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Abstract. G protein-coupled receptors (GPCRs) are distributed widely throughout the human
body, and nearly 50% of current medicines act on a GPCR. GPCRs are considered to consist of
seven transmembrane � -helices that form an � -helical bundle in which agonists and antagonists
bind. A 3D structure of the target GPCR is indispensable for designing novel medicines acting
on a GPCR. We have previously constructed the 3D structure of human P2Y1 (hP2Y1) receptor,
a GPCR, by homology modeling with the 3D structure of bovine rhodopsin as a template. In the
present study, we have employed an in silico screening for compounds that could bind to the
hP2Y1-receptor model using AutoDock 3.0. We selected 21 of the 30 top-ranked compounds, and
by measuring intracellular Ca2+ concentration, we identified 12 compounds that activated or
blocked the hP2Y1 receptor stably expressed in recombinant CHO cells. 5-Phosphoribosyl-1-
pyrophosphate (PRPP) was found to activate the hP2Y1 receptor with a low ED50 value of 15 nM.
The Ca2+ assays showed it had no significant effect on P2Y2, P2Y6, or P2X2 receptors, but acted
as a weak agonist on the P2Y12 receptor. This is the first study to rationally identify surrogate
ligands for the P2Y-receptor family.

Keywords: G protein-coupled receptor, P2Y1 receptor, in silico screening, AutoDock, 
5-phosphoribosyl-1-pyrophosphate

Introduction

The rhodopsin family is an important class of
G protein-coupled receptors (GPCRs) that have crucial
roles in many signal transductions. From a therapeutic
point of view, GPCRs represent one of the most critical
classes of confirmed drug targets, since nearly 50%
of all contemporary medicines act on a GPCR (1).
However, as a membrane-bound protein such as a GPCR
is not readily crystallized, only a couple of GPCR-type
receptors, bovine rhodopsin and bacteriorhodopsin,
have had their 3D structures clarified. The reported
model of bovine rhodopsin includes 194 residues that
form seven transmembrane (TM) � -helices (2). This

model offered a structural template for other GPCRs,
including assignment of the location of highly conserved
amino acids. In addition, several novel methods to
predict the configuration of GPCRs have recently been
proposed (3 – 8). We have previously constructed the
3D structure of the human P2Y1 receptor, a GPCR, by a
hybrid approach, based on the high-resolution X-ray
structure of rhodopsin, and Fourier transform analysis
for � -helix prediction (9, 10). The 3D model of the
hP2Y1 receptor showed good agreement with the
pharmacophore features of the agonist, ADP.
A number of computer docking software have been

utilized successfully to fulfill the purpose of the
computer-based drug design. This type of software is
useful in evaluating the binding mode of candidate
ligands or drug molecules to target macromolecules*Corresponding author. FAX: +81-77-561-5203
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such as nucleic acids and enzymes. In the drug design,
an experimental structure for a target protein complex-
ing with a ligand can allow us to examine the details of
the binding site and to design de novo compounds.
AutoDock (11 – 13) has a ligand mobilized by a genetic
algorithm method and evaluates rapid grid-based
energy. Previous applications of AutoDock 3.0 include
the prediction of substrate binding to enzymes (14),
computer-aided drug design of non-peptide inhibitors
of HIV protease (15), and molecular modeling of
interactions of non-peptide antagonist with the human
vasopressin V1a and V2 receptors and with oxytocin
receptors (16). The study of human vasopressin and
oxytocin receptors showed good agreement with the
molecular affinity data and suggested that AutoDock 3.0
is a useful tool for docking a compound to a GPCR
model.
The P2Y1 receptor, cloned in 1993, belongs to the

purinoceptor subfamily which is classified into two
pharmacologically distinct families of P2Y receptor
and P2X-receptor classes (17, 18). P2Y receptors are
members of the superfamily of rhodopsin-like GPCRs.
The classification of P2Y receptors based on the primary
sequences deduced from cDNAs divides them into ten
kinds of subclasses: P2Y1, P2Y2, P2Y3, P2Y4, P2Y6,
P2Y8, P2Y11, P2Y12, P2Y13, and P2Y14 (19 – 21).
However, these subclasses of P2Y receptors are
considerably confused due to the lack of specific agonist
and antagonist for each subtype. Thus the effort to
discover a specific agonist and antagonist for each
P2Y receptor is an urgent subject for the elucidation of
their physiological functions. Recently, P2Y1 and P2Y12

receptors have been proposed as potential therapeutic
targets for thrombosis.
Therefore, using AutoDock 3.0, we have conducted

an in silico screening for compounds that could bind to
hP2Y1 receptor. To confirm the results of the in silico
screening, we measured the abilities of the selected
compounds to stimulate intracellular Ca2+ concentration
([Ca2+]i) increase in the CHO cells transfected with
the hP2Y1-receptor gene. The aim of this study is to
rationally discover surrogate compounds for hP2Y1

receptor by employing in silico and in vitro approaches.

Materials and Methods

In silico screening using the AutoDock 3.0

We have previously constructed the 3D structure
of hP2Y1 receptor by Fourier transform analysis and
homology modeling with the bovine rhodopsin 3D
structure as a template (10). To search for hP2Y1

agonists and antagonists, we used the 3D model of the
hP2Y1 receptor as a template for in silico screening. We

used AutoDock 3.0, a ligand flexible docking program
(11 – 13), according to the manufacturer’s instructions
with our in-house database, which includes animal
metabolites. The number of grid points in the x, y, z-axis
was 60 � 60 � 60 with grid points separated by 0.375 Å.
Docking runs were performed using the Larmarckian
genetic algorithm. The population size was set to 50.
Each docking experiment consisted of a series of 200
simulations. The resulting initial set of 200 receptor-
ligand configurations included crude configurations
and required further refinement. To this end, the top
10 configurations of binding energy as ranked by
AutoDock were energy-minimized (1000 steps of
conjugate gradients method) with the CHARMm force
field in the standard condition that all C�  carbon
positions were fixed and the dielectric value was 4.0.
These energy-minimizations were calculated using the
InsightII /CHARMm programs (Accelrys, San Diego,
CA, USA), and the lowest-energy configuration was
selected. A total of 500 compounds in our database
were calculated as ligands by this method, including
animal metabolites such as carbohydrates, fatty acids,
steroids, amino acids, amines, nucleic acids, and
vitamins. Our 3D compound database was based on the
2D molecules in KEGG LIGAND database (http:/ /
www.genome.ad.jp / ligand /). These 2D molecules were
converted to 3D and energy-minimized using the
InsightII /CHARMm programs.

Cell culture

The CHO-K1 (Chinese Hamster ovary) cell line was
used to generate the Flp-InTM CHO cell line (Invitrogen
Carlsbad, CA, USA). The Flp-InTM CHO cell line
contains a single Flp Recombination Target (FRT) site
that has a mutated SV40 early promoter. The location of
the FRT site in the Flp-InTM CHO cell line has not
been mapped, but has been demonstrated to have inte-
grated into a highly transcriptionally active genomic
locus. Flp-InTM CHO cells were maintained in Ham’s
F-12 medium (Invitrogen) supplemented with 100 unit
/ml penicillin, 100 �g /ml streptomycin, 100 �g /ml
zeocin, 2 mM L-glutamine, and 10% fetal bovine serum
(FBS) at 37�C in a CO2 incubator with 5% CO2.

Construction of hP2Y1-Gq�  fusion protein and hP2Y2-

Gq�  fusion protein

The hP2Y1-Gq�  DNA was generated by a two-step
PCR protocol using Pfu polymerase, Pyrobest (Toyobo,
Osaka). A set of fusion primers (sense and antisense)
was synthesized with 16 bp from the C-terminus of the
hP2Y1 receptor, 18 bp encoding a hexahistidine tag, and
16 bp from the N-terminus of human Gq�  (hGq�). In
the first PCR, the hP2Y1-receptor gene in pcDNA3
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served as a template to amplify the sequence between a
sense primer designed for the N-terminus of the hP2Y1

receptor and the antisense fusion primer. In the second
PCR, the hGq�  gene in PUC18 served as a template
to amplify the gene between the sense fusion primer
and the antisense primer for the C-terminus of hGq� .
Then, the hP2Y1-Gq�  fusion gene was synthesized by a
further PCR with the products of the first and second
PCR as templates and the sense primer of the BamHI
site in the hP2Y1 sequence and the antisense primer in
the extra BamHI site in hGq�  sequence. This fragment
was digested with BamHI and cloned into the Flp-InTM

System expression vector, pcDNA5 /FRT.
The hP2Y2-hGq�  fusion gene was generated by the

similar method as mentioned above using specific
primers of the hP2Y2-receptor sequence. The fragment
of the hP2Y2-hGq�  gene was digested with BamHI and
cloned into the vector pcDNA5 /FRT. The accuracy of
all PCR-derived sequences was confirmed by the DNA
sequence-analyses using the ABI PRISM 3100 Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA).

Generation of stably transfected cell lines

Purified plasmid DNA (1 �g) containing the hP2Y1-
hGq�  or hP2Y2-hGq�  gene was stably transfected
into Flp-InTM CHO cells using LipofectamineTM 2000
(Invitrogen) in a final volume of 100 � l of Opti-MEM
reagent (Invitrogen). After transfection, cell populations
stably expressing these genes were obtained by selection
with 0.5 mg /ml hygromycin B (Invitrogen). Clonal cell
lines were isolated, and the expression of hP2Y1-hGq�
fusion protein and hP2Y2-hGq�  fusion protein were
confirmed by the RT-PCR method and Western blotting.

RT-PCR

Total RNA was isolated from wild-type CHO cells
and from CHO cells engineered to express the hP2Y1-
hGq�  or hP2Y2-hGq�  fusion protein using the TRIzol
reagent (Invtrogen). Total RNA isolated from each cell
line (1 – 3 �g) was used to perform reverse transcription
by the reverse transcriptase ReverTra Ace (Toyobo).
PCR amplification was done with: i) primer 1 (5-cccac
cggtacagcggtgtgg-3) and primer 2 (5-tactcttgccactctctc
ctg-3), suitable to amplify the 856 bp spanning region of
hP2Y1-hGq� ; or ii) primer 3 (5-'gagctcttcagccgcttcgtg-
3) and primer 2, suitable to amplify the 737 bp region
of hP2Y2-hGq�  (Fig. 1). The DNA size-standard was
100 bps ladder marker (Toyobo).
We also investigated which subtypes were expressed

in wild-type CHO cells by RT-PCR. PCR amplification
was done with primers suitable to amplify the 200 – 700-
bp spanning regions of the P2Y-receptor family (P2Y1,
P2Y2, P2Y4, P2Y6, P2Y12).

Western blotting

Membrane samples from wild-type and stably trans-
fected CHO cells were separated on 10% SDS poly-
acrylamide gels. Following electrophoresis, proteins
were transferred to nitrocellulose and reacted with
hexahistidinetag antibody (1:4000). Immunoreactive
bands were visualized by sheep anti-mouse IgG
conjugated with horseradish peroxidase, using 3,3-
diaminobenzidine tetrahydrochloride (DAB) and H2O2

as substrates.

[Ca2+]i measurements

The [Ca2+]i increase was measured using the Ca2+

indicator fura-2 /AM (Calbiochem, San Diego, CA,
USA) in the wild-type and stably transfected CHO
cells perfused with the standard bath solution consisting
of Krebs-Ringer bicarbonate Hepes (KRBH) buffer
supplemented with 5.6 mM glucose and 0.05% BSA.
The cells were loaded with membrane permeant fura-2
/AM (5 �M) in the dark for 40 min in a standard bath
solution. Fura-2-loaded cells were then incubated in
the standard bath solution for 30 min at 37�C and
transferred to the recording chamber mounted on the
stage of an inverted microscope (IX70; Olympus,
Tokyo). The recording chamber was maintained at
37�C and was perfused continuously at a rate of
1.5 ml /min with the standard bath solution or some

Fig. 1. Detection of the expressed hP2Y1-hGq�  fusion protein

in transfected CHO cells. A) RT-PCR analysis: DNA products by

RT-PCR from wild-type CHO cells (lane 2), transfected cells stably

expressing hP2Y1-hGq�  (lane 3), or hP2Y2-hGq�  (lane 4). Primers

specific for the hP2Y1-hGq�  gene (lanes 2 and 3), the hP2Y2-hGq�

gene (lane 4) or the � -actin gene (lane 5) were used. The DNA

size standard is 100-bp ladder marker (1000 to 500 bp in lane 1).

B) Western blotting analysis: proteins extracted from wild-type

CHO cells (lane 2) or cells stably expressing hP2Y1-hGq�  (lane 3).

hP2Y1-hGq�  protein was detected by anti-His�6 antibody (lanes 2,

3). Lane 1 contains protein molecular weight marker (93 and

50 kDa).
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test solutions. The fluorescence measurement of [Ca2+]i
increase was performed using a microspectrofluoro-
meter (Lambda DG4). All nucleotides or nucleotide
analogues used were from Sigma (St. Louis, MO, USA).

Results

In silico screening using AutoDock 3.0

To test if AutoDock screening can identify known
potential hP2Y1 ligands, we added known P2Y1 agonists
[ADP, 2-methylthioADP (2MeSADP), 2-methylthio-
ATP (2MeSATP), and ATP�S] and antagonists [adeno-
sine 3-phosphate 5-phosphate (A3P5P), adenosine 3-
phosphate 5-phosphosulfate (A3P5PS), N6-methyl-2'-
deoxyadenosine-3',5'-bisphosphate (MRS2179), and
pyridoxal-phosphate-6-azophenyl-2',4'-disulfonic acid
(PPADS)] to the database. These results showed all
the added ligands were calculated to have significantly
low binding energies. The binding energy values of
added ligands were between �15.07 and �11.68 kcal
/mol, while those of other neurotransmitters are

�2.39 kcal /mol for acetylcholine, �5.31 kcal /mol for
dopamine, and �3.89 kcal /mol for GABA. Since those
known hP2Y1 ligands were ranked within the top 30 by
the AutoDock, a total of 30 compounds were evaluated
as hits satisfying the requirement that each calculated
binding energy was less than �11.68 kcal /mol (Table 1).

Detection of the expressed hP2Y1-hGq�  and hP2Y2-

hGq�  fusion protein

We confirmed the expression of hP2Y1-hGq�  and
hP2Y2-hGq�  fusion protein in stably transfected
CHO cells by the RT-PCR method. Amplification of
hP2Y1-hGq�  and hP2Y2-hGq�  fusion protein resulted
in single bands around the predicted sizes of 856 and
737 bp (Fig. 1A, lanes 3 and 4). We also confirmed
the expression of hP2Y1-hGq�  fusion protein by
Western blotting by using anti-His�6 antibody (Fig. 1B).
Western blotting showed 80-kDa specific bands in
lane 3 containing proteins extracted from stably trans-
fected CHO cells.

Table 1. Results of docking simulation using AutoDock 3.0

Ligand
AutoDock energy 

(kcal /mol)
Ligand

AutoDock energy 

(kcal /mol)

1 XTP �15.93 26 GDP �12.33

2 Adenosine 5'-tetraphosphate �15.81 27 MRS2179 �12.28

3 Farnesyl diphosphate �15.68 28 UDP �12.21

4 PRPP �15.33 29 D-Fructose 1,6-bisphosphate �12.05

5 GTP �15.17 30 PPADS �11.68

6 A3P5PS �15.07 31 RDP �11.33

7 UTP �15.07 32 D-Fructose 2,6-bisphospahate �11.10

8 RTP �14.83 33 IMP �10.87

9 ADP-ribose 2'-phosphate �14.69 34 ADP-glucose �10.86

10 UDP-glucose �14.66 35 CMP �10.78

11 2MeSATP �14.65 36 alpha-Tocopherol �10.72

12 TTP �14.64 37 Thyrotropin-releasing hormone �10.62

13 2MeSADP �14.44 38 Cholesterol �10.52

14 CTP �14.44 39 XMP �10.44

15 ITP �14.39 40 D-Fructose 6-phosphoric acid �10.40

16 ATP �14.34 41 Deoxycholic acid �10.22

17 A2P5P �13.76 42 Leukotriene B4 �10.21

18 Geranylgeranyl diphosphate �13.71 43 Retinal �10.00

19 ATPgS �13.45 44 Ergosterol �9.99

20 XDP �13.21 45 RMP �9.85

21 A3P5P �12.88 46 Riboflavin �9.75

22 TDP �12.74 47 Creatine phosphate �9.67

23 CDP �12.65 48 AMP �9.54

24 ADP �12.59 49 GMP �9.24

25 IDP �12.33 50 UMP �9.23

The top 50 compounds according to the AutoDock-binding energy are listed. The compounds shown as bold type were

selected to the in vitro test of [Ca2+]i measurement.
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[Ca2+]i measurements in CHO cells expressing hP2Y1-

hGq�  fusion protein and hP2Y2-hGq�  fusion protein

We selected 21 commercially available compounds
that were shown to have an AutoDock binding energy of
less than �11.68 kcal /mol. Furthermore, two com-
pounds, D-fructose 2,6-bisphosphate (�11.10 kcal /mol)
and AMP (�9.54 kcal /mol) were selected as negative
controls. These 23 compounds were subjected to the in
vitro test of [Ca2+]i measurement using the transfected
CHO cells stably expressing hP2Y1-hGq�  fusion
protein (shown as bold type in Table 1). The hP2Y1

agonists, 2MeSADP, 2MeSATP, ADP, and ATP�S,
evoked the [Ca2+]i increase more effectively in the
transfected cells than in the wild-type cells (Fig. 2: A –
D). Additionally, we found that three compounds, PRPP
(5-phosphoribosyl-1-pyrophosphate), CDP, and D-fruc-
tose 1,6-bisphosphate, evoked the [Ca2+]i increase more
effectively in the transfected cells (Fig. 2: E – G). Their
stimulating actions were in a dose-dependent manner
with a rank order of potency of 2MeSADP � 2MeSATP
� ADP � ATP�S � PRPP �� CDP � D-fructose 1,6-bis-
phosphate. The ED50 values were 0.026 � 0.0015 nM
of 2MeSADP, 1.4 � 0.07 nM of 2MeSATP, 2.2 �
0.14 nM of ADP, 3.8 � 0.10 nM of ATP�S, 15 � 5.3 nM
of PRPP, 6,500 � 2,400 nM of CDP, and 14,000 �
2,100 nM of D-fructose 1,6-bisphosphate. Each ligand
evoked a similar maximum [Ca2+]i increase. Other
nucleic acids, ATP, TTP, GTP, CTP, UTP, ITP, TDP,
GDP, UDP, IDP, AMP, and UDP-glucose, evoked the
[Ca2+]i increase in the transfected cells without any
significant differences from the wild-type cells. AMP,
farnesyl diphosphate, and D-fructose 2,6-bisphosphate
did not show any appreciable effect at 1 – 100 �M in the
transfected cells (data not shown). Then we investigated
the effects of the P2 antagonists, 100 �M suramin and
1 �M PPADS, and also 10 �M of the putative hP2Y1-
specific antagonist A3P5PS on the 10 nM ADP-evoked
[Ca2+]i increase in the transfected cells. As a result, all
of the antagonists significantly reduced the 10 nM
ADP-evoked [Ca2+]i increase (Fig. 3: A – C). Further-
more, 1 �M A3P5PS completely blocked the 100 nM
PRPP-evoked [Ca2+]i increase (Fig. 3H). In addition,
1 �M UDP and 100 �M UDP-glucose showed a weak
antagonistic effect on the 10 nM ADP-evoked [Ca2+]i
increases (Fig. 3: D and E), while D-fructose 2,6-bis-
phosphate shows no appreciable effect on the 10 nM
ADP-evoked [Ca2+]i increase (Fig. 3F). The P1 agonist,
adenosine at 100 �M had no effect on it (Fig. 3G).
In order to estimate the selectivity of PRPP action

for P2Y receptors, we examined the activity of PRPP to
stimulate [Ca2+]i increases in the CHO cells expressing
hP2Y2-hGq�  fusion proteins. ATP and UTP, known
agonists for the hP2Y2 receptor, evoked the [Ca2+]i

increase more effectively in the transfected cells than in
the wild-type cells (Fig. 4: A and B). The ED50 values
were 0.82 � 0.033 nM of ATP and 16 � 3.1 nM of UTP,
and the maximum increases evoked by ATP and UTP
were almost in the same level. However, PRPP showed
only a weak [Ca2+]i increase in the transfected cells as
well as the wild-type cells. As seen in Fig. 4C, the ED50

values were estimated to be 400 � 30 nM in both cell
lines. CDP had no appreciable effect under the same
assay conditions (Fig. 4D).
We also tested whether PRPP acted on P2X receptors.

As differentiated PC12 cells (dPC12 cells) are known
to express P2X2 receptors that responds to extracellular
nucleotides, we measured the [Ca2+]i response in the
cells. ATP and 2MeSATP showed long and dose-
dependent [Ca2+]i increases in the dPC12 cells through
the activation of the P2X2 receptors. In contrast, P2X2

receptors did not respond to PRPP even at the concentra-
tion of 10 �M (data not shown).

Correlation between AutoDock energies and ED50

values of [Ca2+]i measurements

Figure 5 shows a plot of the correlation between
binding energies calculated by AutoDcok and the ED50

values of [Ca2+]i measurements in the transfected CHO
cells. Figure 5 uses the data of 2MeSADP, 2MeSATP,
ADP, ATP�S, PRPP, CDP, and D-fructose 1,6-bis-
phosphate, which showed potency as hP2Y1 agonists in
Fig. 2. The straight line was drawn by the least-squares
method. The correlation coefficient of the calculated
binding energies and ED50 values was 0.63 (P�0.05).

3D models of hP2Y1 receptor and agonists

We constructed a 3D model of ADP-bound hP2Y1

receptor using the AutoDock program. This 3D model
showed a lower energy of the ligand-bound hP2Y1-
receptor complex than the model we previously reported
(10). The newly constructed model also shows good
agreements with the pharmacophore feature of ADP.
The model shows that the phosphate group of ADP
interacts with Arg310 /TM7 (2.07Å O2P) and Lys280
/TM6 (2.00Å O2P, 2.05Å O4P, 1.86Å O6P); the
ribose of ADP interacts with Arg310 /TM7 (1.84Å O5);
and the adenine moiety interacts with Tyr111 /TM2
(2.23Å N6H2) and Arg310 /TM7 (2.27Å N3) (Fig. 6A).
2MeSADP, 2MeSATP, and CDP showed a similar
docking manner to the hP2Y1-ADP model (data not
shown). In the case of PRPP, the 5-phosphate group of
PRPP interacts with Gln307 /TM7 (2.21Å O20) and
Arg310 /TM7 (1.90Å O14), while the ribose moiety
interacts with Arg310 /TM7 (2.44Å O2) and the 1-
diphosphate group interacts with His132 /TM3 (2.03Å
O17), Lys280 /TM6 (2.09Å O17, 1.91Å O18, 2.47Å
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Fig. 2. Dose-response curves for ligand-evoked [Ca2+]i
increases via the expressed hP2Y1-hGq�  fusion protein.

Wild-type CHO cells and CHO cells stably expressing

hP2Y1-hGq�  fusion protein were loaded with fura-2 /AM

to measure changes in [Ca2+]i. Increases in [Ca
2+]i were

measured in fura-2-loaded cells as described in Methods.

Wild-type CHO cells (open circle) or cells transfected

with the hP2Y1-hGq�  plasmid (closed circle) were evoked

with different concentrations of ligands, A) 2MeSADP,

B) 2MeSATP, C) ADP, D) ATP�S, E) PRPP, F) CDP,

G) D-fructose 1,6-bisphosphate. Individual curves represent

the means � S.E.M. of 3 – 5 experiments each measuring at

least 10 single cells.
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Fig. 3. Antagonistic effects of ligands on the ADP- and PRPP-evoked [Ca2+]i increases. CHO cells stably expressing hP2Y1-

hGq�  fusion protein were evoked with 10 nM ADP (A – G) or 100 nM PRPP (H) in the presence or absence of 100 �M suramin

(A), 1 �M PPADS (B), 10 �M A3P5PS (C), 1 �M UDP (D), 100 �M UDP-glucose (E), 100 �M D-fructose 2,6-bisphosphate

(F), 100 �M adenosine (G), and 1 �M A3P5PS (against PRPP) (H). Each ligand was added to the standard bath solution as

indicated by the horizontal bars.
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Fig. 4. Dose-response curves for ligand-evoked [Ca2+]i increases via the expressed hP2Y2-hGq�  fusion protein. Wild-type

CHO cells and CHO cells stably expressing hP2Y2-hGq�  fusion protein were loaded with fura-2 /AM to measure changes in

[Ca2+]i. Wild-type CHO cells (open circle) or cells transfected with the hP2Y2-hGq�  fusion protein (closed circle) were evoked

with different concentrations of ligands, A) ATP, B) UTP, C) PRPP, and D) CDP. Individual curves represent the means � S.E.M.

of 3 – 5 experiments each measuring at least 10 single cells.

Fig. 5. Correlation between binding energies calculated by AutoDock and ED50 values of [Ca
2+]i measurements. The straight

line was drawn by the least-squares method and the correlation coefficient was 0.63 (P�0.05).
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O19), and Arg310 /TM7 (2.01Å O11, 2.26Å O17, 2.22Å
O19) (Fig. 6B).

Discussion

The number of P2Y-receptor subtypes has increased
by more than ten, so that the physiological functions of
these P2Y receptors are difficult to understand without
specific agonists and antagonists. In addition, P2Y
receptors are distributed so widely in the whole body
and mammalian cell lines that the elucidation of the
feature of any single subtype is difficult. In order to
overcome these problems, we attempted a rational
approach to identify hP2Y1-specific agonists and
antagonists using a sensitive in vitro assay of P2Y
receptor and an in silico screening.

Recent studies showed that the receptor interacts with
G�  proteins more productively when expressed as a
GPCR-G�  fusion protein than when expressed as
separate proteins (22). We previously reported that the
hP2Y1-hGq�  fusion protein was highly expressed in
Sf9 insect cell membranes transfected by the recombi-
nant baculovirus anchoring the fusion protein gene. The
fusion receptor protein was found to work functionally
in GTP�S binding assay (23). However, since the
expression in Sf9 cells was transient, we have prepared
a CHO mammalian cell line that stably expresses
hP2Y1-hGq�  fusion protein. The Flp-InTM system in
CHO cells was developed to provide a high expression
system, by locating the insertion site of the passenger
DNA into a very active genomic locus for transcription
in the Flp-InTM CHO cell line. We could confirm such
a high expression level of the fusion protein by the
RT-PCR assay. As shown in Fig. 1, the transfected
cells effectively expressed the fusion protein so that the
level of the hP2Y1 receptor was as high as the major
cytoskeleton protein �-actin.
Thus, the transfected CHO cells provided a useful

tool to measure the hP2Y1 receptor-mediated Ca2+

response. In fact, the hP2Y1 agonists, ADP, 2MeSADP
and 2MeSATP, evoked [Ca2+]i increase in the trans-
fected cells with the ED50 values of 2.2 nM of ADP,
0.026 nM of 2MeSADP, and 1.4 nM of 2MeSATP.
The reported ED50 values of these ligands for the P2Y1

receptor vary from 0.13 to 257 nM for ADP, from
0.35 to 1.27 nM for 2MeSADP, and 0.06 to 4.9 nM
for 2MeSATP, depending on the materials and assay
methods (24 – 28). The reason for these variations
remains to be elucidated. One of the reasons is that there
exist multiple P2Y subtypes in materials that complicate
the quantitative analyses. However, we can expect a
highly effective interaction of P2Y1 receptor and Gq�
protein in our assay system that can distinguish the
activation of P2Y1 receptor from other P2Y subtypes.
To screen the ligands for hP2Y1 receptor efficiently,

we have employed an in silico screening using
AutoDock 3.0. The binding energy-values by AutoDock
of the other neurotransmitters were between �2.39 and
�5.31 kcal /mol, while those for known hP2Y1 agonists
and antagonists were less than �11.6 kcal /mol. These
hP2Y1 ligands were ranked within the top 6%. These
results indicated that the screening method seemed to
be successful. Thus we selected 21 compounds including
known hP2Y1 agonists and antagonists from the com-
pounds in the top 6% (Table 1) and measured their
activities to induce [Ca2+]i increases in the transfected
cells.
The hP2Y1 agonists, ADP, 2MeSADP, 2MeSATP

and ATP�S, showed expectedly high potency to stimu-

Fig. 6. 3D models of ADP- and PRPP-bound hP2Y1 receptor.

The side chains of the important residues in proximity to the docked

ADP molecule (A) and PRPP molecule (B) are highlighted and

labeled. A) Residues in proximity to the docked ADP molecule:

adenine to Tyr111 and Arg310, ribose to Arg310, phosphate to

Arg310 and Lys280. B) Residues in proximity to the docked PRPP

molecule: 5-phosphate to Gln307 and Arg310, ribose to Arg310,

1-diphosphate to His132, Lys280, and Arg310.
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late [Ca2+]i increases in the CHO cells expressing
hP2Y1 fusion receptor. PRPP, CDP, and D-fructose 1,6-
bisphosphate also evoked [Ca2+]i increases. Especially,
PRPP was found to be more effective in activating the
hP2Y1 fusion receptor, with the ED50 value of 15 nM
(Fig. 2E). The putative hP2Y1-specific antagonist,
A3P5PS completely blocked the 100 nM PRPP-evoked
[Ca2+]i increase, suggesting that PRPP acted on P2Y1

receptor as an agonist (Fig. 3H). Due to the higher
expression level of fusion P2Y1 receptor in the trans-
fected CHO cells, the present ED50 value may not reflect
a value at more physiological level of expression and
coupling of the receptor.
To evaluate the effect of PRPP on other P2Y

receptors, we prepared CHO cells stably expressing
hP2Y2-hGq�  fusion protein and examined if PRPP
could act on the hP2Y2 receptor. As a result, we
observed that ATP and UTP, known agonists for the
hP2Y2 receptor, evoked the [Ca2+]i increase more
effectively in the transfected cells, while PRPP evoked
moderate [Ca2+]i increases in the transfected cells as
well as the wild-type cells (Fig. 4: A and B). The
dose-response curves obtained from the wild-type and
transfected cells showed no significant difference in the
responses to PRPP in the two cell-lines (Fig. 4C). The
ED50 value was about 400 nM, which is about 30-fold
higher than the values for the hP2Y1 receptor. These
results suggested that PRPP did not act on the hP2Y2

receptor. To determine the subtype of P2Y receptors
responding to PRPP in the wild-type cells, we investi-
gated which subtypes were expressed in CHO cells by
RT-PCR assay with primers designed to amplify the
genes for the P2Y1, P2Y2, P2Y4, P2Y6, and P2Y12

receptors. As a result, the P2Y2, P2Y6, and P2Y12

receptors were found to be expressed with an intensity
order of P2Y12 �� P2Y6 � P2Y2. The agonist potency
ratio of the P2Y12 receptor has been reported as
2MeSADP � ADP, and UTP is not a P2Y12 ligand. This
ligand potency and selectivity are similar to those of
the P2Y1 receptor. Considering these results, it is
possible to speculate that PRPP weakly acts on the
P2Y12 receptor expressed in the wild-type CHO cells.
P2X receptors commonly possess a high affinity

binding motif to triphosphate adenine nucleotides,
such as ATP, 2MeSATP and � ,�MeATP, that shows
similarities with the metal binding regions of metal-
lothioneins and zinc finger motifs (29). This binding
motif is entirely different from the ADP binding site
formed by the seven transmembrane � -helices in
hP2Y1 receptor. Thus, the agonist binding motif in P2X
receptors is not suitable for PRPP or ADP. From these
results, as a temporal conclusion, we propose that PRPP
is a full agonist of the P2Y1 receptor and a partial agonist

for the P2Y12 receptor.
The role of PRPP has been considered to be an

important compound of intermediary metabolism. It is
required for the de novo biosynthesis of purine and
pyrimidine nucleotides and the pyridine nucleotide
coenzyme NAD, as well as for the salvage of preformed
purine, pyrimidine, and pyridine bases. PRPP is also
used in the synthesis of histidine and tryptophan by
plants and microorganisms (30 – 34). However, there is
no report that indicates PRPP exists in the extracellular
space. Therefore, currently it is not clear whether PRPP
is a P2Y1 endogenous transmitter or modulator.
According to the literature on P2Y1 ligands, some

compounds such as GTP and UTP are known to have no
action on the P2Y1 receptor. However, the AutoDock
calculation showed that they bind more strongly than
2MeSADP, the pharmacologically strongest P2Y1

agonist. Our [Ca2+]i assay indicated that GTP or UTP did
not show any effect at the concentration of 10�8 M on
the transfected cells; and at 10�7 M, it induced significant
increase in the [Ca2+]i in both transfected and wild type
cells, preventing examination of the true effect of GTP
on the P2Y1 receptor. CDP at 10 �M evoked [Ca2+]i
increase, although in a low affinity manner (Fig. 2F),
while 1 �M UDP and 100 �M UDP-glucose showed
weak antagonistic effects on 10 nM ADP-evoked [Ca2+]i
increases (Fig. 3: D and E). Furthermore, farnesyl
diphosphate was totally inactive in the range of 10�6 –
10�4 M, while it was also ranked with a lower energy
score in Table 1. These facts indicated that the highly
ranked compounds showing weak agonist or antagonist
activities may not actually bind well to the binding sites
of a potent P2Y1 agonist or antagonist on the receptor.

D-Fructose 1,6-bisphosphate was ranked at the lower
position in the top 6% of Table 1 and shown to act as
an hP2Y1 agonist (Fig. 2G), while D-fructose 2,6-
bisphosphate, the structure of which is slightly distinct
from D-fructose 1,6-bisphosphate, did not bind to the
hP2Y1 receptor. It is interesting that essentially different
results were obtained for the two fructose-derivatives, in
spite of the fact that the structural similarity in these
compounds is very high. The results suggest that the
in silico and in vitro combined approach can provide
us an unexpected and useful idea to understand the
pharmacophore features of hP2Y1 ligands.
As shown in Fig. 5, the binding energies calculated

by AutoDock and ED50 values of Ca2+ measurements
showed a fairly good correlation, with a correlation
coefficient of 0.63 (P�0.05). PRPP possesses a
diphosphate group that effectively interacts with the
binding site (TM6 and TM7) common to other known
agonists, while PRPP has no adenine moiety so that the
binding manner should be slightly different from those
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of known agonists (Fig. 6). Moreover, PRPP comes
close to the receptor more easily because PRPP is much
smaller than nucleotide agonists. Thus, the gap found
in PRPP in Fig. 5 may reflect these points.
A study of HIV-I protease-inhibitor also showed

good correlation between experimentally determined
binding energies and calculated binding energy using
AutoDock (35). Their correlation coefficients were
between 0.4 and 0.8. The 3D structures of HIV-I
protease-inhibitor used in the study were determined
by X-ray crystallography with a resolution of less than
3.0 Å. Considering this, the 0.63 correlation coefficient
obtained in the present study is high enough to validate
our results and to demonstrate that our 3D model was
reasonable for in silico screening.
According to the ligand-bound 3D receptor models,

ADP and PRPP bind to the same binding pocket in the
hP2Y1 receptor (Fig. 6: A and B). The docking model
shows that the ribose of ADP binds to Arg310 /TM7, and
the alpha phosphate group also comes close to the same
residue. Previously Moro et al. constructed a 3D model
of a ligand-docked P2Y1 receptor using ATP as a ligand
(36). In the present study, we used the endogenous
agonist ADP to make a similar 3D model. Due to the
different ligands used, there is an inconsistency between
the two models: the beta phosphate group interacts
with Arg310 in their model but alpha phosphate interacts
with Arg310 in our model. In addition, we constructed
the model by employing a hybrid method (as mentioned
in the introduction), but they used a simple homology
modeling. Considering these points, we should not
directly compare the two models. Nevertheless, there
exists an important agreement in that the Arg310 inter-
acts with two groups, a phosphate group and adenine
moiety of adenine nucleotides. They have reported that
the ribose moiety of adenosine nucleotides played an
important role for the P2Y1-receptor activation, while
it was not essential for recognition of antagonists by
the receptor (37). The ribose can be replaced by a
pseudosugar ring such as the carbocyclic ring (37).
Our model also demonstrated that ribose-modified
ADP still showed significantly low AutoDock energies,
�13.05 kcal /mol for dideoxy ribose and �12.84 kcal
/mol for a pseudosugar ring. Moreover, they showed
that (N)-methanocarbo modification of the ribose moiety
of 2MeSADP exhibited a higher potency as a P2Y1

agonist than the (S)-isomer (38). This tendency was also
found by our AutoDock calculation. That indicated
(N)-methanocarbo modification of the ribose moiety
of ADP revealed a lower docked energy than the (S)-
isomer, namely, �12.33 and �8.30 kcal /mol, respec-
tively. Thus, our results are well consistent with their
reports.

According to the PRPP-docked P2Y1 receptor 3D
model, the 5-phosphate of the PRPP molecule interacts
with Gln307 /TM7 and Arg310. The diphosphate group
of PRPP interacts with Arg310, Lys280 /TM6, and
His132 /TM3. These results suggest that the 5-phosphate
of PRPP like the adenine moiety of ADP.
Suramin and PPADS, which have no bases, have

been known to bind to the hP2Y1 receptor as a non-
specific P2 antagonist. However an agonist that has
no base has not been found. Generally, the bases of
nucleotides are considered to be required to activate
P2Y receptors and to make the selectivity of various
P2Y-receptor subtypes. Many studies of drug design
were based on the adenine molecule (36 – 40). Surpris-
ingly, PRPP has selectivity to the P2Y1 receptor as
shown in this paper, although PRPP has only a ribose
and three phosphates. This fact suggests that we would
be able to design an agonist with no adenine moiety in
a novel drug design for the P2Y1 receptor. In addition,
we would be able to design a specific antagonist of
P2Y1 receptor based on the PRPP molecule. This is an
important point since the specific antagonists of the
P2Y1 receptor as well as the P2Y12 receptor are expected
to be medicines for thrombosis through the inhibition
of ADP-induced human platelet aggregation (26, 41).
Finally, the studies shown in the present paper could

lead to development of a novel drug design for the P2Y
receptor family. As far as we know, this is the first report
in which the surrogate ligands for the hP2Y1 receptor
were rationally identified by in silico screening and in
vitro assay. Accumulation of these data is indispensable
not only to refine the 3D structure of P2Y1 receptor but
also to develop a computational method to elucidate the
mechanism by which a ligand binds to a GPCR.
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