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Abstract

Endogenous ligands acting on a human P2Y |, receptor, one of the G-protein coupled receptors, were searched by in silico screening
against our own database, which contains more than 500 animal metabolites. The in silico screening using the docking software
AutoDock resulted in selection of cysteinylleukotrienes (CysLTs) and 5-phosphoribosyl 1-pyrophosphate (PRPP), with high free energy
changes, in addition to the known P2Y, ligands such as 2MeSADP and ADP. These candidates were subjected to an in vitro Ca®" assay
using the CHO cells stably expressing P2Y ,-G¢a fusion proteins. We found that CysLTE4 and PRPP acted on the P2Y, receptor as
agonists with the ECs, values of 1.3 and 7.8 nM, respectively. Furthermore, we analyzed the phylogenetic relationship of the P2Y,
P2Y-like, and CysLT receptors based on sequence alignment followed by evolutionary analyses. The analyses showed that the P2Y,,
P2Y 3, P2Y 4, GPR87, CysLT-1, and CysLT-2 receptors formed a P2Y-related receptor subfamily with common sequence motifs in

the transmembrane regions.
© 2005 Elsevier Inc. All rights reserved.
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response

In October 2004, the international human genome pro-
ject reported that approximately 22,000 genes exist on the
human genome and about 30% of these genes encode mem-
brane proteins [1,2]. In the post-genome project, the eluci-
dation of the structures of membrane proteins and their
functions are urgent issues, since membrane proteins play
pivotal roles in the neuronal systems, immune systems, cell
differentiation, and so on. Moreover, it has been reported
that more than 50% of contemporary medicines act on
the membrane proteins such as G-protein coupled recep-
tors (GPCRs) [3].

In the study of molecular-based protein-ligand interac-
tion, a computer plays an important role. For instance,
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the molecular dynamics (MD) calculation is indispensable
to find an energetically stabilized structure of a target
protein. The binding site of a ligand on a protein can be
identified by a computational docking study. These in silico
studies can analyze the 3D structure of the protein-ligand
complex and propose ligands that can interact with the tar-
get protein [4]. However, the in silico study is difficult to
apply on a membrane protein such as a GPCR, because
as with nearly all of these membrane proteins, very little
of the 3D structure has been elucidated.

In our laboratory, we have obtained practical results in
discovering surrogate P2Y ligands [5,6] using AutoDock,
the docking program developed by Morris et al. [7]. The
features of this program are that: (i) a large configuration
space can be searched, (ii) the perfect flexibility of a ligand
molecule can be taken into consideration, and (iii) docking
is accelerated by calculating the interaction between a pro-
tein and a ligand in a grid base. The screening system in our
laboratory is fully automated and can run three indepen-
dent programs required for the screening. Our database
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of animal metabolites was based on the KEGG Ligand
Database [8] and the structure of each compound is con-
structed by energy minimization using the InsightIl/
CHARMMmM. Moreover, known P2Y receptor agonists and
antagonists are added to this database as an internal mark-
er for the screening. Using these tools, we found the surro-
gate ligands that bind on the human P2Y; receptor with
high affinity [5].

As for the P2Y receptor belonging to a GPCR family,
eight kinds of subclasses, P2Y;, P2Y,, P2Y,, P2Yy,
P2Y,,, P2Y,, P2Y,3, and P2Y4, have been classified by
human cDNA analyses and functional assays [9]. In addi-
tion to these P2Y receptors, two orphan GPCRs, GPRS87
and GPR91, have been proposed to be P2Y-like receptors,
based on human genome analyses [10]. In order to under-
stand the physiological functions and molecular basis of
receptor-related diseases, identification of endogenous
ligands for P2Y and P2Y-like receptors is indispensable.

Among the known P2Y ligands, ADP is well established
as an important factor for platelet aggregation. Angiostasis
is achieved by the activation of blood platelets and the acti-
vation is triggered by the specific binding of ADP to the
P2Y,; and P2Y,, receptors [11,12]. The activation of
P2Y, receptors induces the platelet shape changes and
the activation of the P2Y,, receptor stabilizes platelet
aggregation [13]. In addition to nucleotides, eicosanoids
are also known to be profoundly related to the process of
thrombosis [14]. Thromboxanes and leukotrienes are bio-
synthesized from arachidonic acid in almost all cells except
for erythrocytes [15]. Thromboxane A2 (TxA2) induces
platelet activation, and CysLTs accelerate the platelet
aggregation [17]. Although the detailed process is not yet
elucidated, the formation and stabilization of platelet plugs
are performed very efficiently through the activation of
both P2Y; and P2Y, receptors on platelets.

In the present study, we investigated the molecular tar-
gets of the P2Y |, receptor using in silico and in vitro meth-
ods, and we found that PRPP and CysLTE4 activated the
P2Y, receptors. Moreover, we demonstrated that three
P2Y,, GPR&7, and two CysLT receptors formed a receptor
subfamily with common sequence motifs.

Methods

In silico screening. We used the AutoDock 3.0, a ligand flexible
docking program [7], according to the manufacturer’s instructions with
our in-house database. The number of grid points in the x-, y-, z-axis was
60 x 60 x 60 with grid points separated by 0.375 A. The population size
was set to 50. Each docking experiment consisted of a series of 200 sim-
ulations. 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 1000 step energy minimized with CHARMm force field in a standard
condition. These energy minimizations were calculated using the InsightII/
CHARMmM programs (Accelrys, San Diego, CA, USA), and the lowest-
energy configuration was selected. A total of more than 500 compounds in
our database were calculated as ligands by this method. Our 3D com-
pound database was based on the 2D molecules in the KEGG Ligand
database (http://www.genome.ad.jp/ligand/). These 2D molecules were

converted to 3D and energy minimized using the InsightIl/CHARMm
programs.

Construction of the P2Y;, receptor to a 3D structure. The 3D
structure of the P2Y, receptor was constructed on the basis of the
coordinates and the conformation of the 3D model of the P2Y receptor
was constructed by both Fourier transform analysis and homology
modeling using the bovine rhodopsin structure as a template [6]. The
transmembrane regions (TM) of the P2Y, receptor were determined by
alignment with those of the P2Y receptors and bovine rhodopsin. We
estimated the following seven transmembrane regions; 29-52aa/TMI,
60-85/TM2, 93-122/TM3, 144-162/TM4, 189-212/TM35, 238-263/TM6,
and 276-300/TM7. The amino acids of transmembrane domains on the
3D structure of the P2Y receptor were replaced by those of the P2Y,
receptor. Additionally, high temperature MD calculation was performed
for energy minimization. The conditions of MD calculation were as
follows. The InsightIl/CHARMm parameter was used. o-Carbon of a
principal chain was restrained with the harmonic function (k =1 kcal/
mol Az) so that the structural change with radical tertiary structure
might not be caused [6].

Cell culture and generation of stably transfected cell lines. The hP2Y—
G0, hP2Y |,-hGjo and hP2Y ,-hG6a fusion genes was generated by a
two-step PCR protocol using KOD DNA polymerase (TOYOBO, Osaka).
Each gene was cloned into the Flp-In System expression vector, pcDNAS5/
FRT (Invitrogen, Carlsbad) [5]. The accuracy of all PCR-derived
sequences was confirmed by DNA sequence analyses using the ABI
PRISM 3100 Genetic Analyzer (Applied Biosystem, Foster City). The
cDNA coding hG 40 in pCIS plasmid was kindly provided by Prof. Haga
in Gakushuin University.

CHO-K1 (Chinese hamster ovary) cell line was used to generate Flp-In
CHO cell line (Invitrogen). Flp-In CHO cells were maintained in Ham’s
F-12 Medium (Invitrogen) supplemented with 100 U/ml penicillin, 100 pg/
ml streptomycin, 100 pg/ml zeocin, 2 mM L-glutamine, and 10% fetal
bovine serum at 37 °C in a CO, incubator with 5% CO..

Purified plasmid DNA (1 pg) containing the hP2Y,-hG60,, hP2Y |~
hG 0 or hP2Y ,-hGja genes were transfected into Flp-In CHO cells using
Lipofectamine 2000 (Invitrogen). After transfection, cell populations sta-
bly expressing these genes were obtained by selection with 0.5 mg/ml
hygromycin B (Invitrogen). Clonal cell lines were isolated, and the
expression of hP2Y;,-hG¢a, hP2Y,-hG a0 or hP2Y>-hGja fusion
proteins was confirmed by RT-PCR method and Western blot analysis.
We used the previously prepared cell line expressing the hP2Y,-hGqa
fusion receptors [5].

Measurement of intracellular Ca®* concentration. The intracellular
Ca”" concentration ([Ca®'];) was measured using Ca®" indicator Fura-2/
AM (Calbiochem, San Diego) in CHO cells perfused with a standard bath
solution consisting of Krebs—Ringer bicarbonate Hepes buffer supple-
mented with 5.6 mM glucose and 0.05% BSA. Fura-2-loaded cells were
transferred to the recording chamber mounted on the stage of an inverted
microscope (Olympus 1X70, Tokyo). The recording chamber was main-
tained at 37 °C and was perfused continuously at a rate of 1.5 ml/min. All
nucleotides or nucleotide analogues used were from Sigma. The
measurement of [Ca®']; was performed by fluorescence changes at 340 and
380 nm, and the fluorescence intensities were analyzed using Meta-Fluor
version 6.1 (Universal Imaging, Downingtown).

Phylogenetic analyses. Phylogenetic analysis can embody the evolu-
tional relationship based on the similarity of the primary sequence in the
alignment of proteins. In this research, the alignment was calculated by
ClustalX (http://www.biolinux.org/clustalx.html), and uncertain portions,
such as gaps, were deleted from BioEdit. With this alignment, more precise
phylogenetic analysis was conducted by neighbor joining with 1000
bootstrap steps (MEGA?2) [18].

In this research, 169 amino acid sequences of GPCRs (38 amine
receptors, 18 P1 and P2Y, receptors), three leukotriene receptors, seven
hormone receptors, five opsin receptors, seven prostaglandin receptors, 17
chemokine receptors, and 74 other peptide receptors were retrieved from
the NCBI Reference Sequence database and used for phylogenetic anal-
ysis. In addition, nine sequences of orphan GPCRs similar to those of the
P2Y,, receptors were retrieved and added.
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Results

The effects of the P2Y; agonists and antagonists on the
expressed receptor were measured using the cells stably
expressing P2Y fusion receptors. First, the influences were
investigated for 2-methylthio ADP (2MeSADP), which is a
known P2Y, agonist, on the [Ca®"]; of hP2Y -hGg4o and
hP2Y -hGea cells (Fig. 1, upper). The results showed that
2MeSADP induced the [Ca?"] increases in both of the cells
with dose dependency. The ECs, values of 2MeSADP for
the hP2Y-Gqa and hP2Y-hG o receptors were 0.16
and 0.06 nM, respectively. On the other hand, the ECs val-
ue obtained from the wild type cells that express a small
amount of P2Y receptors [19] was 4.8 nM. Furthermore,
in the presence of 10 uM PPADS, which is a known
P2Y, antagonist, the increase in the [Ca®']; by 1 nM 2Me-
SADP was completely inhibited.

The effects of P2Y, agonist and antagonist were also
examined using the cells stably expressing P2Y;, fusion
receptors. First, the influence of 2MeSADP, a known
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Fig. 1. Dose-response curves for 2MeSADP-evoked [Ca®"} increases via
the expressed hP2Y-hGa fusion proteins. (Upper) The results from
hP2Y-hGa fusion proteins. Wild-type CHO cells (M) and cells stably
expressing hP2Y,-hGqo (@), and hP2Y,-hGca (V) were used. Open
circle represents the result in the hP2Y|-hGsa cells in the presence of
10 uM PPADS. (Bottom) The results from hP2Y,-hGa fusion proteins.
Wild-type CHO cells (H) and cells stably expressing hP2Y,-hG ot (A)
and hP2Y,-hGjo (@) fusion proteins were used. Open circle represents
the result in the hP2Y,-hG6a cells in the presence of 10 uM 2MSAMP.
Individual curves represent means - SEM of three to five experiments
each measuring at least 10 single cells.

P2Y,, agonist, on the [Ca®'] of the hP2Y,»G;o and
hP2Y ,-hG4a cells was investigated (Fig. 1, bottom). As a
result, 2MeSADP stimulated the [Ca”>"] increase in the
hP2Y,-hGjea cells in a high affinity manner, with an
ECs value of 0.059 nM. Furthermore, 10 uM 2MeSAMP,
a known P2Y, antagonist, inhibited the 1 nM 2MeSADP-
induced [Ca®'J; increase. In contrast, the dose-response
curve of 2MeSADP obtained in the [Ca®"]; change of the

Table 1
The results of the in silico screening using the AutoDock program
Ligand oG
1 Leukotriene F4 —13.73
2 Chenodeoxycholic acid —12.39
3 Adenosine-4P —12.36
4 Solanidine —12.29
5 Leukotriene E4 —12.27
6 ITP —12.23
7 Leukotriene D4 —12.22
8 Prostaglandin E3 —12.16
9 Docosahexaenoic acid —12.03
10 Geranylgeranyl diphosphate —11.93
11 Eicosapentanoic acid —11.76
12 Cholesterol —-11.75
13 XTP —11.67
14 Leukotriene A4 —11.64
15 Ergosterol —11.61
16 Heroin —11.56
17 2MeSADP —11.28
18 Ecdysone —11.28
19 Cholic acid —11.22
20 Arachidonic acid —11.13
21 Deoxycholic acid —11.13
22 TRH —11.09
23 XDP —11.08
24 Icosanoic acid —11.07
25 Retinol —11.05
26 IDP —11.03
27 Leukotriene B4 —11.03
28 Ajmaline —-10.99
29 ATPYyS —10.93
30 Morphine —10.92
31 Prostaglandin Al —10.67
32 S-Adenosylmethionin-amine —10.67
33 ADP-glu-ADP-2P —10.61
34 Stearic acid —10.57
35 GTP —10.54
36 ADP —10.51
37 Codeine —10.51
38 UDP-glucose -10.5
39 ATP —10.42
40 UDP -10.42
41 Elaidic acid —10.34
42 CTP —10.33
43 PRPP —10.27
44 Cortisol —-10.27
45 UTP —10.31
46 IDP —10.26
47 Cinochonine —10.18
48 IMP —10.15
49 CDP —10.01
50 A3PSPS -9.99

The top 50 compounds according to the AutoDock binding energy (kcal/
mol) are listed. Dopamine was the highest in amine compounds with the
energy change of —6.83.
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hP2Y ;,-hGja cells was not significantly different from that
of the wild type cells. The ECsy values were 2.0 and
4.7 nM, respectively.

As previously reported, we have searched for P2Y, li-
gands using in silico screening with the 3D model of
P2Y, receptor [5]. In the present study, we also performed
in silico screening for P2Y, receptor ligands using similar
methods. Subsequently, in addition to the known P2Y,
ligands such as 2MeSADP and some nucleotides, CysLTs,
arachidonic acid derivatives, and PRPP, a ribose metabo-
lite, were selected in the top 50 (Table 1). In the previous
report, we showed that PRPP activated the P2Y; recep-
tors with an ECso value of 15nM and predicted that
PRPP had an agonistic effect on the P2Y;, receptor.
Therefore, the influence of PRPP on the [Ca*'} of
hP2Y,-hGj¢a and hP2Y;-hGjea cells was investigated.
Consequently, PRPP increased the [Ca®']; in the wild type
cells with the ECsg value of 530 nM, while in the hP2Y -
hGj¢a and hP2Y ,-G;ea cells, the ECsy values were 7.8
and 4.6 nM, respectively (Fig. 2, upper). The PRPP-in-
duced [Ca2+]i increase in the hP2Y,-hG¢a cells was
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Fig. 2. Dose-response curves for PRPP-evoked [Ca®"] increases via the
expressed hP2Y-hGu fusion proteins. (Upper) Wild-type CHO cells (WT:
M) and CHO cells stably expressing hP2Y-hGjeo (P2Y-Gjs: A) and
hP2Y,-hGea (P2Y[,-Go: @) fusion proteins were used. Individual
curves represent means + SEM of three to five experiments each measur-
ing at least 10 single cells. (Bottom) Antagonistic effect of 2MeSAMP on
the 10 nM PRPP-evoked [Ca®"} increases via the P2Y, fusion receptors
in the presence or absence of 10 pM 2MeSAMP.

inhibited by the P2Y;, antagonist, 10 uM 2MeSAMP
(Fig. 2, bottom).

As presented in Table 1, several leukotrienes were select-
ed by the in silico screening for the P2Y, receptors. The
[Ca®"]; assay with the hP2Y ,~hG ¢ expressing cells was
performed to verify in vitro activity of these candidates.
The assay results clearly showed that CysLTE4 activated
the hP2Y, receptors with an ECsy value of 1.3 nM. Fur-
thermore, 10 uM 2MeSAMP completely inhibited the
10 nM CysLTE4-induced [Ca®"]; increase (Fig. 3). The wild
type CHO cells did not show any response to 1 uM Cys-
LTE4 (data not shown).

The structures of P2Y, receptor-ligand complexes were
constructed by using Insight I, and energy minimizations
were conducted to produce stable 3D structures. 1-diphos-
phoric acid of PRPP was shown to interact with Glu263 of
TM6, and the ribose portion interacts with Ser101 of TM3,
and 5-phosphoric acid portion interacts with Glu281 and
Leu284 of TM7. Thus, the interactions of the phosphoric
acid portions were carried out by TM6 and TM7, and
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Fig. 3. Dose-response curves for leukotriene-evoked [Ca®*] increases via
the expressed hP2Y |,~hG4a fusion proteins. (Upper) hP2Y,-hG o cells
were stimulated by CysLT-F4 (A), -B4 (H), -E4 (#) or -D4 (@). (Bottom)
Antagonistic effects of 2MeSAMP on the 10 nM CysLTE4-evoked [Ca>'];
increases in the presence or absence of 10 uM 2MeSAMP.



Y. Nonaka et al. | Biochemical and Biophysical Research Communications 337 (2005) 281-288 285

Fig. 4. 3D models of ligand-bound hP2Y, receptor. The side chains of
the important residues in proximity to the docked PRPP (upper) and
LTE4 (bottom) molecules are highlighted and labeled.

the ribose by TM3 (Fig. 4). Similar results were seen in the
P2Y ,—PRPP complex [5].

Moreover, according to the model of P2Y, receptor—
CysLTE4 complex (Fig. 4, bottom), 1-carboxylic acid and
the 5-hydroxyl group of CysLTE4 were shown to interact
with Glu263 of TM6, the amino acid portion of cysteinyl
group interacts with Leu284 of TM7, and the carboxylic acid
with Ser101 of TM3. These results suggested that CysLTE4
was also anchored by TM3, 6, and 7.

Using ClustalX, the amino acid sequences of 169 GPCRs
were aligned and a phylogenetic tree was prepared. This phy-
logenetic analysis showed that CysLT-1 and -2 receptors
were close to the P2Y-related receptor family that consists
of 17 receptors. Interestingly, three orphan receptors,
GPRS87, GPRI1, and GPR92, were placed in the P2Y-relat-
ed family. These 17 sequences and leukotrieneB4 receptor
sequences (shown as P2Y; and BLT2) were aligned, and
the evolutionary relationships of the CysLT receptors to
the P2Y receptors were analyzed by using neighbor joining
with bootstrap steps (Fig. 5). The GPRCS5B receptor, which
belongs to the GPCR family B, was added as a root of a phy-
logenic tree and referred to as the out group.

As shown in Fig. 5, the P2Y-related family forms
three subgroups: (i) P2Y1546.11.15 and GPRO1 (labeled
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Fig. 5. Phylogenetic tree of the P2Y-related receptor family. Phylogenetic
analysis was performed based on the neighbor-joining method. The scale
bar indicates a maximum likelihood branch of 0.2 inferred substitutions
per site.

as P2Y,-group), (ii) P2Y 2,314, GPR87, and CysLT1,2
(labeled as P2Y,-group), and (iii)) P2Ysg9 and GPR92
(Fig. 5). CysLT-1 and -2 receptors were shown to belong
to the P2Y,-group, while P2Y; receptor was not in the
P2Y-related family. In fact, the cDNA coding P2Y;,
receptor was cloned by homology cloning using P2Y;
receptor gene as a probe. However, it has been renamed
as a LTB4 receptor, since it is activated by LTB4 but
not by nucleotides [20].

By verifying the correlation of the P2Y j,-group and Cys-
LT receptors, we have analyzed the sequences and found ten-
tative motifs common to the six receptors in
the P2Y ;,-group (-P(F/L)(K/R)- in TM2, -M/L- in TM3,
~FF-(C/S)F- in TM6, and -TL-L—C-(D/N)P- in TM7,
Fig. 6). These motifs were not seen in any other P2Y
receptors.

A B

P2Y12 ++PFK+++ P2Y12 ++Y+TMY++ | ++
P2Y13 ++PFK+++ P2Y13 ++Y+TMY++ | ++
P2Y14 ++PFK+++ P2Y14 ++Y+NMY ++ | ++
GPR87 ++PFR+++ GPR87 ++Y+NMY++ | ++
CyslTl ++PLR+++ CwslTl ++Y+NLY++ | ++
CyslT2 ++PFR+++ CvyslT2 ++Y+NMY ++ | ++
C * & * %

P2Y12 ++FF+CF+PFH++R++

P2Y13 ++FF+CF+PFH++R++

P2Y14 ++FF+CF+PYH++R++

GPR87 ++FF+CF+PYH++R++

CyslTl ++FL+SF+PYH++R++

CyslT2 ++FF+CF+PYH++R++

D * % * * * %

P2Y12 +TL+L+++N+C+DP+ | Y+F++
P2Y13 +TL+L+++N+C+DP+]Y+F++
P2Y14 ++TL+L+++N+C+DP+|Y+F~++
GPR87 ++TL+L+++N+C+DP+1Y+F++
CwslTl] ++TL+L+++N+C+DP+LY+F++
CvyslT2 ++TL+L+++N+C+NP+LY+F++

Fig. 6. The tentative motifs common to the P2Y,; 34, GPR87, and
CysLT receptors (A); TM2 region near the extracellular site (B); TM3
region near the extracellular site (C); TM6 region in the middle of the
transmembrane (D); whole region of TM7 * indicates the peculiar motifs
not seen in other GPCRs.
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Discussion

GPCRs are integral membrane proteins and interact
with endogenous ligands such as neurotransmitters and
hormones. Takeda et al. [21] have analyzed the human gen-
ome sequences using SOSUI and have reported that about
950 kinds of GPCRs exist on the human genome. GPCRs
are known to be the action sites of more than half of all
contemporary medicines. However, since the membrane
protein does not readily crystallize, very few of the tertiary
structures of GPCRs have been clarified. On the other
hand, since the late 1990s, in silico methods have been con-
sidered to be strong strategies for drug screening and de-
sign. Thus, we tried to develop an in silico method to
discover a novel surrogate ligand that interacts with the
P2Y, receptor, a kind of GPCR.

Prior to in silico screening, a receptor assay for the
P2Y |, receptor was established. Empirically we know that
various P2Y,, (n=1,2,4, ..., 14) receptors are expressed in
almost all cell lines. Therefore, we needed to develop an as-
say for P2Y, receptor that can distinguish P2Y |, reaction
from the reaction caused through the endogenous P2Y,,
receptors. Moreover, since the quantity of the endogenous
G proteins is inadequate to interact with the highly ex-
pressed GPCRs in the host cells, it is necessary to increase
the level of G proteins to a level similar to that of the ex-
pressed GPCR [22]. Although the P2Y, receptor intrinsi-
cally couples with G; protein, which mainly controls the
activity of adenylatecyclase but not phospholipase C
(PLC), we prepared the hP2Y,~hG o fusion proteins, be-
cause G400 protein was reported to be universally coupled
with many kinds of GPCRs, and its activation leads to
stimulation of PLC leading to increase in the [Ca®*"]; that
is easily measured [23,24].

When the P2Y agonist, 2MeSADP, was perfused over
the cells stably expressing the P2Y;-G,a or P2Y -G
proteins, the transient increases in [Ca®']; were obtained
with ECsy values of 0.16 and 0.060 nM, respectively
(Fig. 1). On the other hand, the ECs, value was 4.7 nM
when using the wild type cells. Thus, we confirmed that
the P2Y |-G 4o fusion receptor functionally worked. The
subsequent Ca’" assay revealed that hP2Y ,-hG 400 was
activated by 2MeSADP with the ECs, value of 0.059 nM,
similar to that obtained with the P2Y;-Gjgat cells
(Fig. 1). However, an ECso value for P2Y,-Gja was
2.0nM (Fig. 1). From these results, we concluded that
the activation of hP2Y,~hG4a proteins could efficiently
stimulate intracellular PLC activity.

The 3D structure of bovine rhodopsin suggested GPCRs
possessed a ligand binding site in the membrane surface
surrounded by seven transmembrane o-helices [25,26].
However, some of the seven a-helices have irregular bends.
Moreover, the intrinsic ligand, retinol, is covalently bound
to Lys in TM3 [25]. It is not expected that these features of
transmembrane helices are always common to other
GPCRs. We therefore have developed a method of model-
ing GPCRs by using straight helices of which seven regions

were predicted by Fourier transform analysis, and impos-
ing these helices to the rhodopsin structure by calculating
root mean square deviation [5]. Using the newly construct-
ed 3D model of the P2Y, receptor, the in silico screening
selected PRPP and five CysLTs in addition to 20 nucleo-
tides such as 2MeSADP, ADP, and ATP.

PRPP, which is a surrogate P2Y; agonist that was
recently discovered by Hiramoto et al., induced the
[Ca”]i increase in the hP2Y ,-hG40 cells in a dose-depen-
dent manner (Fig. 2). The ECs, value was 4.6 nM, much
smaller than the value of 530 nM obtained with the wild
type cells. The PRPP-induced [Ca®'} increase in the
hP2Y ,-hG4a cells was blocked by the P2Y, antagonist,
2MeSAMP. These results clearly showed that PRPP acted
as an agonist not only on the P2Y receptor but also on the
P2Y, receptor. As shown in Fig. 3, CysLTE4 also stimu-
lated the P2Y, receptor in a high affinity manner so that
it induced a transient increase in [Ca®'}. The increase
was prevented by 2MeSAMP, suggesting that CysLTE4
acted on the P2Y, receptor as a full agonist.

The 3D models of P2Y,—PRPP and P2Y,—CysLTE4
complexes indicated that the interactions of these agonists
were carried out by TM3, TM6, and TM7 (Fig. 4). These
interactions can be seen in the P2Y-ligand complexes in
which PRPP and ADP interacted with TM3, 6, and 7 [5].
On the other hand, the P2Y,; antagonists, PPADS and
adenosine3’,5’ bisphosphate, were shown to interact with
TM4, TMS, TM6, and TM7. These different binding man-
ners may cause functional differences in receptor
activation.

Although the P2Y, antagonists, ticlopidine and clopi-
dogrel, are used for the medical treatment of thrombosis,
aspirin is required for a more effective treatment. On the
contrary, it is known that thrombogenesis increases with
aspirin for some patients [27,28]. The reason aspirin is of-
ten prescribed as a thrombosis treatment is that it is consid-
ered to have an inhibitory effect on the cyclo-oxygenase
activity in the arachidonate cascade. That is, thrombogen-
esis is suppressed by reducing the production of TXA2
from arachidonate. However, administration of aspirin
increases free arachidonic acid which leads to the accumu-
lation of leukotrienes that are usually metabolized by 5-li-
poxygenase from arachidonic acid. CysLTE4 has been
known to activate the CysLT receptors as a slow-reacting
substance of anaphylaxis [29,30]. In addition, CysLTE4
was reported to accelerate thrombosis by an unknown
mechanism [16]. In the present study, we found that Cys-
LTE4 acted as an endogenous agonist on the P2Y |, recep-
tor. These results suggest that the increase in
thrombogenesis by aspirin can be partially explained by
the result of the accumulation of CysLTE4, which activates
the P2Y, receptor on the platelets.

Nowadays, an antagonist reversibly as well as directly act-
ing on both P2Y | and P2Y |, receptors is strongly anticipated
as a new efficient thrombosis treatment [12,13]. In the present
study, we found PRPP activated both P2Y;-Gsa and
P2Y,-G4a fusion receptors with high affinity. Moreover,
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PRPP induced rabbit platelet aggregation in a dose-depen-
dent manner and the PRPP-induced aggregation was
blocked by 2MeSAMP as well as PPADS (Environmental
Biological Life Science Research Center, Shiga, personal
communication). Therefore, PRPP may provide a basic
frame to develop a thrombogenesis inhibitor.

Phylogenetic analysis of the P2Y, P2Y-like orphan, and
CysLT receptors showed that CysLT receptors had a close
relationship to the P2Y-related family. Furthermore, the
analysis suggested that the P2Y-related family can be divid-
ed into three subgroups; P2Y-group (P2Y;546.11.15 and
GPRO1), P2Y»-group (P2Yi33314, GPR87, and Cys-
LT1,2), and others (P2Ys 59 and GPR92) (Fig. 5).

While P2Y; and P2Y, receptors interact with ADP and
UTP with the ECsy values of 1077~"% and10>~""M,
respectively [5,31,32], these receptors did not show any re-
sponse to 10°° M CysLTC4, CysLTD4 or CysLTE4 (data
not shown). The CysLT receptors interact in a high affinity
manner with CysLTs (ECso = 1077~ M) as well as UDP
(ECso = 1077 M) [29,30]. As shown here, the P2Y,
receptor also interacts with both nucleotides and CysLTE4
in a high affinity manner. Thus, we assume that the recep-
tors in the P2Y;-group interact with only nucleotides,
whereas the receptors in the P2Y,-group interact with
both nucleotides and CysLTs. Joost and Methner [33] have
predicted that UDP-glucose was a ligand for GPR&7.
According to our phylogenetic analyses, GPR87 belongs
to the P2Y,-group and possesses the tentative motifs seen
only in the P2Y,-group (Fig. 6). Therefore, we support
their proposal and moreover we predict that GPR87 can
be activated not only by nucleotides but also by CysLTs.
The tentative motifs presented in TM2, TM3, TM6, and
TM7 in the P2Y,-group should be further investigated
to see if they play important roles for a common function
in intramolecular signal transduction.
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