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1. Introduction

The P2Y,-receptor plays a crucial role in ADP-induced platelet
aggregation [1-4]. The receptor is the site of action of potent
inhibitors of platelet aggregation including active metabolites
of thienopyridine compounds such as clopidogrel [5,6] and
nucleotide P2Y,-receptor antagonists such as cangrelor [7,8].
The P2Y,,-receptor is known to couple via Gi-proteins to the
inhibition of adenylate cyclase activity. It belongs to the
second subgroup (P2Y1,, P2Y13, P2Y44) of the heterogenous
family of P2Y receptors which are G-protein-coupled receptors
(GPCRs) for extracellular nucleotides [9,10]. The molecular
properties of the members of the first subgroup (consisting of
the P2Y4, P2Y,, P2Y,, P2Y¢ and P2Y,,; receptors) have been
analysed in several mutagenesis studies. These studies
demonstrated the involvement of polar amino acid residues
within the transmembrane regions TM3, TM6 and TM7 in
ligand recognition. A conserved basic residue (lysine or
arginine) in the predicted upper third of TM6 was shown to
play a key role [11-16]. A basic residue in the predicted upper
third of TM6 is also present in all receptor proteins of the
second subgroup of P2Y receptors (e.g. Arg256 of the human
P2Y,-receptor).

Despite the fact that the P2Y;,-receptor plays a very
important role in physiology and pharmacotherapy, direct
experimental evidence for a contribution of residues in ligand
recognition of the receptor protein is still limited. One
interesting study demonstrated that a patient with a con-
genital bleeding disorder carries a polymorphism with a
change of arginine in position 256 to glutamine. When
expressed in cells, the R256Q mutation caused a defective
receptor function, suggesting a role of Arg256 in receptor
function [17]. Moreover, another patient with an impaired
ADP-induced platelet aggregation was recently reported to
carry a heterozygous P258T mutation within the P2Y,-
receptor protein [18]. There is evidence for the contribution
of cysteine residues within the extracellular loops of the
receptor protein in the interaction with active metabolites of
clopidogrel [6]. A study with chimeric P2Y,/P2Y;, constructs
indicated the involvement of the C-terminus of the P2Yq,-
receptor in the activation of G-proteins [19]. The intracellular
motif “DRY” has been reported to contribute to constitutive
activity of the receptor [20]. And, finally, two potential N-
linked glycosylation sites at the extracellular amino-terminus
of the P2Y,,-receptor protein have been proposed to modulate
the signal transduction of the receptor [21].

In the present study, we demonstrate the involvement of
additional residues in receptor function of the P2Y,-receptor
by analysing the effects of receptor activation on, first, the
receptor-mediated inhibition of cellular cAMP production and
cAMP response element (CRE)-dependent luciferase expres-
sion and, second, on the receptor-mediated activation of the
serum response element (SRE)-directed luciferase expression.
The native P2Y,,-receptor mediates both an inhibition of the
activity of the adenylate cyclase and an activation of the
extracellular signal-regulated protein kinase ERK [22,23]. ERK
activation is related to the activation of the SRE-pathway [24].
Other Gi-coupled receptors including the dopamine D2-
receptor have previously also been shown to couple to the
SRE-pathway [25]. Furthermore, we demonstrate that the

residue Arg256 plays a role in the recognition of the non-
nucleotide antagonist reactive blue-2 [26], but no role in the
interaction with the nucleotide antagonist cangrelor. Some of
the results have been presented in abstract form at meetings
[27,28].

2. Methods and materials
2.1.  Molecular biological experiments

The sequence encoding for the human P2Y;,-receptor was
cloned from human brain cDNA (Stratagene, Amsterdam,
Netherlands) into the expression vectors pcDNA3.1D/V5-His-
TOPO (Invitrogen, Karlsruhe, Germany) and pcDNA5/FRT-V5-
His-TOPO (Invitrogen, Karlsruhe, Germany). Site-directed
mutations were introduced using mutagenic primers and
standard molecular biology techniques. All polymerase chain
reactions were performed using 2% dimethyl sulfoxide (DMSO,
Sigma, Deisenhofen, Germany). The sequences encoding for
wild-type and mutant P2Y;,-receptors were then verified by
cycle sequencing (SequiTherm Exel II DNA sequencing kit;
Epicentre Technologies, Madison, WI, USA) using a LICOR
Gene READIR 4200 sequencer (MWG-Biotech, Ebersberg,
Germany). The sequencing was repeated at GATC Biotech
(Konstanz, Germany) with identical results.

2.2. Expression of wild-type and mutant receptors in
mammalian cell lines

1321N1 astrocytoma cells (European cell culture collection,
Salisbury, UK) were cultured at 5% CO, and 36.5°C in
Dulbecco’s modified Eagle’s medium (DMEM, 419660-029,
Invitrogen, Karlsruhe, Germany) containing Glutamax I
(35050-038, Invitrogen, Karlsruhe, Germany) or r-Glutamine
(M11-004, PAA, Pasching, Austria) and 10% foetal bovine serum
(FBS; 10108-165, Invitrogen, Karlsruhe, Germany, or A15-101,
PAA, Pasching, Austria). The cells were split once a week by
treating with trypsin-EDTA (trypsin 0.5 g/l, EDTA 0.54 mM;
25300-054, Invitrogen, Karlsruhe, Germany, or L11-660, PAA,
Pasching, Austria). Chinese hamster ovary (CHO) Flp-In cells
(Invitrogen, Karlsruhe, Germany) or CHO K1 cells were grown
at 5% CO, and 36.5°C in Ham’s F12 medium (21765029,
Invitrogen, Karlsruhe, Germany, or E15-817, PAA, Pasching,
Austria) supplemented with Glutamax I, 10% FBS and (CHO
Flp-In cells) Zeocin (100 pg/l: 4605059, Invitrogen, Karlsruhe,
Germany) and were split every 3 days. 1321N1 astrocytoma
cells and CHO K1 cells were transfected using the pcDNA3.1
expression vector and CHO Flp-In cells by the use of the
PcDNAS-FRT expression vector combined with the pOG44
vector (1:10; Invitrogen, Karlsruhe, Germany). For transfection,
LIPOFECTAMINE 2000™ (11668-027, Invitrogen, Karlsruhe,
Germany) was used as described by the manufacturer. Cells
stably expressing the receptor constructs were selected 2 days
after transfection by culturing in the presence of 800 pg/ml
GENETICINE™ (G418; 11811-064, Invitrogen, Karlsruhe, Ger-
many; 1321N1 astrocytoma cells and CHO K1 cells) or 500 pg/
ml hygromycin (10687-010, Invitrogen, Karlsruhe, Germany,
CHO Flp-In cells). For each receptor construct at least 6-14
different clones were isolated from the transfected 1321N1
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astrocytoma cells or CHO K1 cells and analysed for receptor
expression and function (see below). Cells from passages 4 to
40 of the cloned 1321N1 astrocytoma cells or CHO K1 cells and
cells from passages 3 to 40 of the isogenic CHO Flp-In cells
were used for further experiments. In some experiments, cells
were pretreated with pertussis toxin (Sigma, Deisenhofen,
Germany) or its solvent (glycerol Tris—glycine buffer; Sigma,
Deisenhofen, Germany) for 20 h.

2.3.  Expression analysis

Cells were cultured on coverslips for 2 days (CHO cells) or 3
days (astocytoma cells). Expression levels of wild-type and
mutant P2Yj,-receptors were assessed by direct immuno-
fluorescence staining using a FITC-coupled monoclonal anti-
body against the V5-receptor epitope (anti-V5-FITC, 46-0308,
Invitrogen, Karlsruhe, Germany; 1:500; incubation period 1 h;
used according to the protocol of Invitrogen). After washing of
the cells, expression levels were quantified by fluorescence
microscopy on a Zeiss Axiovert 100 microscope equipped with
an oil immersion 100x objective (Zeiss, Jena, Germany), a
charge-coupled device camera and a Polychrome II mono-
chromator (TILL photonics, Planegg, Germany; excitation
wavelength 475 nm; emission wavelength 510 nm; exposure
time 2 s, CHO cells; 1s, astrocytoma cells). Membrane areas
outside the nucleus were evaluated (arbitrary fluorescence
pixels above background).

2.4.  Analysis of cellular cyclic AMP accumulation

In most experiments, receptor function was assessed by
analyzing changes in the cellular levels of cAMP as measure of
the activity of cellular adenylate cyclase. For this purpose,
non-transfected cells as well as 1321N1 astrocytoma cells or
CHO cells stably expressing wild-type or mutant human
P2Y,-receptor constructs were cultured on 24-well plates for
48h (1321N1 astrocytoma cells) or 24h (CHO cells; culture
media, see above). After removal of the culture medium, cells
were washed with HBSS buffer (containing 20 mM HEPES,
Sigma, Deisenhofen, Germany; pH 7.3) and then incubated
with HBSS buffer for 2 h at 36.5 °C. Cellular cAMP production
was then stimulated by addition of 10nM isoproterenol
(1321N1 astrocytoma cells) or 10 uM forskolin (CHO cells) at
36.5 °C. Solvent (control), ADP or 2-methylthio-ADP was added
together with isoproterenol or forskolin. In some experiments,
P2Y,,-receptor antagonists were given 5min (cangrelor) or
10 min (reactive blue-2) before the agonist 2-methylthio-ADP.
The reaction was stopped after 10 min by removal of the
reaction buffer followed by the addition of a hot lysis solution
(500 pl; 90°C; NaEDTA 4mM; Triton X100 0.1%., Sigma,
Deisenhofen, Germany, pH 7.5). The multi-well plates were
shaken on ice for 1h. cAMP levels in the supernatant were
then quantified by incubation of an aliquot with cAMP binding
protein and [*H]-cAMP (cAMP assay, TRK 432, Amersham
Biosciences, Freiburg, Germany), followed by liquid scintilla-
tion counting after removal of the unbound [*H]-cAMP by
charcoal. cAMP levels per well were calculated by linear
regression from a standard curve determined for each
experiment. The isoproterenol- or forskolin-induced cAMP
production in the presence of ADP or 2-methylthio-ADP was

expressed as percentage of the isoproterenol- or forskolin-
induced cAMP production in the absence of P2Y;,-receptor
agonists (% of respective control).

2.5.  Analysis of CRE- or SRE-dependent luciferase activity

In some experiments, receptor function was assessed by
analyzing changes in the cAMP response element (CRE)- or
serum response element (SRE)-dependent expression of
luciferase in CHO Flp-In cells expressing wild-type or mutant
human P2Y;,-receptor constructs. For these experiments, the
cells were transiently transfected with the pCRE-luc or pSRE-
luc vector (Stratagene, Amsterdam, Netherlands) using LIPO-
FECTAMINE 2000™ (11668-027, Invitrogen, Karlsruhe, Ger-
many). After a period of 18 h, the cells were cultured on 24-well
plates for additional 20h. The culture medium was then
removed and the cells were incubated with HBSS buffer
(without HEPES, pH 7.3) for 3.5 h (CRE) or 4 h (SRE) at 36.5 °C.
Cellular cAMP production was stimulated by addition of 1 pM
forskolin (pCRE-luc transfected cells). Solvent (control) or 2-
methylthio-ADP was added together with forskolin, when
used. In some experiments, the P2Y;,-receptor antagonist
reactive blue-2 was given 10 min before the agonist 2-
methylthio-ADP. The reaction was stopped after 3.5h (CRE)
or 4 h (SRE) by removal of the reaction buffer followed by the
addition of 50 ul HBSS and 50 pul BRIGHT-GLO™ luciferase
assay solution (Promega, Mannheim, Germany). The activity
of luciferase in the supernatant was analyzed using a single
photon luminometer (Berthold, Wildbad, Germany). The
forskolin-induced (CRE) increase in luciferase activity in the
presence of 2-methylthio-ADP was expressed as percentage of
the response to forskolin in the absence of P2Y;,-receptor
agonists (% of respective control). For experiments with cells
transfected with the pSRE-luc vector, the 2-methylthio-ADP-
induced increase in luciferase activity was expressed as
percentage of the values obtained in the absence of 2-
methylthio-ADP (% of basal activity).

2.6.  Data analysis and statistics

Results are presented as means + S.E. from n experiments.
Differences between means were tested for significance by an
analysis of variance followed by the Bonferroni or Dunnett
post-test (Prism 4.03, Graph Pad, San Diego, CA). Concentra-
tion-response data were fitted by non-linear regression to
estimate ICso values (concentrations causing half-maximal
inhibition) and ECsp values (concentrations causing half-
maximal increases in SRE-dependent luciferase-expression)
for 2-methylthio-ADP. Apparent pKp-values were calculated
according to: pKp=log(dose ratio — 1) — log[B]. Differences
between the estimated ICsp or ECsg values or pKg-values were
tested for significance by the F-test (Prism 4.03). p < 0.05 or
lower was the significance criterion.

2.7. Reagents

The following drugs were used: adenosine 5'-diphosphate
sodium (ADP; A8621, Sigma, Deisenhofen, Germany), forskolin
(F-6886, Sigma, Deisenhofen, Germany), isoproterenol (I-5627,
Sigma, Deisenhofen, Germany), 2-methylthio adenosine 5'-
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diphosphate trisodium (2-methylthio-ADP; M-152, Sigma,
Deisenhofen, Germany), pertussis toxin (P2980, Sigma, Dei-
senhofen, Germany), cangrelor (AR-C69931MX; N°®-(2-
methylthioethyl)-2-(3,3,3-trifluoropropylthio)-g,y-dichloro-
methylene adenosine 5'-triphosphate, Astra, Héssle, Molndal,
Sweden), reactive blue-2 sodium (Ega Chemie, Mannheim,
Germany). Stock solutions of drugs were prepared either with
distilled water or with a mixture of ethanol and DMSO
(forskolin only). The solvents were added to the buffer used for
control experiments.

3. Results

The first series of experiments were performed in 1321N1
astrocytoma cells which are known to possess no or very few
endogenous P2Y receptors. As reported previously, these cells
are equipped with endogenous beta,-adrenoceptors mediat-
ing an activation of adenylate cyclase [29]. Hence, isoproter-
enol was used to increase cellular cAMP levels in 1321N1
astrocytoma cells. In non-transfected astrocytoma cells, ADP
(100 nM) and 2-methylthio-ADP (0.01 nM to 10 pM) failed to
alter the isoproterenol (10 nM)-induced increases in cellular
cAMP accumulation (not shown).

After transfection with the plasmids encoding for the
human wild-type P2Y;,-receptor or mutant receptor con-
structs (tagged with the V5-epitope used for the analysis of
receptor expression), at least 6-14 clonal cell lines were
isolated for each construct. The cell line with the highest
inhibition of cAMP production due to addition of 2-
methylthio-ADP 100 nM was used for further experiments.
In 1321N1 astrocytoma cells stably expressing human wild-
type P2Yq,-receptors, isoproterenol increased cellular cAMP
levels 28-fold (see Table 1). The P2Y;,-receptor agonist 2-
methylthio-ADP caused a concentration-dependent decrease

in the isoproterenol-stimulated cAMP levels (solid line in
Fig. 1). 2-Methylthio-ADP acted in nanomolar concentrations
with a half-maximal concentration (ICsg) of 0.3nM and a
maximal inhibition of about 60% (Fig. 1 and Table 1).

3.1.  Analysis of the role of Arg256 in transmembrane
region 6 in agonist recognition

First, the levels of expression of mutant receptor constructs
were studied in astrocytoma cells by a quantitative micro-
fluorometric analysis. There were no differences in expression
levels at the cell membrane in cells stably expressing wild-
type receptors or mutant receptor constructs. This was also
true for constructs in which Arg256 was replaced by the
neutral residue alanine (R256A), the basic residue lysine
(R256K) or the acidic residue aspartate (R256D; Table 1). When
cells expressing these constructs were stimulated by iso-
proterenol, the increases in intracellular cAMP levels were also
similar (28-50-fold; Table 1). Then, the effect of 2-methylthio-
ADP on the cellular cAMP production was tested. In cells
expressing R256K mutant receptor constructs, 2-methylthio-
ADP caused an inhibition (Fig. 1A) with an ICsp-value of 0.2 nM
(Table 1; not significantly different from the ICso-value
determined for wild-type receptors; F-test). In contrast, in
astrocytoma cells expressing R256A mutant receptors, 2-
methylthio-ADP inhibited the cellular cAMP production only
when tested at higher concentrations (Fig. 1A) with an ICso-
value of 25nM (Table 1). The respective concentration-
response curve of 2-methylthio-ADP was significantly shifted
to the right (Fig. 1A, F-test). This shift corresponds to an 80-fold
decrease in agonist potency (calculated from the ratio of ICso-
values). The maximal effect of 2-methylthio-ADP was also
decreased in these experiments (Fig. 1A and Table 1). In
agreement with these findings, a shift of the concentration-
response curve of the physiological agonist ADP to the right

Table 1 - Basal and stimulated cAMP levels, inhibition by 2-methylthio-ADP (2-MeSADP), antagonistic potency (apparent

pKg-values) of cangrelor and expression levels of wild-type and mutant P2Y,,-receptor constructs expressed in 1321N1-

astrocytoma cells

Construct cAMP cAMP Max. inhibition —(log ICso) Apparent Expression levels
(pmol/well) (pmol/well) + by 2-MeSADP 2-MeSADP PKp-values (% of wild-type)
solvent isoproterenol (% of control) of cangelor
(10 nM)
Wild-type 1.5+ 0.5 (9) 421 +29 (18) 60.6 £ 0.9 * (13) 9.5+0.1 9.2 100.0 + 4.9 (19)
R256K 1.4+0.3 (8) 39.8 4+ 3.9 (16) 404417 % (7) 9.7 +0.1 8.9 94.0 + 4.9 (17)
R256A 1.0+ 0.3 (11) 53.3 £2.5 (24) 25.7 £1.3%* (12) 7.6+£02* 9.2 95.5 £ 7.0 (17)
R256D 1.8+0.5 (12) 49.6 + 2.3 (22) 16.3 + 1.4 * ** (13) 6.8+02 90.7 + 4.1 (13)
H253A/R256A 2.0+0.1 (6) 64.0 + 3.8 ** (10) 3.6+23* (6) 88.5 + 4.0 (19)
S101A 2.8+0.5 (14) 55.1+5.5 (27) 31.0+ 1.7 *** (16) 8.9+0.1 (9.2 95.5 £ 4.2 (17)
Y259D 1.8 +0.4 (4) 428 £55 (6) 5.0 + 4.9 ** (6) 85.6 = 3.0 (16)
K280A 0.8+0.2 (4) 6.3+0.8 * (6) 84+56* (6) 87.8 + 5.6 (19)

Means + S.E. of (n) experiments. *p < 0.01, significant differences vs. respective controls (ANOVA followed by the Bonferroni post-test).
*p < 0.01, significant differences vs. values determined at wild-type P2Yq,-receptors (F-test). The table shows basal cAMP levels, cAMP levels
stimulated by isoproterenol 10 nM, the maximal inhibition of the induced cAMP production by 2-methylthio-ADP and the respective (log of the
half-maximal concentration ICsp). The table also summarizes the apparent pKp-values determined for the antagonist cangrelor at cells
expressing the respective constructs and cellular expression levels of these constructs. Expression levels were estimated by averaging
fluorescence values from the membrane regions of cells after immunofluorescence staining with a monoclonal antibody against the V5

receptor epitope.

2 Please note the non-surmountable antagonism of cangrelor at SI01A mutant receptors.
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Fig. 1 - Involvement of polar amino acid residues in
transmembrane regions 3, 6 and 7 in ligand recognition: 2-
Methylthio-ADP-induced inhibition of cAMP accumulation
in 1321N1 astrocytoma cells expressing wild-type or
mutant receptor constructs (A, R256K, R256A, R256D,
H253A/R256A; B, S101A, Y259D, K280A). Cellular cAMP
production was increased by addition of isoproterenol

10 nM for 10 min at 36.5 °C. The figure shows the
concentration-dependent inhibition of intracellular cAMP
accumulation by the P2Y;,-receptor agonist 2-methylthio-
ADP [2-MeSADP; concentrations indicated]. Cellular cAMP
levels are expressed as percentage of those determined in
respective experiments with isoproterenol, but without 2-
methylthio-ADP (% of respective control, con). Log ICso
values are summarized in Table 1. Means * S.E. of 6-40
experiments. *p < 0.01, significant differences vs.
respective control (ANOVA followed by the Bonferroni
post-test).

was observed in CHO K1 cells expressing R256A mutant
receptors (when compared with the concentration-response
curve of ADP obtained in CHO K1 cells expressing wild-type
receptors; not shown). Moreover, in astrocytoma cells expres-
sing a construct with the acidic residue aspartate at the
position 256 (R256D), the inhibitory action of 2-methylthio-
ADP was markedly reduced. Only at the highest concentration

analyzed (1 uM), there was a significant inhibition in cAMP
production in cells expressing R256D mutant constructs
(Fig. 1A and Table 1). In astrocytoma cells expressing a double
mutant construct (H253A/R256A), 2-methylthio-ADP even
failed to cause any inhibition (Fig. 1A) despite a similar
expression level of this receptor construct (Table 1) and a
similar relative increase in cellular cAMP in response to
isoproterenol in the absence of 2-methylthio-ADP (32-fold;
Table 1).

3.2.  Role of other polar residues in TM3, TM6 and TM7 in
receptor function

Next, the possible roles of Ser101 in TM3 of the human P2Y;,-
receptor (corresponding to His132 of the human P2Y;-receptor
[10]), of the polar residue Tyr259 in the upper portion of TM6
and of the basic residue Lys280 in TM7 (corresponding to
Arg307 of the human P2Y;-receptor [10] in agonist recognition
were studied. When stably expressed in astrocytoma cells, the
constructs S101A, Y259D and K280A showed similar expres-
sion levels as the wild-type receptor (Table 1). Isoproterenol
(10 nM) also caused similar increases in cAMP levels in cells
expressing S101A and Y259D constructs when compared with
those observed in cells expressing wild-type receptors
(Table 1), while some clonal cell lines expressing the K280A
construct showed smaller increases (Table 1). In cells expres-
sing the S101A constructs, 2-methylthio-ADP inhibited the
isoproterenol-stimulated cAMP accumulation with a similar
ICso concentration as observed in cells expressing wild-type
receptors (Fig. 1B and Table 1). In contrast, 2-methylthio-ADP
failed to cause any inhibition in cAMP production in cells
expressing Y259D and K280A constructs (Fig. 1B and Table 1;
analyzed for 11 and 13 distinct clonal cell lines, respectively).

To confirm the lack of any agonistic effect of 2-methylthio-
ADP at the Y259D and K280A mutant constructs, these
constructs were stably expressed in CHO Flp-In cells. This
cellular expression system generates isogenic cells with a
single site of incorporation of the recombinant sequences in
the cellular genome. Immunofluorescence staining revealed
identical expression levels of wild-type receptors and mutant
receptor constructs in these cells (100.1+1.3% and
100.2 + 1.2% of the values determined for wild-type receptors,
n=12 and 16, respectively). Forskolin (10 uM) was used to
increase cellular cAMP production. In cells expressing the
wild-type receptor, forskolin increased the cAMP accumula-
tion about 23-fold (0.6 + 0.2 pmol cAMP per well in the absence
and 12.4 &+ 0.9 pmol cAMP per well in presence of forskolin,
n=16 and 32, respectively). In these cells, 2-methylthio-ADP
caused a concentration-dependent inhibition of cAMP pro-
duction with an ICsy concentration of about 1.8 nM and a
maximal effect by about 40% (solid line in Fig. 2A). In CHO Flp-
In cells expressing the Y259D and K280A constructs, total
forskolin-induced cAMP accumulation amounted to 8.8 + 0.6
and 7.0 £ 0.7 pmol/well, respectively. In agreement with the
results obtained at astrocytoma cells, 2-methylthio-ADP failed
to alter cAMP levels in CHO Flp-In cells expressing the Y259D
and K280A constructs (Fig. 2A). Moreover, the physiological
agonist ADP also caused no inhibition of the cellular cAMP
production in CHO Flp-In cells expressing K280A constructs
(Table 2) and in CHO K1 cells expressing K280A constructs (not
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Fig. 2 - Inhibition of cAMP accumulation (A) and cAMP response element (CRE, B) or serum response element (SRE, C and D)-
induced changes in luciferase activity in CHO Flp-In cells expressing wild-type (WT) or mutant P2Y,,-receptor constructs.
(A) Cellular cAMP production was increased by addition of forskolin 10 pM for 10 min at 36.5 °C. The figure shows the
concentration-dependent inhibition of intracellular cAMP accumulation by 2-methylthio-ADP. Cellular cAMP levels are
expressed as percentage of those determined in respective experiments with forskolin, but without 2-methylthio-ADP (% of
respective control, con). (B) CRE-dependent luciferase expression was increased by addition of forskolin 1 pM for 3.5 h; (% of
respective control, con). (C) Increases in SRE-dependent luciferase expression; (% of basal activity). (D) Cells were pretreated
with solvent or pertussis toxin (PTX, 400 ng/ml) for 20 h. Means =+ S.E. of 6-32 experiments. *p < 0.05, significant differences
vs. respective control; **p < 0.01 significant differences vs. respective values in the absence of PTX (ANOVA followed by the

Bonferroni post-test).

shown). The lack of any agonistic activity of 2-methylthio-ADP
at the Y259D and K280A constructs was further confirmed in
experiments analyzing the effect of the agonist on the
forskolin-induced increase of CRE-dependent luciferase activ-
ity. For this purpose, CHO Flp-In cells expressing wild-type or
mutant receptor constructs were transiently transfected with
the pCRE-luc vector. The cellular adenylate cyclase activity
was increased by addition of forskolin (1 pM) for 3.5 h. This
treatment by forskolin increased the activity of luciferase
about 2-fold above basal (not shown). In cells expressing wild-
type receptors, S101A constructs or R256A constructs, 2-
methylthio-ADP (1 nM to 1 nM) caused the expected inhibition
of the response to forskolin with ICsp-values of 1.4 nM, 0.8 nM
and 9 nM, respectively (Fig. 2B). In agreement with the results
analyzing the cellular cAMP content, 2-methylthio-ADP had

no effect on the forskolin-induced luciferase expression in
cells expressing the Y259D- and K280A-constructs (Fig. 2B).
Subsequently, we studied the question whether mutating
the receptor alters receptor signalling to another intracellular
pathway. For this purpose, CHO Flp-In cells expressing wild-
type or mutant receptor constructs were transiently trans-
fected with the pSRE-luc vector. In cells transfected with the
empty pcDNAS vector and the pSRE-luc vector, 2-methylthio-
ADP (0.1nM to 0.1 uM) caused no response (not shown). In
contrast, 2-methylthio-ADP (0.1 nM to 0.1 pM) increased the
SRE-dependent luciferase expression by about 50% with an
ECso concentration of 3.5nM in cells expressing wild-type
P2Y,,-receptors (Fig. 2C). Similar increases were observed in
cells expressing S101A and R256A constructs with ECsg
concentrations of 2.9 and 6.2 nM, respectively (Fig. 2C). These
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Table 2 - Effects of ADP on cAMP accumulation in CHO

Flp-In cells expressing wild-type- and K280A mutant
P2Y,,-receptors

cAMP-accumulation (% of control)

Wild-type K280A
Control 100.0 + 4.0 (4) 100.0 + 3.0 (4)
ADP 1 uM 70.4 +2.7 " (6) 113.7 £ 2.9 (6)
ADP 10 pM 82.6+4.97(6) 155.4 + 3.6 *# (6)

Means + S.E. of (n) experiments. *p < 0.05, *p < 0.01 significant
differences vs. respective control (ANOVA followed by the
Bonferroni post-test). Cellular cAMP-accumulation was increased
by forskolin (10 puM). The table shows the changes in cAMP-
accumulation by the agonist ADP added for 10 min.

responses to 2-methylthio-ADP were markedly reduced in
cells pretreated with pertussis toxin (Fig. 2D). In non-
pretreated cells expressing the Y259D and K280A constructs,
2-methylthio-ADP caused very small, but statistically signifi-
cant increases in SRE-dependent luciferase expression
(Fig. 2C).
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3.3. Recognition of a nucleotide antagonist

Next, we performed experiments in order to identify residues
involved in the binding of a nucleotide antagonist. For this
purpose, the interaction of 2-methylthio-ADP with the
nucleotide antagonist cangrelor was first studied by analyzing
changes in cAMP production in 132IN1 astrocytoma cells
expressing wild-type or mutant receptors. In cells expressing
the wild-type human P2Y,-receptor, cangrelor (30 nM) shifted
the concentration-response curve of 2-methylthio-ADP to the
right (Fig. 3A). The effects of the antagonist were clearly
surmountable (Fig. 3A). The respective apparent pKp-value
amounted to 9.2 (Table 1). In cells expressing the R256K
construct, cangrelor (30 nM) again shifted the concentration-
response curve of 2-methylthio-ADP to the right (Fig. 3B). The
shift corresponded to an apparent pKg-value of 8.9 and was not
statistically different from the shift observed at wild-type
receptors (Table 1). An almost identical shift to the right of the
concentration-response curve of 2-methylthio-ADP by can-
grelor was also observed in cells expressing the R256A
construct (Fig. 3C and Table 1) despite the fact that the
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Fig. 3 — Inhibition of cAMP accumulation: interaction with the nucleotide antagonist cangrelor in 1321N1 astrocytoma cells
expressing wild-type (A, WT) or mutant P2Y,,-receptor constructs (B, R256K; C, R256A; D, S101A). The figures show
concentration-response curves for 2-metylthio-ADP (2-MeSADP) in the absence (solid lines) or presence of cangrelor (AR-
C69931MX, interrupted lines). Cangrelor was added 5 min before the agonist at the concentrations indicated. The apparent
pKz-values of cangrelor are summarized in Table 1. Means + S.E. of 4-24 experiments. *p < 0.01, significant differences vs.
respective control. *p < 0.05, **p < 0.01, significant differences vs. respective values in the absence of the antagonist (ANOVA
followed by the Bonferroni post-test). For further details see legend to Fig. 1.
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Fig. 4 - Inhibition of cAMP accumulation: interaction with
the nucleotide antagonist cangrelor in CHO Flp-In cells
expressing wild-type (A, WT) or R256A mutant P2Y,,-
receptor constructs (B). Cangrelor (interrupted lines) was
added 5 min before the agonist at the concentrations
indicated. The apparent pKp-values of cangrelor are
summarized in Table 4. Means =+ S.E. of 4-20 experiments.
#p < 0.05, significant differences vs. respective control.

*p < 0.05, **p < 0.01, significant differences vs. respective
values in the absence of the antagonist (ANOVA followed
by the Bonferroni post-test). For further details see legend
to Figs. 2 and 3.

potency of the agonist 2-methylthio-ADP was clearly
decreased in cells expressing this mutant receptor construct
(compare solid lines of Fig. 3A and C; see also Fig. 1 and
Table 1). Finally, in astrocytoma cells expressing S101A
constructs, cangrelor (30nM) inhibited the effects of 2-
methylthio-ADP in a non-surmountable manner. Cangrelor
itself did not change basal cAMP levels or the isoproterenol-
induced cAMP production in 132IN1 astrocytoma cells
expressing wild-type or mutant receptors (not shown).

The determination of the potency of cangrelor at the wild-
type receptor and the R256A mutant construct was confirmed
in experiments performed on CHO cells. In CHO Flp-In cells
expressing wild-type receptors or the R256A construct,
cangrelor shifted the concentration-response curves of 2-
methylthio-ADP to the right with pKp values of 8.63 and 8.50,
respectively (no statistically significant difference; Fig. 4 and
Table 3). Cangrelor did not change basal or forskolin-
stimulated cAMP levels in CHO cells (not shown).

3.4.  Recognition of a non-nucleotide antagonist

CHO Flp-In cells were then used in order to study the
interaction with the non-nucleotide antagonist reactive
blue-2 which is known to block P2Y,,-receptors [10,26].
Reactive blue-2 (3 uM) clearly acted as a potent and surmoun-
table antagonist in cells expressing the wild-type P2Y,-
receptor. It shifted the concentration-response curve of the
agonist to the right with an apparent pKg-value of 7.6 (Fig. 5A
and Table 3). In contrast, in cells expressing the R256A
construct, reactive blue-2 used at the same concentration of
3 pM caused only a modest shift of the agonist concentration-
response curve to the right (Fig. 5B). This shift corresponded to
an apparent pKp-value of reactive blue-2 of 6.7 at the R256A
construct (statistically significant difference; Table 3). Reactive
blue-2 itself markedly increased cellular cAMP levels in the
presence of forskolin (10 uM; Table 4). Therefore, we used
lower concentrations of forskolin of 5 (wild-type) and 6 (R256A)
pM for the experiments in the presence of reactive blue-2
shown in dashed lines in Fig. 5 in order to compensate for the
reactive blue-2-induced increase in cAMP levels (Table 4).
Shifts of the concentration-response curves by reactive blue-2
were also observed in experiments without a compensation
for the increase in total cAMP concentration (not shown).

To confirm the differences in pKg-values of reactive blue-2
determined at the wild-type receptor and the mutant R256A
construct, the interaction of reactive blue-2 was then studied

Table 3 - Inhibition of cAMP accumulation by 2-methylthio-ADP and antagonist potency (apparent pKg-values) of

cangrelor and reactive blue-2 (RB 2) at wild-type and R256A-mutant P2Y,,-receptor constructs expressed in CHO Flp-In
cells

Construct  Max. inhibition = —logICso 2-MeSADP  Apparent pKp-values Apparent pKp-values Apparent pKp-values
(% of control) (cAMP assay) of cangrelor of RB 2 (cCAMP assay) of RB 2 (CAMP assay)
(cAMP assay) (cAMP assay) (luciferase-assay)

Wild-type 66.6 4.9 (5) 8.8+0.1 8.63 7.63 7.37

R256A 422+4.0%*(9) 7.8+£0.2* 8.50 6.75 * 591 *

Means + S.E. of (n) experiments. *p < 0.01, significant differences vs. respective controls (ANOVA followed by the Bonferroni post-test).
*p < 0.05, ™p < 0.01, significant differences vs. values determined at wild-type P2Yq,-receptors (F-test). For further details see legends to Figs. 5
and 6 and Table 1.
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Table 4 - Effects of reactive blue-2 (RB 2) on cellular cAMP accumulation in CHO Flp-In cells expressing wild-type and

R256A mutant P2Y,,-receptors in the absence and presence of forskolin
cAMP-level (pmol/well)

Solvent Solvent Forskolin (10 uM)  Forskolin (10 uM) Forskolin (5 uM) Forskolin (6 nM)
- +RB 2 (3 uM) - +RB 2 (3 uM) +RB 2 (3 pM) +RB 2 (3 uM)
Wild-type 0.3 +0.3 (11) 0.2+£0.2 (12) 8.7 + 0.5 (10) 17.7 £0.9"* (15) 5.6 +£0.4" (6)
R256A 0.3+ 0.3 (10) 0.6 +£0.3 (9) 6.3 + 0.4 (20) 11.7 + 0.3** (11) 6.0+0.2 (7)

Means =+ S.E. of (n) experiments. *p < 0.05, “'p < 0.01 significant differences vs. respective values in the absence of antagonist (ANOVA followed
by the Bonferroni post-test). Forskolin caused significant increases in cAMP levels (p < 0.01 vs. respective values obtained in the presence of
solvent used for forskolin). Reactive blue-2 (RB 2) (3 M) was added 10 min before forskolin. The table shows values determined in the absence
and presence of reactive blue-2. In some experiments, the concentration of forskolin was reduced in order to compensate the increase in cAMP

levels induced by reactive blue-2 itself (see legend to Fig. 5).

by analyzing the 2-methylthio-ADP mediated inhibition of the
CRE-dependent luciferase activity in CHO Flp-In cells tran-
siently transfected with the pCRE-luc vector. In this assay
system with forskolin used at a concentration of 1 pM, reactive
blue-2 itself had no significant effect of the response to
forskolin alone (not shown). In cells expressing wild-type
receptors, reactive blue-2 caused a marked shift of the
concentration-response curve of 2-methylthio-ADP (apparent
pKg-value of 7.4; Fig. 6A and Table 3). Moreover, the shift
caused by reactive blue-2 was smaller in cells expressing the
R256A construct (apparent pKg-value of 5.9; Fig. 6B and
Table 3). In cells expressing the S101A construct, the apparent
pKg-value of reactive blue-2 amounted to 7.6 (Fig. 6C).

4, Discussion

The first series of experiments of this study have been
performed on 1321N1 astrocytoma cells which are known to
possess no or very few endogenous P2Y receptors. In non-
transfected astrocytoma cells, the P2Y receptor agonist 2-
methylthio-ADP (up to 10 pM) caused no change in cAMP
levels in agreement with the absence of endogenous
receptors for 2-methylthio-ADP in these cells. We per-
formed additional experiments on CHO cells in order to
confirm our conclusions. CHO cells are known to express
endogenous P2Y receptors including the Gg-coupled P2Y;-
receptor. However, in non-transfected and mock-trans-
fected CHO Flp-In cells, 2-methylthio-ADP did not change
cAMP levels, the CRE-dependent luciferase activity or the
SRE-dependent luciferase activity indicating that CHO Flp-In
cells are also a suitable expression cell line for the analysis
of the pharmacological properties of the human P2Y;,-
receptor. Isoproterenol and forskolin were used to accel-
erate the cAMP production in astrocytoma cells and CHO
cells, respectively.

In 1321N1 astrocytoma cells expressing recombinant wild-
type human P2Y;,-receptors, there was in fact a clear
inhibitory action of the prototype P2Y;,-receptor agonist 2-
methylthio-ADP on the isoproterenol-stimulated cAMP pro-
duction with a half-maximal concentration (ICso) of about
0.3 nM. This value is similar to published data [1]. Similar ICsq
values for 2-methylthio-ADP were also determined in our
experiments performed on CHO Flp-In cells expressing the
recombinant human wild-type P2Y,,-receptors using two

different assay systems: the determination of cellular cAMP
levels by the radioligand competition assay (which was also
used for the experiments with astrocytoma cells) and the
analysis of the CRE-dependent luciferase activity (CHO cells
only). When analyzing effects on the SRE-dependent lucifer-
ase expression, 2-methylthio-ADP showed an ECso value of
3.5nM in cells expressing the wild-type P2Y,,-receptor. Gi-
coupled receptors including the dopamine D2-receptor have
previously been demonstrated to couple via pertussis toxin
sensitive G-proteins to the stimulation of SRE-dependent gene
expression related to the extracellular signal-regulated kinase
(ERK) pathway [24,25]. The native P2Y;,-receptor is known to
mediate an activation of ERK [22,23]. To our knowledge, we
demonstrate here for the first time the pertussis toxin-
sensitive coupling of the recombinant human P2Y;,-receptor
to a change in the SRE-dependent gene expression. The
cellular expression levels of wild-type receptors and mutant
receptor constructs were almost identical within one cell line
(astrocytoma cells or CHO cells) excluding that differences in
functional responses are due to differences in receptor
expression at the cell membrane.

4.1.  Role of Arg256 in recognition of a negatively charged
domain of an agonist

Our data now provide direct experimental evidence for an
involvement of Arg256 in TM6 of the human P2Y;,-receptor
in the recognition of a negatively charged domain of the
agonist molecule, most likely a portion of the diphosphate
chain. This is shown by the observation that the replace-
ment of arginine by the basic residue lysine is well tolerated
for receptor function, while the replacement by the
neutral residue alanine caused an intermediate reduction
in agonist potency (as shown by the increase in ICsg
concentration) and the replacement by the acidic residue
aspartate induced a very marked decrease in agonist activity
of 2-methylthio-ADP. A recently published molecular model
of the P2Yq,-receptor protein based on homology calcula-
tions suggests that Arg256 of the P2Y,,-receptor is located in
the proximity of the alpha-phosphate group of the nucleo-
tide agonist [30]. An important role of Arg256 in the function
of the P2Y;,-receptor has previously been shown by
Cattaneo et al., who described the effect of the mutation
R256Q within the P2Y;,-receptor in a patient with a bleeding
disorder [17].
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Fig. 5 - Inhibition of cAMP accumulation: interaction of the
non-nucleotide antagonist reactive blue-2 (RB 2) in CHO
cells expressing wild-type (A, WT) or mutant P2Y,-
receptor constructs (B, R256A). Reactive blue-2 (RB 2,
interrupted lines) was added 10 min before the agonist at
the concentration of 3 pM. The apparent pKg-values of
reactive blue-2 are summarized in Table 4. Means *+ S.E. of
4-20 experiments. *p < 0.01, significant differences vs.
respective control. *p < 0.05, **p < 0.01, significant
differences vs. respective values in the absence of the
antagonist (ANOVA followed by the Bonferroni post-test).
For further details see legend to Figs. 2 and 3.

4.2. Roles of His253, Tyr259 and Lys280

In the present study, we identified the involvement of
additional residues of the human P2Y,-receptor in ligand
recognition. Tyr259 as well as Lys280 appear to be crucial for
the activation of the receptor by agonists as shown by the
absence of any receptor-mediated inhibition of cAMP produc-
tion or cAMP-dependent gene expression in 1321N1 cells and
CHO Flp-In cells expressing receptor constructs in which the
residues were replaced by alanine (K280A) or aspartate
(Y259D). The loss of any responses in cells expressing the
double mutant H253A/R256A suggests a similar role for His253.
One should note that the single mutation R256A only caused
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Fig. 6 — Inhibition of CRE-dependent luciferase activity:
interaction of the non-nucleotide antagonist reactive blue-
2 (RB 2) in CHO cells expressing wild-type (A, WT) or
mutant P2Y,,-receptor constructs (B, R256A; G, S101A).
Reactive blue-2 (RB 2, interrupted lines) was added 10 min
before the agonist at the concentration of 3 M. The
apparent pKg-values of reactive blue-2 are summarized in
Table 4. Means = S.E. of 10-23 experiments. *p < 0.05,
significant differences vs. respective control. *p < 0.05,

**p < 0.01, significant differences vs. respective values in
the absence of the antagonist (ANOVA followed by the
Bonferroni post-test). For further details see legends to
Figs. 2 and 3.
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an intermediate change in receptor function. The residues
His253 and Tyr259 are located in the upper portion of the
predicted TM6, His253 one predicted alpha helix turn below
and Tyr259 one predicted alpha helix turn above the residue
Arg256. These data underline the important role of TM6 in
ligand recognition of the human P2Y;,-receptor. Lys280 is
located at the upper third of TM7 of the human P2Y;,-receptor
[10]. Lys280 appears to be very important for agonist
recognition of the human P2Y;,-receptor as shown by the
absence of any responses to 2-methylthio-ADP or ADP in
experiments analyzing the cAMP pathway (present study).
The corresponding residue GIn307 of the human P2Y;-receptor
also plays a dominant role as shown by a 360-fold increase in
the ECso value of 2-methylthio-ADP at the Q307A mutant
construct of the P2Y;-receptor [12].

Interestingly, some differences were observed in experi-
ments analyzing the signalling of mutant receptors to a
distinct intracellular pathway. When analyzing effects on the
SRE-dependent luciferase expression, there were no signifi-
cant differences in the responses to the agonist 2-methythio-
ADP in cells expressing wild-type and R256A mutant receptors
(ECso concentrations of 3.5nM vs. 6.2nM, respectively).
Differential coupling of mutant receptors to the cAMP- and
the SRE-dependent pathways has previously been reported for
the D2-receptor [24]. In agreement with very important roles of
Tyr259 and Lys280 in receptor function, 2-methylthio-ADP
caused only small increases in SRE-dependent luciferase
expression in cells expressing Y259D and K280A constructs
(Fig. 2C).

4.3. Recognition of antagonists

In astrocytoma cells expressing recombinant human P2Y,-
receptors, the nucleotide antagonist cangrelor acted in a
manner compatible with a competitive antagonism as
suggested for the action of cangrelor at the human P2Y,-
receptor [31]. The apparent pKg-value of 9.2 of cangrelor
determined in our study at the recombinant P2Y;,-receptor
expressed in astrocytoma cells fits well to the affinity value of
0.4 nM determined for cangrelor at the native P2Y,,-receptor
expressed in human platelets [7]. The anthraquinone deriva-
tive reactive blue-2 blocks a number of P2 receptors when used
at micromolar concentrations [10]. It has, however, been
shown to act in nanomolar concentrations as a competitive
antagonist at the native rat P2Y;,-receptor expressed in C6
glioma cells [26]. The pKg-value determined by Boyer and co-
workers [26] for reactive blue-2 at the native rat P2Y,,-receptor
(pKg 7.6) is identical with or very close to the apparent pKg-
value determined for reactive blue-2 in the present study at
the recombinant human P2Y,-receptor (apparent pKg 7.6 or
7.4; Table 4).

The analysis of antagonistic properties on cells expressing
the R256A mutant construct now provides a more detailed
view of the role of Arg256 in ligand recognition of the human
P2Y,-receptor. While the replacement of Arg256 by alanine
had a marked effect on the agonist potency (ICso concentra-
tion), there was almost no change in the antagonistic potency
(apparent pKg) of the triphosphate nucleotide antagonist
cangrelor in both 1321N1 astrocytoma cells and CHO Flp-In
cells expressing the R256A mutant receptor construct. This

result indicates that Arg256 contributes to nucleotide agonist
recognition but not to the interaction with the nucleotide
antagonist (at least in the case of cangrelor). One might
speculate that Arg256 is involved in the stabilization of the
active conformation of the receptor protein possibly by
interaction with the phosphate chain of the nucleotide agonist
molecule. The important role of the beta-phosphate group of
the agonist in the activation process of the receptor is known
from a number of functional studies. 2-Methylthio-AMP acts
as an antagonist at the P2Y,,-receptor while 2-methylthio-
ADP is a very potent P2Y,-receptor agonist [1,10].

A key role of Arg256 within the ligand binding site of the
human P2Y;,-receptor is further confirmed by the experi-
ments analyzing the interaction with the non-nucleotide
antagonist reactive blue-2. Interestingly, reactive blue-2 had a
markedly lower antagonistic potency (apparent pKg) in cells
expressing R256A constructs indicating that Arg256 belongs to
the overlapping portion of the binding sites of reactive blue-2
and the agonist 2-methylthio-ADP. Hence, our data support
the view that reactive blue-2 acts as a competitive antagonist
at the P2Y;,-receptor. It may serve as a chemical lead for the
development of potent and competitive non-nucleotide
antagonists. The corresponding residue Lys280 in TM6 of
the human P2Y;-receptor has also been shown to be involved
in binding of the non-nucleotide antagonist reactive blue-2
[32].

Ser101 of the human P2Y,-receptor corresponds to His132
of the human P2Y;-receptor. While His132 of the P2Y;-
receptor is involved in agonist recognition [12,13], Ser101 of
the P2Y,-receptor does not seem to play the same role in the
P2Y,,-receptor protein. Nevertheless, this residue is likely to
be located close to the ligand binding site as shown by the
marked change in antagonistic properties of cangrelor in cells
expressing the S101A mutant receptor construct. While in
cells expressing the wild-type P2Y,-receptor the mode of
action of cangrelor is consistent with competitive antagonism,
cangrelor acted in a non-surmountable manner in cells
expressing S101A mutant receptor constructs. Possibly, the
mutated construct favours an allosteric mode of interaction of
cangrelor with the receptor.

In summary, our data indicate that Arg256 in the upper
third of TM6 of the human P2Y;,-receptor interacts with a
negatively charged domain of the agonist, most likely the
phosphate chain. Interestingly, the exchange of the residue
did not modify the potency of the triphosphate nucleotide
antagonist cangrelor, suggesting an involvement of the
residue Arg256 in the stabilization of the active state of
the receptor protein. Furthermore, we provide evidence for the
contribution of His253 (TM6), Tyr259 (TM6) and Lys280 (TM7) in
ligand recognition of the human P2Y;,-receptor. And finally,
we show for the Y259D and K280A mutant constructs that
effects of mutations on the receptor function are not restricted
to the coupling to the cAMP pathway, but also affect the
coupling to the SRE-dependent luciferase expression.
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