloned human
P2Y1 receptor and has been used in this study to address the putative
role of the P2Y1 receptor on platelets (25). First, the effect of the antag-

onists on platelet aggregation was determined. ADP induced the aggre-
gation of washed platelets with an EC50 of 0.76 ± 0.25 mM (mean ± s.d.,
n = 7). Aggregation induced by 2 mM ADP was antagonized by 
2MeSAMP with an IC50 of 1.0 ± 0.2 mM (n = 3, Fig. 1). Interestingly,
the P2Y1 antagonist A3P5P inhibited aggregation only partially with
50% inhibition at 67 ± 21 mM. The inhibitory effect of 2MeSAMP on
aggregation appeared to occur directly on ADP receptors and not indi-
rectly by activation of platelet adenosine A2A receptors because addi-
tion of 0.3 mM 8-(p-sulphophenyl)theophylline, an adenosine receptor
antagonist, did not decrease their potency (data not shown).

Effect of P2 Receptor Antagonists on ADP-mediated Repression 
of Cyclic AMP Levels

ADP represses elevated cyclic AMP levels in platelets consistent
with a Gi protein-linked ADP receptor coupled to inhibition of adenylyl
cyclase. Therefore we investigated whether 2MeSAMP and A3P5P 
inhibit ADP-induced aggregation by blocking the adenylyl cyclase-
coupled receptor. We have previously established that in washed plate-
lets, forskolin-stimulated cyclic AMP levels were repressed 90-95% by
ADP with a half-maximal effect at 0.3 mM. The inhibitory effect of 
1 mM ADP on stimulated cyclic AMP levels was antagonized by 
2MeSAMP with an IC50 of 0.57 ± 0.11 mM (n = 3, Fig. 2a). The poten-
cy of 2MeSAMP in reversing the cyclic AMP effect of ADP was com-
parable to the potency in inhibiting ADP-induced platelet aggregation.
However, the P2Y1 antagonist A3P5P, which partially inhibited aggre-
gation, had no effect even at a concentration of 200 mM (Fig. 2a). No
direct effect of the antagonists on basal or forskolin-stimulated cyclic
AMP levels in the absence of ADP was observed at 10 mM 2MeSAMP
and 200 mM A3P5P (data not shown).

Inhibition of [3H]2MeSADP Binding to Platelets

Ligand binding studies using the potent radiolabeled agonist 
2MeSADP have previously demonstrated the existence of a single high
affinity receptor population on human platelets (3). Consistent with
these data, we have obtained a KD of 0.6 ± 0.2 nM (n = 7) for 
[3H]2MeSADP binding to washed platelets. In competition binding
studies using 1 nM [3H]2MeSADP, 2MeSAMP inhibited binding with
a Ki of 0.23 ± 0.1 mM (n = 3, Fig. 2b). The P2Y1 antagonist A3P5P had
no effect on [3H]2MeSADP binding at concentrations up to 300 mM.

Fig. 1 Effects of P2 receptor antagonists on ADP-induced platelet aggrega-
tion. Aggregation of washed platelets was induced by 2 mM ADP in the ab-
sence and presence of the indicated concentrations of 2MeSAMP and A3P5P as
described in Methods. Aggregation responses were normalized to the control
without antagonists (100%). Results are the mean ± s.d. of three independent
experiments each performed in duplicate
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Effect of P2 Receptor Antagonists on 2MeSADP-induced [35S]GTPgS
Binding to Platelet Membranes

In platelet membranes the ADP receptor agonist 2MeSADP has been
demonstrated to activate heterotrimeric G proteins, especially Gai2 (19,
26). The effect of 2MeSAMP and A3P5P on G protein activation have
been determined in [35S]GTPgS binding experiments with platelet
membrane preparations. 2MeSADP alone at the submaximal concen-
tration of 0.1 mM induced [35S]GTPgS binding about 3-fold. This effect
was inhibited by 100 mM 2MeSAMP. Interestingly, the P2Y1 antago-
nist A3P5P was only a weak inhibitor at a concentration of 200 mM
(Fig. 3).

Inhibition of Intracellular Calcium Mobilization in Platelets

ADP induces calcium mobilization from intracellular stores fol-
lowed by calcium entry from the extracellular medium. Since the 
potency of agonists and antagonists in calcium mobilization assays cor-
related with their effects on platelet aggregation it has been proposed
that both responses are mediated by the same ADP receptor . In contrast
to this hypothesis, 2MeSAMP which antagonized platelet aggregation,
the cyclic AMP response, G protein activation and [3H]2MeSADP
binding (Figs. 1-3) had only a weak effect on ADP-induced calcium
mobilization in Fura-2 loaded platelets even at concentrations up to 
300 mM (Fig. 4a). However, this response was inhibited by the P2Y1

antagonist A3P5P with an IC50 of 45.4 ± 5.0 mM comparable to the IC50

for the inhibition of platelet aggregation (n = 3).

Effect of P2 Receptor Antagonists on the Cloned Human P2Y1

Receptor

To address the role of the P2Y1 receptor in platelet function, the 
human P2Y1 receptor has been cloned and expressed in mammalian
cells and the effects of 2MeSAMP and A3P5P were evaluated. In 
Jurkat cells, as reported for other expression systems, the cloned hP2Y1

receptor couples to phospholipase C but not to adenylyl cyclase. When
intracellular calcium mobilization was analyzed with freshly HPLC-
purified nucleotides in hP2Y1-expressing cells loaded with Fura-2, the
hP2Y1 receptor behaved like an ATP-antagonized ADP receptor simi-
lar to platelet ADP receptors (H.-M. Jantzen, data not shown), confirm-
ing recent reports (11, 13). 2MeSAMP at a concentration of 100 mM
had only a weak effect on hP2Y1-dependent calcium mobilization 
(Fig. 4b). The P2Y1 antagonist A3P5P inhibited the hP2Y1 response
with an IC50 of 9.7 ± 1.2 mM (n = 3), similar to the inhibition of intra-
cellular calcium mobilization in platelets (Fig. 4a).

Inhibition of ADP-mediated Platelet Shape Change

Upon exposure to ADP platelets rapidly change their shape from dis-
coid to spherical and spiny which results in a decrease of light transmis-
sion in an aggregometer. 2MeSAMP, an antagonist of aggregation, cy-
clic AMP response and Gi-protein activation, had no effect on ADP-in-
duced platelet shape change at concentrations up to 200 mM. By con-
trast, the P2Y1 receptor antagonist A3P5P partially inhibited shape
change at 100 mM and abolished it at 200 mM (Fig. 5).

Detection of the Human P2Y1 Receptor Protein on Platelets

The presence of P2Y1 receptor RNA in platelets has been previous-
ly detected by RT-PCR and P2Y1 clones have been isolated from plate-

Fig. 2 Effects of P2 receptor antagonists on ADP-mediated inhibition of cy-
clic AMP accumulation and [3H]2MeSADP binding to platelets. a) Effects of
2MeSAMP and A3P5P on ADP-mediated inhibition of cyclic AMP accumula-
tion in platelets were determined as described in Methods. Washed platelets
were preincubated with 0.5 mM IBMX followed by addition of the indicated
concentrations of antagonists, 50 mM forskolin and 1 mM ADP. Cyclic AMP
was extracted and quantified by radioimmunoassay. Antagonist effects were
normalized to the ADP response on cyclic AMP accumulation in the absence of
antagonists (100%). Results are the mean ± s.d. of three independent experi-
ments each performed in triplicate. b) Effects of 2MeSAMP and A3P5P on
[3H]2MeSADP binding to platelets were determined as described in Methods.
Washed platelets were incubated with 1 nM [3H]2MeSADP and the indicated
concentrations of antagonists and bound radioactivity determined by rapid fil-
tration. Results are the mean ± s.d. of three independent experiments each per-
formed in triplicate normalized to specific [3H]2MeSADP binding in the ab-
sence of antagonists

Fig. 3 Effects of P2 receptor antagonists on 2MeSADP-induced [35S]GTPgS
binding to platelet membranes. Specific binding of [35S]GTPgS to platelet
membranes was stimulated with 0.1 mM 2MeSADP in the absence and pres-
ence of 100 mM 2MeSAMP or 200 mM A3P5P. Results are the mean ± s.d.
from a representative experiment performed in triplicate and were normalized
to % stimulation of [35S]GTPgS binding over basal binding
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let cDNA libraries (11, 15, P. Conley, unpublished observations). 
However, the presence of P2Y1 protein on the platelet surface has not
yet been demonstrated. To investigate the P2Y1 receptor protein 
expression, mouse monoclonal antibodies have been generated against
a peptide comprising the 16 amino-terminal amino acids of the human
P2Y1 receptor. Binding of purified antibody to hP2Y1-JA7 cells ex-
pressing the cloned P2Y1 receptor was determined by flow cytometry.
At an antibody concentration of 10 mg/ml, binding resulted in a 19-fold
shift of the mean fluorescence intensity compared to controls incubated
with the secondary antibody alone (Fig. 6a). When the antibody was
preincubated with a 200-fold molar excess of the amino-terminal P2Y1

peptide, binding was reduced to control values (Fig. 6b). Furthermore,
no anti-P2Y1 antibody binding to untransfected Jurkat cells was detect-
ed (data not shown). Importantly, the same anti-P2Y1 antibody bound
to washed human platelets resulting in a 6-fold shift of the fluorescence
when compared with the control (Fig. 6c) and this binding was elimi-
nated by preincubation with the amino-terminal P2Y1 peptide (Fig. 6d).

Discussion

The identity of the platelet receptors mediating ADP responses is
still unclear. Here we report new evidence for the presence of two G

Fig. 4 Effects of P2 receptor antagonists on intracellular calcium mobiliza-
tion in platelets and cells expressing the cloned human P2Y1 receptor. a) Peak
elevations of intracellular calcium were determined in Fura-2 loaded washed
platelets with 10 mM ADP and the indicated concentrations of 2MeSAMP and
A3P5P. Results are the mean ± s.d. of three independent experiments each per-
formed in duplicate normalized to the calcium response in the absence of antag-
onists. b) Jurkat cells expressing the cloned hP2Y1 receptor were loaded with
Fura-2 and peak elevations of intracellular calcium determined with 0.1 mM
2MeSADP and the indicated concentrations of 2MeSAMP and A3P5P. Results
are the mean ± s.d. of three independent experiments each performed in dupli-
cate normalized to the calcium response in the absence of antagonists

Fig. 5 Effect of P2 receptor antagonists on ADP-mediated platelet shape
change. Shape change was determined in washed platelets as described in
Methods. Representative aggregometer tracings are shown with arrows indicat-
ing addition of 1 mM ADP or antagonists

Fig. 6 Binding of anti-P2Y1 monoclonal antibody to platelets and Jurkat cells
expressing the P2Y1 receptor. a) Jurkat cells expressing the cloned human P2Y1

receptor (hP2Y1-JA7) were incubated with or without 10 mg/ml anti-P2Y1

monoclonal antibody followed by phycoerythrin-coupled secondary antibody.
Fluorescence intensities of bound antibody were determined by flow cytome-
try. b) hP2Y1-JA7 cells were incubated with 10 mg/ml anti-P2Y1 monoclonal
antibody in the absence or presence of a 200-fold molar excess of P2Y1-peptide
followed by phycoerythrin-coupled secondary antibody. c, d) Flow cytometry
experiments with washed human platelets. Incubations were the same as in (a)
and (b). Data shown are from one representative experiment out of three per-
formed in duplicate or triplicate
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protein-coupled ADP receptors on platelets, one of them likely to be
P2Y1. Selective antagonists, such as ARL66096, which distinguish
between the two receptors (14, 15, 27) are not generally available. We
have identified 2MeSAMP, previously described only as an antagonist
of ADP-dependent platelet aggregation (23, 24) as a preferential antag-
onist of the ADP receptor coupled to the inhibition of adenylyl cyclase,
and as a competitor of 2MeSADP binding and G protein activation as
determined by [35S]GTPgS binding. 2MeSAMP does not affect platelet
shape change and has only small effects on intracellular calcium mobil-
ization. Using the cloned human P2Y1 receptor expressed in mammal-
ian cells, we have determined that 2MeSAMP affects the P2Y1 receptor
only at high concentrations, and therefore is a preferential antagonist of
a Gi-linked ADP receptor distinct from P2Y1, validating the model of
two G protein-coupled ADP receptors on human platelets (14, 27). The
IUPHAR Committee on Receptor Nomenclature has proposed to name
G-protein coupled platelet ADP receptors P2YADP instead of P2T until
they have been definitively cloned (10). We therefore refer to the 
Gi-linked receptor as P2YADP.

The results with the P2Y1 antagonist A3P5P confirm that a P2Y1-
like receptor is not only mediating intracellular Ca++ mobilization and
shape change, but also aggregation of human platelets. Furthermore, we
demonstrate the presence of P2Y1 receptor protein on the surface of
platelets using a monoclonal antibody. Based on the pharmacological
data and the detection of P2Y1 protein on human platelets, it is intri-
guing to speculate that the receptor mediating Ca++ mobilization is in
fact P2Y1. However, until definitive proof is available, e.g. from loss of
function experiments using blocking antibodies or gene knockouts, this
receptor might be better referred to as a P2Y1-like receptor.

The data in this manuscript strongly support the hypothesis of two
different G-protein coupled receptors initiating signaling pathways
leading to an aggregation response, whereas only one pathway medi-
ates platelet shape change, confirming and extending the model pro-
posed by Daniel et al. (14) (Fig. 7). However, both pathways are not 
redundant, since antagonism of either receptor is sufficient to strongly
inhibit aggregation. It is possible that the amount of signal generated by
each receptor pathway is insufficient for aggregation, but both together,
either additively or synergistically, can lead to a full response (Fig. 7).
In this context, the observation that platelet aggregation by ADP and
other agonists was strongly inhibited in mice lacking Gaq, further
supports the role of a Gq-coupled receptor like P2Y1 in aggregation
(28).

Whereas one of the ADP receptors on platelets might be P2Y1, the
molecular identity of the Gi-linked ADP receptor is unknown. None of
the cloned P2Y receptors have been demonstrated to couple to the inhi-
bition of adenylyl cyclase. P2Y1 does not seem to be linked to this path-
way even in rat glioma C6-2B cells, which express an endogenous Gi-
linked ADP receptor (29). It is possible that this C6-2B receptor might
be similar or identical to the elusive ADP receptor.

It is intriguing that [3H]2MeSADP binding sites are not displaced by
A3P5P and therefore do not represent the P2Y1-like receptor, although
2MeSADP is a potent agonist of intracellular calcium mobilization in
platelets and the cloned P2Y1 receptor (20). These data are consistent
with previous observations that the potency of compounds in compet-
ing with [3H]2MeSADP binding correlates much better with their po-
tency in affecting ADP-mediated inhibition of adenylyl cyclase than
Ca++ mobilization (2, 3). Recently, it has been shown that A3P5P can
displace a small subpopulation of [3H]2MeSADP binding sites on rab-
bit platelets (30). Although we have been unable to detect this subpop-
ulation in human platelets, potentially due to lower P2Y1 receptor num-
ber on human vs. rabbit platelets or because of different experimental

procedures, the data are consistent with the majority of the binding sites
representing the Gi-linked ADP receptor.

Previously, platelet ADP receptors have been shown to couple to G
proteins in membrane preparations, but only activation of Gai2 could be
clearly identified (19, 26). We have shown here that 2MeSAMP, the 
antagonist of the adenylyl cyclase-coupled receptor inhibits stimulation
of [35S]GTPgS binding in platelet membranes whereas the antagonist of
the Gq-coupled P2Y1 receptor, A3P5P, has much less effect. Apparent-
ly, Gq activation by the P2Y1-like receptor cannot be well detected be-
cause [35S]GTPgS binding assays reflect predominantly activation of
Gi and Go proteins (31). The signaling pathways leading from activa-
tion of Gi proteins to aggregation are presently unknown. It is general-
ly assumed that repression of elevated cyclic AMP levels is necessary
to allow for aggregation but by itself is not sufficient to induce it (32).
It is possible, that bg subunits released from activated Gai will initiate
other pathways leading to GPIIb-IIIa activation and aggregation. Alter-
natively, this receptor might couple to G proteins different from Gi, the
activation of which has not yet been detected.

In addition to the two G protein-coupled ADP receptors, a third ADP
receptor, similar or identical to the ligand-gated ion channel P2X1

appears to be expressed on platelets and to mediate a very rapid Ca++

influx (Fig. 7) (16, 17, 33, 34). However, unlike for aggregation and
other platelet responses described here, a,b-methylene-ATP and ATP
are agonists of this receptor. Therefore, the relevance of this receptor
for platelet activation remains unclear. The antagonist effects described
here do not involve P2X receptors, since P2X receptors are desensitized
in the absence of apyrase in our platelet suspensions as well as in 
standard platelet preparations.

Fig. 7 ADP receptors on platelets. This diagram shows the two proposed G
protein-coupled ADP receptors on human platelets mediating aggregation or
shape change: A Gi-linked P2Y receptor mediates inhibition of adenylyl cy-
clase, leads to aggregation and is the target of antithrombotic drugs. The second
receptor is similar or identical to the cloned Gq-coupled P2Y1 receptor and me-
diates elevation of intracellular calcium, aggregation and shape change. The
physiological role of the P2X1-like ligand-gated ion channel mediating rapid
calcium entry is still unknown (see discussion)
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Interestingly, the antithrombotic drugs ticlopidine and clopidogrel
which appear to act through an as yet unidentified metabolite target the
Gi-linked platelet ADP receptor and do not inhibit the Ca++ mobiliza-
tion in platelets (1). Similarily, ARL66096 which also has antithrom-
botic activity (35), is selective for this receptor (14, 15, 27). Further-
more, patients with mild bleeding disorders and impaired ADP-depen-
dent aggregation had defects associated with the same pathway (36,
37). Together, these findings not only support the critical role of the Gi-
linked ADP receptor in thrombosis and hemostasis but also as a target
for the development of novel antithrombotic drugs.
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