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Human P2Y receptors encompass at least eight subtypes of Class A G protein-coupled receptors
(GPCRs), responding to adenine and/or uracil nucleotides. Using a BLAST search against the
Homo sapiens subset of the SWISS-PROT and TrEMBL databases, we identified 68 proteins
showing high similarity to P2Y receptors. To address the problem of low sequence identity
between rhodopsin and the P2Y receptors, we performed a multiple-sequence alignment of the
retrieved proteins and the template bovine rhodopsin, combining manual identification of the
transmembrane domains (TMs) with automatic techniques. The resulting phylogenetic tree
delineated two distinct subgroups of P2Y receptors: Gq-coupled subtypes (e.g., P2Y1) and those
coupled to Gi (e.g., P2Y12). On the basis of sequence comparison we mutated three Tyr residues
of the putative P2Y1 binding pocket to Ala and Phe and characterized pharmacologically the
mutant receptors expressed in COS-7 cells. The mutation of Y306 (7.35, site of a cationic residue
in P2Y12) or Y203 in the second extracellular loop selectively decreased the affinity of the agonist
2-MeSADP, and the Y306F mutation also reduced antagonist (MRS2179) affinity by 5-fold.
The Y273A (6.48) mutation precluded the receptor activation without a major effect on the
ligand-binding affinities, but the Y273F mutant receptor still activated G proteins with full
agonist affinity. Thus, we have identified new recognition elements to further define the P2Y1
binding site and related these to other P2Y receptor subtypes. Following sequence-based
secondary-structure prediction, we constructed complete models of all the human P2Y receptors
by homology to rhodopsin. Ligand docking on P2Y1 and P2Y12 receptor models was guided by
mutagenesis results, to identify the residues implicated in the binding process. Different sets
of cationic residues in the two subgroups appeared to coordinate phosphate-bearing ligands.
Within the P2Y1 subgroup these residues are R3.29, K/R6.55, and R7.39. Within the P2Y12
subgroup, the only residue in common with P2Y1 is R6.55, and the role of R3.29 in TM3 seems
to be fulfilled by a Lys residue in EL2, whereas the R7.39 in TM7 seems to be substituted by
K7.35. Thus, we have identified common and distinguishing features of P2Y receptor structure
and have proposed modes of ligand binding for the two representative subtypes that already
have well-developed ligands.

Introduction
Human P2Y receptors are a family of nucleotide-

activated G protein-coupled receptors (GPCRs), which
comprises at least eight distinct subtypes with varying
selectivity for adenine or uracil nucleotides and for 5′-
diphosphates or 5′-triphosphates.1 P2Y1, P2Y12, and
P2Y13 receptors are selective for adenine nucleotides,
and P2Y4, P2Y6, and P2Y14 receptors are selective for
uracil nucleotides. The P2Y2 receptor and, according to
some evidence, the P2Y11 receptor4 are rather unselec-
tive between uracil and adenine nucleotides. Atypical
agonist selectivity has been reported for the most
recently identified P2Y receptor, the P2Y14 receptor,2,3

which is stimulated by UDP-glucose.
From the perspective of signal transduction, P2Y1,

P2Y2, P2Y4, P2Y6, and P2Y11 receptors couple prefer-
rentially to the stimulation of phospholipase C (PLC)
via Gq, and P2Y12, P2Y13, and P2Y14 receptors couple

to the inhibition of adenylyl cyclase via Gi (the coupling
of P2Y14 to Gi has been demonstrated, although the
transduction pathways of this receptor in native systems
still remain to be defined3). The P2Y11 receptor was also
shown to couple to the stimulation of adenylate cyclase
via Gs.

The only available template for constructing homology
models of GPCRs is the crystal structure of the ground
state of bovine rhodopsin,5 published initially in 2000
by Palczewski and co-workers.5a In the present study
we carried out a structural comparison of P2Y receptors
based on sequence analysis, new and previously re-
ported (Table 1) mutagenesis results, and rhodopsin-
based homology modeling. To address the problem of
the relatively low sequence identity between rhodopsin
and the P2Y receptors (between 15% and 20%), rather
than using an automatic pairwise alignment, we per-
formed a combined manual and automatic multiple-
sequence alignment. Sequences included in this align-
ment were bovine rhodopsin, human P2Y receptors, and
the sequences contained in the Homo sapiens subset of
the SWISS-PROT and TrEMBL databases showing a
high degree of similarity with P2Y receptors. A phylo-

† Dedicated in honor of Prof. Geoffrey Burnstock on his 75th
birthday.

* Correspondence to: Kenneth A. Jacobson, Molecular Recognition
Section, LBC, NIDDK, NIH, Bldg. 8A, Rm. B1A-19, Bethesda, MD
20892-0810. E-mail: kajacobs@helix.nih.gov.

5393J. Med. Chem. 2004, 47, 5393-5404

10.1021/jm049914c This article not subject to U.S. Copyright. Published 2004 by the American Chemical Society
Published on Web 09/14/2004



genetic analysis was also carried out to establish the
relationships among the various subtypes of P2Y recep-
tors and finding their similarity with other known and
orphan GPCRs. On the basis of the bioinformatic
analysis and previous molecular modeling,6-9 we mu-
tated three Tyr residues located in the putative P2Y1
binding pocket to Ala and Phe and studied the phar-
macological properties of the mutated receptors in
stimulation and ligand binding. We applied the results
of mutagenesis and sequence alignment to construct
complete homology models10,11 of all human P2Y recep-
tor subtypes. On these models we performed docking
experiments, guided by mutagenesis results, at two P2Y
subtypes for which potent antagonist ligands (1-3,
Chart 1) are known. The docking experiments serve to
identify amino acid residues likely to be involved in the
binding process and to generate information on the
topology of the binding site.

Results and Discussion
Sequence Analysis of P2Y Receptors in Relation

to Similar GPCRs. We performed a BLAST search
against the H. sapiens subset of the SWISS-PROT and
TrEMBL databases with P2Y1 and P2Y12 receptors as
probes. After the elimination of the isoforms of proteins

already present in the list, we obtained a nonredundant
set of amino acid sequences of 68 GPCRs, including
eight P2Y receptors and sequences showing a high
degree of similarity with P2Y receptors.

Multiple Sequence Alignment. A multiple se-
quence alignment of all the proteins belonging to this
family was completed, combining the manual alignment
of the TMs with automatic multiple sequence alignment
techniques for the loop regions, according to the protocol
described in Materials and Methods. The presence of a
large number of sequences minimized the errors arising
from the very low sequence identity present in the loop
regions.

The alignment included the sequence of bovine rhodop-
sin, which is the only GPCR whose three-dimensional
structure has been experimentally disclosed.5 This al-
lowed us to take into consideration the three-dimen-
sional information obtained from the secondary and
tertiary structure of the template, to avoid the introduc-
tion of gaps or amino acid insertions in positions
incompatible with the structure of the template. The
resulting manual/automatic alignment was manually
refined iteratively with the construction of the homology
models (see the Homology modeling paragraph for more
detail).

The alignment of P2Y receptor subtypes and bovine
rhodopsin is reported in Figure 1, and the complete
alignment of all the sequences is presented in Clust-
al12,13 format as Supporting Information.

Phylogenetic Analysis. By using the Neighbor-
Joining method14 on a distance matrix obtained by
applying the PAM amino acid substitution model15 to
our sequence alignment, we constructed a phylogenetic
tree that reflected the relationships between the various
subtypes of P2Y receptors and the other proteins that
were retrieved with the BLAST search (Figure 2).

The tree was clearly divided into two main branches.
The first branch (upper right side in Figure 2) showed

Table 1. Inositol Phosphate Accumulation Induced by the
Activation of Wild-type and Mutant Human P2Y1 Receptors
Transiently Expressed in COS-7 Cells6,23

mutated residue position EC50 (nM) of 2-MeSADP

Wild-type 1.27 ( 0.01a

R128A 3.29 >100000
F131A 3.32 18.2 ( 2.1
H132A 3.33 15.9 ( 4.4
Y136A 3.37 12.6 ( 1.8
T221A 5.42 15.9 ( 4.0
T222A 5.43 11.2 ( 0.6
F226A 5.47 20.7 ( 3.8
H277A 6.52 100 ( 30
K280A 6.55 1790 ( 310
Q307A 7.36 455 ( 140
R310A 7.39 >100000
R310K 7.39 418 ( 118
S314A 7.43 >100000
S314T 7.43 11.7 ( 1.8
S317A 7.46 1.58 ( 0.29
C124A EL1 >100000
K125A EL1 5.9 ( 7.8
R195A EL2 4.7 ( 0.6
K196A EL2 2.5 ( 0.8
K198A EL2 17.5 ( 2.1
C202A EL2 >100000
D204A EL2 66.5 ( 11.5
D204N EL2 595 ( 5.0
D204E EL2 145 ( 15.4
D208A EL2 3.6 ( 0.7
E209A EL2 17200 ( 7400
E209D EL2 3.2 ( 0.6
E209Q EL2 8.6 ( 2.1
E209R EL2 4.9 ( 1.3
R212A EL2 7.8 ( 5.5
R285A EL3 9.2 ( 5.4
R287A EL3 14800 ( 2600
R287K EL3 74.9 ( 5.5
R287Q EL3 5290 ( 360
R287E EL3 >100000
D289A EL3 3.9 ( 0.4
C296A EL3 5160 ( 920
D300A EL3 9.8 ( 0.5
R301A EL3 2.6 ( 0.3

a In a separate experiment the potency of 2-MeSADP at the
wild-type human P2Y1 receptors was 2.2 ( 0.5 nM.6

Chart 1. Agonists and Antagonists at P2Y1 and P2Y12
Receptors Used in Docking and Binding Studies
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the presence of two phylogenetically distinct subgroups
of P2Y receptors, one encompassing the receptors that
mainly couple to the Gq protein, and the other contain-
ing receptors that couple to the Gi protein. The first
subgroup was comprised of P2Y1, P2Y2, P2Y4, P2Y6, and
P2Y11 receptors. The average pair distance between
these proteins, which was calculated according to the
PAM method and expressed in units of expected fraction
of amino acids changed, was ∼1.17. Less closely related
was the P2Y11 receptor, which showed an average
distance from the other receptors of ∼1.89. The second
family comprised P2Y12, P2Y13, and P2Y14 receptors and
showed an average pair distance between its members
of ∼0.97. The average pair distance between the two
families was ∼2.26, with the exception of P2Y11, which
showed an average distance of ∼2.65 from P2Y12, P2Y13,
and P2Y14.

Also, receptors for lipid mediators were present in this
branch of the tree, including two different subtypes of
cysteinyl leukotriene receptors and a receptor for the
phospholipid platelet-activating factor. Sphingosylphos-
phorylcholine and lysophosphatidylcholine were re-
cently identified as the natural ligands for three recep-
tors known as GPR68 (OGR1), GPR4, and G2A,16 and
P2y9 (GPR23) was identified as a receptor for lysophos-
phatidic acid. 17

Three different subtypes of protease-activated recep-
tors (PARs) belonged to this branch. These receptors are
activated by the enzyme thrombin (or trypsin in the case
of PAR2), which cleaves their amino-terminal exo
domain to unmask the amino terminus of an autostimu-

lated receptor. The cleaved peptide serves as a tethered
peptide ligand, binding intramolecularly to the body of
the receptor.18

HM74 was recently identified as a low-affinity recep-
tor for nicotinic acid.19 Besides P2Y receptors, this is
the only receptor within this subfamily of GPCRs that
is known to respond to a small-molecule agonist. The
other receptors belonging to this branch, including P2y5,
P2y9, and P2y10, fall in the category of orphan receptors,
with their endogenous ligands still unknown.

The other branch of the tree encompasses mainly
receptors for peptides. The phylogenetic tree (Figure 2)
showed the relatedness of opioid peptide, somatostatin,
apelin, angiotensin, and chemokine receptors. The only
exceptions were the leukotriene B4 receptors BLT1 and
BLT2. BLT1 is also known as P2y7 due to its early
erroneous identification as a P2Y subtype. RDC1 is still
categorized as an orphan receptor.

The tree was highly dependent on the sequence
alignment, the scoring matrix, and the algorithm used.
Other recently published works20,21 reported automati-
cally obtained phylogenetic trees for a great number of
GPCRs, giving a broad overview of the superfamily. Our
tree covered a smaller (yet significant) region of GPCRs;
however, due to the particular technique used for the
alignment, the tree was more accurate regarding these
particular receptors. The statistical robustness of the
Neighbor-Joining tree and reliability of the branching
patterns were confirmed by generating 100 bootstrap
replications of the sequence alignment. The obtained
average consensus tree showed the same relationships
between the two subfamilies of P2Y receptors and the
other proteins as the original tree, proving that the
results of this analysis were not affected by small local
changes in the alignment.

Disulfide Bridges. Our sequence alignment clearly
showed that the Cys residues of the disulfide bridge that
linked the amino-terminal region to EL3 of the P2Y1
receptor6 were conserved among all P2Y subtypes and
the great majority of the other GPCRs belonging to this
subfamily (Figure 1). The only exceptions were opioid
receptors, somatostatin receptors, leukotriene B4 recep-
tors, PARs, PAF receptor, CXCR6 chemokine receptor,
and the orphan receptors GPR87 and GPR91. Further-
more, like the vast majority of GPCRs, all of the
receptors included in our phylogenetic tree contained
the highly conserved Cys residues that, as confirmed
by the crystal structure of bovine rhodopsin, are likely
to be involved in the formation of a disulfide bridge
connecting EL2 with the upper part of TM3.

Primary and Secondary Structure Analysis of
the Carboxyl-Terminal Regions. We studied the
topology of the initial residues of the carboxyl-termi-
nal domain of P2Y receptors in comparison with those
of bovine rhodopsin. The crystal structure of bovine
rhodopsin5 confirmed the presence of an R-helical struc-
ture in the carboxyl-terminal region, as a cytoplas-
matic extension of TM7. This helix, known as H8,
lies nearly perpendicular to TM7, to which it is con-
nected by a helix-turn-helix structure containing the
D/NPxxY(x)5,6F motif, which is conserved in the major-
ity of Class A GPCRs. According to experimental
evidence, a hydrophobic interaction between the two
aromatic residues of the D/NPxxY(x)5,6F motif is present

Figure 1. Sequence alignment of bovine rhodopsin and
human P2Y receptors. The TMs, as deduced from the bovine
rhodopsin X-ray crystallographic structure are highlighted,
and the amino acid identifiers for the most conserved residues
of each TM are shown. The basic amino acids involved in
phosphate coordination are highlighted in cyan and their
amino acid identifiers indicated; the amino acids mutated in
this work are highlighted in red; the Cys residues involved in
putative disulfide bridge formation in P2Y receptors, based
on sequence comparison, are highlighted in yellow and con-
nected by a yellow line to represent the bridge. The residues
predicted to assume an R-helical conformation in the cytoplas-
matic extension of TM7, known as H8, are highlighted in green
(secondary-structure prediction based on MLRC method). By
homology with bovine rhodopsin, it can be proposed that Cys
residues (here represented in bold) facing the cell membrane
present in proximity to the carboxyl-terminal end of H8 in
P2Y4, PY12, and P2Y14 might be palmitoylated to provide an
anchor of H8 to the membrane.
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in the ground-state rhodopsin and should be disrupted
during the MetaI/MetaII transition.5,22 H8, in rhodopsin,
ends with two palmitoylated Cys residues (C322 and
C323), which anchor this short helix to the membrane.

The P2Y receptors, with the exception of P2Y2 and
P2Y11, also show the D/NPxxY(x)5,6F motif at the
cytoplasmatic end of TM7. Therefore, we studied the
tendency of amino acids in these regions to adopt an
R-helical organization. For all P2Y receptor subtypes,
with the exception of P2Y2 and P2Y11, an R-helical
structure was predicted for the initial part of the
carboxyl-terminal region. The length of this short helix
was different for each subtype (Figure 1). As for rhodop-
sin, in the case of P2Y4, P2Y12, and P2Y14 receptors, a
Cys residue facing the cell membrane was present near
the carboxyl-terminal end of H8. It could be argued that
these Cys residues, as in the case of rhodopsin, might
be palmitoylated to provide an anchor for H8 to the
membrane. Thus, in homology modeling we assumed the
presence of an R-helical structure of appropriate length,
homologous to H8 of rhodopsin, in all P2Y receptors,
except for P2Y2 and P2Y11. Since we did not find
evidence of such an R-helical structure for P2Y2 and

P2Y11 receptors, we did not model the regions for these
two subtypes.

Site-Directed Mutagenesis of the Human P2Y1
Receptor. The putative nucleotide-binding site of the
human P2Y1 receptor was identified by site-directed
mutagenesis experiments,6,7,23 in which residues from
TM3, TM6, TM7, and EL2 were found to be involved in
the processes of ligand recognition and/or receptor
activation (Table 1). In particular, the residues R128-
(3.29), K280(6.55), Q307(7.36), R310(7.39), and S314-
(7.43) were found essential for the recognition of nu-
cleotide ligands.23 Furthermore, mutation of D204(EL2)
to Ala, Glu, or Asn impaired the agonist-promoted
activation of the receptor.6

On the basis of sequence comparisons and previous
molecular modeling studies,6,7,8,9 we further character-
ized the putative binding region of the P2Y1 receptor
by mutating various Tyr residues located in TM6, TM7,
and EL2 to Ala and Phe. In particular, the three
residues selected for substitution were Y203 in EL2,
Y273(6.48) in TM6, and Y306(7.35) in TM7. Y203 was
chosen to gain insight into the role of EL2. This residue
is located in a crucial position between the C202

Figure 2. Phylogenetic tree obtained by using the Neighbor-Joining method on a distance matrix obtained applying the PAM
substitution model to our multiple-sequence alignment. The tree is clearly divided into two main branches, separated by a dashed
line. The first branch shows the presence of two phylogenetically distinct subgroups of P2Y receptors, one encompassing the
receptors that mainly couple to the Gq protein, and the other containing the receptors that couple to the Gi protein. The other
branch of the tree encompasses mainly receptors for peptides.
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involved in the formation of the putative disulfide bridge
with C124(3.25) and the essential D204. Y273(6.48) in
TM6 was the residue corresponding to W243(6.48) of
the A3 adenosine receptor. The importance of residue
6.48 for the A3 adenosine receptor and for other GPCRs
has already been established: it is located in the
agonist-binding pocket,24,25 and according to modeling
and mutagenesis data, seems to act as a molecular
switch for receptor activation.25 Y306 was chosen be-
cause it is located at a distance of four residuessi.e.,
one helix turn abovesfrom the key cationic residue
R310(7.39).23 Furthermore, this residue corresponded
to a prominent positively charged residue in the P2Y12
receptor, K280(7.35), which was later implicated in an
ionic interaction with an agonist ligand (see the Docking
Studies paragraph for details).

All of the mutant receptors, together with the wild-
type (WT) receptor, were tested using a functional assay
of PLC (Figure 3, Table 2) and in a radioligand ([3H]1)
binding assay (Figure 4, Table 2) with 2-MeSADP 4 as
agonist and MRS2179 2 as antagonist (Chart 1). In a
direct analogy to the W(6.48)A mutation of the A3
adenosine receptor,25 the Y273A (6.48) mutation led to
a functionally inactive receptor incapable of being
stimulated by the agonist. However, this change in the
P2Y1 receptor did not have a major effect on the binding
affinity of either agonist 4 or antagonist 2. In contrast,
at the A3 adenosine receptor, antagonist affinity was
selectively reduced by the W(6.48)A mutation. The
Y273F mutant receptor still activated G proteins with
agonist potency similar to WT; thus, an aromatic side
chain (phenyl ring) sufficed at this position for receptor
activation. This suggested that in the case of the P2Y1
receptor, the role of the residue at the 6.48 position in
signal transmission was not mediated by the formation
or the disruption of hydrogen bonds by its side chain.
In all the subtypes of P2Y receptors, with the exception
of P2Y1 and P2Y11, a Phe residue occurred naturally at
position 6.48.

The other mutations modulated to various extents the
affinity of the receptor for the agonist and the antago-
nist, but did not preclude G protein coupling. All of the
mutant receptors, including Y273A and Y273F, showed
a 1.5 to 4.5-fold reduced affinity for the antagonist
MRS2179 2. The Y306A and the Y306F mutant recep-
tors showed approximately a 10-fold reduced affinity for

the agonist 2-MeSADP 4. Strikingly, 2-MeSADP 4,
failed to compete for binding of radioligand at the Y203A
mutant receptor, while it showed only an 11-fold re-
duced affinity for the Y203F mutant. Thus, an aromatic
residue at this position is required for agonist recogni-
tion.

Homology Modeling of the P2Y Receptor Fam-
ily. In the absence of a crystallographic structure of any
P2Y receptor, we have used the imprecise method of
rhodopsin-based homology modeling of Family 1 GPCRs.
Using that approach, overall architecture may be pre-
dicted reasonably; however, the details of small molecule
recognition are more difficult to predict. The generally
accepted assumption is that the overall structure of the
helical bundle of the GPCRs is conserved among all the
members of the superfamily. We constructed complete
homology models of all the subtypes of P2Y receptors
with the program Modeler.26,27

By means of the loop refinement feature of Mod-
eler,26,27 we generated five different models for the loop
regions of each receptor. For all the subtypes we made
use of the two putative disulfide bridges, even though
one of them has been proven to be nonessential for the
functional P2Y12 receptor.51 These disulfide bridges
furnished two external constraints that helped to define
the conformation of these very flexible regions. After an
evaluation of the resulting models with internal (prob-
ability density functions and energy evaluation) and
external (Procheck28) checks, we identified the loop
regions showing high energy values or violations of the
stereochemical restraints. Then, we manually modified
the sequence alignment and completely reconstructed
the models to obtain improved structures. This process
was repeated iteratively until no further improvement
was possible. Each selected model was then optimized
by means of 50-ps molecular dynamics and energy
minimization as described in Materials and Methods.

Through this protocol we obtained models for the
eight P2Y receptors that resembled the structure of
bovine rhodopsin in the helical bundle, in the intracel-
lular H8 (in the cases in which we hypothesized the
presence of such a structure), and in EL2, which is the
only loop that shows a defined secondary structure in
the crystal structure of bovine rhodopsin. The only
significant deviations were found in the remaining,
flexible intracellular and extracellular regions.

The RMS (root-mean-squared) deviation between the
backbone atoms of the seven TMs of P2Y receptors and
rhodopsin was always lower than 0.79 Å (Supporting
Information). The antiparallel â-sheet of EL2 charac-
teristic of the crystal structure of the ground state of
bovine rhodopsin was detected in all our models of the
ground-state P2Y receptors. This loop appeared to be
constrained in its position by means of the disulfide
bridge that linked it to the upper part of TM3.

The stereochemical quality of the optimized receptor
models was checked for all the stereochemical param-
eters using the program Procheck.2829 The results were
similar to or better than the 2.8-Å crystal structure of
the template. In particular, all the residues of the TM
were found within the energetically favorable region of
the right-handed R-helix of the Ramachandran plot.
Only a few amino acids (from a minimum of 0.7% in
the case of P2Y1 receptors to a maximum of 2.2% in the

Figure 3. Stimulation of PLC by 2-MeSADP in COS-7 cells
transiently expressing either WT or mutant human P2Y1

receptors. After labeling with myo-[3H]inositol (1 µCi/106 cells)
for 24 h, the cells were treated for 30 min at 37 °C with the
agonist 2-MeSADP 4. The amount of inositol phosphates was
analyzed after extraction though Dowex AG 1-X8 columns (see
Materials and Methods). Data shown are mean values from
two to three experiments.
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case of P2Y4 and P2Y6 receptors) located at the interface
between the loops and the TMs were found in the
disallowed region of the Ramachandran plot.

We constructed our models of P2Y receptors to ap-
proximate as closely as possible the structure of the
ground state (resting or inactive) of bovine rhodopsin.
These models provide useful tools to generate hypoth-
eses about the molecular features that stabilize the
ground states of the P2Y receptors, to give a rational
interpretation to the structure-activity relationship
(SAR) data, and to project new targeted site-directed
mutagenesis experiments. In future studies these mod-
els could be embedded in a phospholipid bilayer30 to
explore, by means of an extensive molecular dynamics
simulation, the allowed conformation and to gain insight
into the mechanism of activation. The coordinates of all
receptor models are given in Supporting Information in
PDB format.

Interhelical H-Bonds: Rhodopsin Compared to
P2Y Receptors. These models, representing the inac-
tive states of the P2Y receptors, appeared to be stabi-
lized by networks of hydrogen bonds connecting TM1
with TM7, TM2 with TM4, and TM3 with TM6 and
TM7. Some of these H-bonds were conserved in rhodop-
sin, and others typified P2Y receptors (Table 3).

Highly conserved among all P2Y receptors were the
hydrogen bonds between the amino acids 1.50-7.46 and
4.50-2.45, connecting an Asn residue in TM1 with a

backbone carbonyl of TM7 and a conserved Trp in TM4
with a residue capable of accepting an H-bond in TM2,
respectively. These two H-bonds are probably conserved
among the majority of GPCRs and are present in the
2.8-Å crystal structure of bovine rhodopsin. According
to our models, in the majority of P2Y receptor subtypes,
the association between TM2 and TM4 is strengthened
by an additional H-bond, in which residue 2.45 acts as
an acceptor from a Ser or a Cys residue present at
position 4.46.

The crystal structure of rhodopsin also reveals an
H-bond network spanning the lower parts of TM3 and
TM6. The carboxylate of E134 (3.49) of rhodopsin, part
of the highly conserved (D/E)R(Y/W) motif in GPCRs,
and the guanidine group of R135 (3.50) were linked by
a salt bridge. The latter also acted as a H-bond donor
to E247 (6.30) and T251 (6.34), connecting TM3 and
TM6. These interactions were not conserved in the P2Y
receptors, due to the lack of sequence identity. Our
models suggested that in the case of the P2Y receptors,
the linkage between TM3 and TM6 could be provided
by the H-bond that a basic residue, present at position
6.30, could donate to the residue at position 3.49.
Furthermore, we detected an additional H-bond between
the Arg residue at position 3.50 and a residue capable
of accepting an H-bond at position 6.34 present only in
the models of the members of the P2Y12-like subfamily.
In the P2Y1-like subfamily, a hydrophobic residue
always occupied position 6.34.

Furthermore, our P2Y receptor models suggested the
existence of two additional interhelical H-bonds, present
in all or most subtypes, that connected TM7 with TM1
and TM3 through interactions between residues highly
conserved in this family but not in rhodopsin. The side
chains of S7.43 and N7.45, for example, were always
linked with those of Y1.39 and N3.39, respectively. An
additional H-bond between the side chain of highly
conserved Tyr present at position 7.53 (NPxxY(x)5,6F
motif) and the side chain of a hydrophilic residue at
position 2.40 was detected in both P2Y1 and P2Y2
subtypes.

Docking of Potent P2Y1 and P2Y12 Receptor
Agonists and Antagonists. Having delineated two
subgroups of P2Y receptors by a phylogenetic analysis,
we wanted to characterize the putative ligand-binding
site of one member of each family to investigate the
analogies and differences in the mechanism of ligand
recognition. Furthermore, having constructed the ho-
mology models of all the subtypes of P2Y receptors, we
were able to extend our conclusions to the other
subtypes of the two subgroups by means of superimpo-
sitions and preliminary docking experiments.

Most current information on mutagenesis of P2Y
receptors, both from previous studies6,7,23 and in the

Table 2. Potency of the Agonist 2-MeSADP 4 and the Antagonist MRS2179 2 in Binding and Functional Assays at Wild-type and
Mutant Human P2Y1 Receptors

WT Y203A (EL2) Y203F Y273A (6.48) Y273F Y306A (7.35) Y306F

potency of 4,a, EC50 (nM) 3 ( 1 >10000c 16 (5 >10000c 6 ( 3 15 (2 19 (7
binding of 4,b IC50 (nM) 24 ( 12 >10000d 260 ( 80 22 ( 1 40 ( 20 150 ( 40 360 ( 150
binding of 2,b IC50 (nM) 210 ( 30 740 ( 50 330 ( 160 480 ( 190 660 ( 210 320 ( 20 980 ( 10

a Stimulation of PLC by 4 in COS-7 cells transiently expressing either wild type or mutant human P2Y1 receptors. The baseline control
value was 1680 ( 200 counts, and 100% stimulation was equal to 5730 ( 580 counts. b Displacment of [3H]1 in membranes of COS-7 cells
transiently expressing either wild type or mutant human P2Y1 receptor. c No stimulation observed up to 10 µM of 4. d <10% displacement
of binding observed at 10 µM of 4.

Figure 4. Human P2Y1 selective binding of [3H]1 in mem-
branes prepared from COS-7 cells transiently expressing either
WT or mutant human P2Y1 receptors. The membranes pre-
pared from cells (40 µg protein/tube) were incubated with 8
nM [3H]1 and (a) varying concentrations of the agonist
2-MeSADP or (b) varying concentrations of the antagonist 2.
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present work, has been collected for P2Y1 receptors.
Furthermore, our homology models were based on the
inactive state of rhodopsin. Following these consider-
ations, we adopted a docking strategy to initially study
the interactions between the P2Y1 receptor and its
potent, conformationally constrained antagonist 1 (Chart
1), previously synthesized by our lab.31 A second step
involved studying the interactions between the P2Y1
receptor and its natural ligand, ADP. Because P2Y1 and
P2Y12 share the same natural agonist, in the third step
we used the information deduced from the P2Y1-ADP
complex to dock ADP into the P2Y12 receptor. Finally,
we studied the interactions between the P2Y12 receptor
and the nucleoside-like antagonist of nanomolar po-
tency, AZD6140 3, developed by Astra-Zeneca for treat-
ing arterial thrombosis.32

Docking at P2Y1 Receptors. The results of the
docking studies of the rigid methanocarba antagonist 1
and the flexible agonist ADP at the P2Y1 receptor are
shown in Figure 5. The antagonist 1 bound to P2Y1 in
the exofacial side of the cavity delineated by TM3, TM6,

and TM7 and capped with EL2, with the phosphate
groups accommodated in a positively charged pocket
formed by R128(3.29), K280(6.55), and R310(7.39). The
sequence comparisons showed that the residues R3.29
and R7.39 were conserved among all subtypes of the
first subgroup of P2Y receptors; the subtypes belonging
to the second subgroup did not show the presence of
basic amino acids at these positions. However, a basic
residue at position 6.55, which was a Lys in the case of
P2Y1 and P2Y6 and an Arg in all other cases, was
conserved among all the members of the two subgroups.

Q307(7.36) accepted a hydrogen bond from the amine
at the 6-position of the purine ring and was available
to donate a hydrogen bond to the nitrogen at the
7-position. The presence of a Gln residue at position 7.36
was typical of the adenine nucleotide-binding P2Y
receptors within the first subgroup, P2Y1 and P2Y11.
The uracil nucleotide-accepting receptors P2Y2, P2Y4,
and P2Y6 instead showed the presence of a Lys at
position 7.36, which, according to our preliminary
docking experiments, could be responsible for the for-
mation of a hydrogen bond with the carbonyl oxygen
group at the 4-position of the uracil ring. Site-directed
mutagenesis experiments would be necessary to confirm
whether this Lys residue plays the fundamental role
suggested by the models. The receptors belonging to the
second subgroup (P2Y12, P2Y13, and P2Y14) always
showed a Glu residue at position 7.36.

S314(7.43) donated a hydrogen bond to the nitrogen
at the 1-position of the purine ring. This residue was
conserved among all subtypes belonging to the first
subgroup of P2Y receptors, except for the P2Y11 receptor,
in which a Pro residue was present at position 7.43. Ser
was also present at position 7.43 in the P2Y12 receptor,
and an Ala was present in the P2Y13 and P2Y14
receptors.

Our calculations suggested a binding mode for ADP
that is very similar to that of the bisphosphate 1, in good
agreement with the available mutagenesis data.23 These
data emphasized the fundamental role in the recogni-
tion of agonists and antagonists played by three basic
residues in the P2Y1 receptor at positions 3.29, 6.55, and
7.39, as well as the importance of the presence of Q7.36
and S7.43, The 5′-diphosphosphate group of ADP was
coordinated by R128(3.29), K280(6.55), and R310(7.39),
and the purine ring formed the same interactions with
Q307(7.36) and S314(7.43).

Consistent with the P2Y1 receptor homology model
and ligand docking, the hydroxyl groups of the three
Tyr residues mutated in this work did not play a crucial

Table 3. Interhelical Hydrogen Bond Networks in the Ground State of the Human P2Y Receptors, as Predicted Using the Homology
Models

sequence identifier

donor-acceptor P2Y1 P2Y2 P2Y4 P2Y6 P2Y11 P2Y12 P2Y13 P2Y14

1.50-7.46a,b N69-S317 N51-S299 N53-S299 N44-S294 N54-F322 N43-A291 N41-I289 N40-V288
1.39-7.43 Y58-S314 Y40-S296 Y42-S296 Y33-S291 c Y32-S288 c c
4.50-2.45a W176-N92 W158-H74 W160-H76 W152-N67 W162-Q78 W149-N65 W147-N63 W146-N62
2.45-4.46 N92-S172 c H76-C156 N67-C148 Q78-S158 N65-S145 N63-S143 N62-S142
6.30-3.49a R255-H148 K240-H130 R240-H132 R234-Q123 K251-N134 R231-D121 N229-D119 K228-D118
3.50-6.34a c c c c c R122-N235 R120-E233 R119-S232
7.45-3.39 N316-S138 N298-S120 N298-S122 N293-S113 c N290-S111 c N287-S108
7.53-2.40 Y324-S87 Y306-T69 c c c c c c
a H-bond conserved in bovine rhodopsin as confirmed by the 2.8 Å crystal structure.5 b Residue 7.46 accepts the hydrogen bond by

means of the backbone carbonyl oxygen. All other H-bonds are established between the side chains of the involved amino acids. c No
H-bond possible between corresponding residues.

Figure 5. Complexes of the P2Y1 receptor with the potent
antagonist 1 and with the agonist ADP. Color of TMs: cyan
(TM1), orange (TM2), green (TM3), magenta (TM4), blue
(TM5), red (TM6), gray (TM7). (a) View from the plane of the
cell membrane of P2Y1-1 complex. (b) View from outside the
cell of P2Y1/1 complex. c) View of the bisphosphate 1 within
the binding pocket of P2Y1. For the three key cationic residues
and for the three mutated Tyr residues the amino acids
identifiers are shown; red arrows indicate the mutated Tyr.
d) View from outside the cell of P2Y1-ADP complex.
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role in ligand recognition and did not seem to be
involved in the formation of inter- or intramolecular
hydrogen bonds.

As suggested by the mutagenesis data, Y273(6.48),
which plays a fundamental role in the activation of the
receptor, was not directly involved in the formation of
the binding pocket for either agonist or antagonist.
Furthermore, unlike W243(6.48) in the A3 adenosine
receptor,25 the side chain of Y273(6.48) did not appear
to be directly implicated in the formation of the hydro-
gen bond network to stabilize the ground state of the
receptor. We could speculate that the importance of
Y273(6.48) in the P2Y1 receptor is in transmitting a
rotation induced by the binding of the agonist in the
upper part of TM6. This might occur through the
interaction of a phosphate moiety with K280(6.55), to
the lower part of the helix by means of interactions with
conserved aromatic amino acids present above and
below position 6.48: i.e., F269(6.44), F276(6.51), and
H277(6.52). By homology, this hypothesis could be
extended to the other P2Y receptors. Supporting this
hypothesis, mutation of H277(6.52) in the P2Y1 receptor
to Ala resulted in the loss of activation by nucleotide
agonist but not in binding of the nucleotide antagonist
2 or a nonnucleotide antagonist (a pyridoxal phosphate
derivative), suggesting that this residue may be critical
for agonist binding and/or activation processes.7,23,33 A
His residue also appears at the position 6.52 in adeno-
sine receptors and is involved in ligand recognition.25

The mutation of Y203(EL2) and Y306(7.35) seemed
to have a modulatory effect on the binding of both
agonist and antagonist. As expected, these residues
appeared from our model to be located in a phosphate-
binding pocket and appeared proximal to the crucial
cationic residues. In particular Y203(EL2) appeared to
play a major role in the recognition of the agonist, and
the presence of an aromatic residue was essential at this
position. In our model Y203 is located in close proximity
to the essential D204(EL2) and K280 (6.55). According
to our model, D204(EL2) is engaged in a hydrogen bond
with K280 in the ground state of the P2Y1 receptor. It
could be speculated that, after the conformational
change of the P2Y1 receptor necessary for the binding
of the agonist, Y203(EL2) might be engaged in a
cation-π bond with K280 (6.55).

Docking at P2Y12 Receptors. As a result of the
automatic docking of ADP into the P2Y12 receptor, we
obtained a complex showing an overall binding mode
similar to that of P2Y1 (Figure 6), with the ligand
accommodated in the pocket formed by the upper part
of TM3, TM6, and TM7 and closed by EL2. Neverthe-
less, two of the three basic amino acids involved in the
coordination of the phosphates were different. R256-
(6.55) of P2Y12 corresponding to K280(6.55) in the P2Y1
receptor was the only key cationic residue in common
between the two subgroups. The importance of this
residue was also suggested by a malfunctioning of
platelet aggregation in a patient with a naturally
occurring R256Q mutation of the P2Y12 receptor.34 The
function of R128(3.29) in TM3 as a phosphate counterion
appeared to be filled in the second subgroup by a Lys
in EL2. The role of R310(7.39) in TM7 in coordinating
the phosphate group could be substituted in the second
subgroup by K280(7.35), located one helical turn toward

the exofacial side of the same TM. Furthermore, the
P2Y12 receptor homology model with docked agonist
ligand suggested that this residue, which was homolo-
gous to Y306(7.35) of the P2Y1 receptor, was directly
involved in the formation of the nucleotide-binding
pocket.

The sequence alignment shows that these three basic
residues (R6.55, K7.35, and K in EL2) were conserved
among all the subtypes of the second subgroup of P2Y
receptors. Experimental validation would be necessary
to support these interactions suggested by the models.

After defining the putative ADP-binding pocket, we
explored different docking possibilities for the nucleo-
side-like antagonist 3. Among the possible binding
modes, we chose the one that, after superimposing the
P2Y12-ADP complex on the P2Y12-3 complex, showed
the best steric and electronic overlap between the two
ligands. In the resulting model the 3,4-difluorophenyl
ring of the N6 substituent of 3 formed an aromatic
interaction with F77(2.48). This residue was unique to
P2Y12 and could be one of the reasons for the high P2Y12
selectivity of this antagonist.

A crystallographic determination of the human P2Y1
and P2Y12 receptor structures would be a better starting
point to determine the binding mode of ligands and to
study their interactions with the receptors. However,
no such experimentally elucidated structure is available.
Even though a rhodopsin-based homology model of a
Family 1 GPCR is not as precise as a crystal structure
of the receptor would be, at present it provides the
closest model available, especially if, as in this study,
it comes from a careful sequence analysis. The implica-
tions of the high-resolution structure of bovine rho-
dopsin5a for structure-function analysis of Family 1
GPCRs has been well described and justified by Bal-
lesteros and co-workers in a recent review.35

Figure 6. Complexes of the P2Y12 receptor with the agonist
ADP and with the antagonist 3. Color of TMs: cyan (TM1),
orange (TM2), green (TM3), magenta (TM4), blue (TM5), red
(TM6), gray (TM7). (a) View from the plane of the cell
membrane of P2Y12-ADP complex. (b) View from outside the
cell of the P2Y1-ADP complex. (c) Superimposition of the bound
conformation of ADP and 3 (yellow). The three key cationic
residues and the residues corresponding to a mutated Tyr in
the P2Y1 receptor are shown (indicated by red arrows). (d)
View from outside the cell of P2Y1/3 complex.
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Our docking studies took into account the available
pharmacological and mutagenesis data to distinguish
multiple modes of docking of a given agonist or antago-
nist ligand. The selection of a given preferred docking
mode was consistent with the available biological data,
rather than being based on computational results alone.
In fact, the binding modes selected were the only ones
that were compatible with the biological data. Further-
more, during the automatic docking procedure the
binding site was always treated as flexible. In this way
we allowed the amino acids in the binding site to find
their interactions with the ligand even if their confor-
mation before the docking was not determined with high
precision. Using this approach to study the interaction
of GPCRs with their agonists is subject to greater
uncertainty than with antagonists, because the template
on which the homology models are based consists of the
inactive state of rhodopsin. For this reason, in the
present work, in which both agonists and antagonists
are docked in the human P2Y1 and P2Y12 receptor
model, we describe in greater detail the binding site for
the antagonists at the P2Y1 receptor than the other
receptor-ligand complexes.

Orphan Receptors. The phylogenetic tree showed
a number of orphan receptors present in the same
branch to which P2Y receptors belong. Therefore, it is
reasonable to expect that some of these receptors belong
to one of the two subgroups of P2Y receptors.3

A basic residue at position 6.55 (Lys in P2Y1 and Arg
in all other cases) was typical of all different P2Y1

receptors and seemed to be essential for coordination
of phosphates in both subgroups.7,23,34 Also, the presence
of a His residue at position 6.52, crucial for the activa-
tion of the P2Y1 receptor by nucleotide agonists,7,23,33

was conserved among all P2Y receptor subtypes. A
hypothetical explanation of the role played by residues
at 6.52 and 6.55 positions in the P2Y receptors is given
in the Docking section.

This HXXR(K) motif in TM6 was characteristic of P2Y
receptors but not unique; it is also seen in other
receptors, such as two subtypes of cysteinyl leukotriene
receptors and an apelin receptor.

We selected all the orphan receptors showing the
HXXR(K) motif in TM6 and analyzed their amino acid
sequences in search of the basic amino acids that were
implicated in the coordination of phosphates in either
P2Y subgroup. As a result of this analysis (Table 4), we
found that GPR91 and GPR99 showed the presence of
the three amino acids typical of the subgroup of P2Y
receptors to which P2Y1 belongs: R3.29, R(K)6.55, and
R7.39. Thus, as suggested by our phylogenetic analysis,
these two receptors were likely candidates to belong to
the first subgroup of P2Y receptors. The orphan recep-
tors H963 and GPR87 were the closest to the second
subgroup of P2Y receptors. Both receptors showed the
presence of two of the three residues that might be
important for the phosphate coordination in the second
subgroup: R6.55 and K7.35. Neither sequence, however,
showed the presence of the Lys in EL2 characteristic of
P2Y12, P2Y13, and P2Y14. As discussed above, GPR91
and GPR87 lacked the putative disulfide bridge con-
necting the NT with EL3, which was present in all the
known subtypes of P2Y receptors. The other receptorss

GPR17, GPR34, GPR31, GPR81, and HM74sdid not
seem to belong to either of the two subgroups of P2Y
receptors.

GPR99 (also designated GPR80) is the orphan recep-
tor that shows the highest similarity with the known
P2Y receptors, in particular with the Gq-coupled sub-
types. However, sequence comparison revealed signifi-
cant dissimilarities in the amino acids of TM7 that
concur in the formation of the nucleotide binding site
(i.e. residues at 7.36 and 7.43 position). In a very recent
paper, He et al.,50 demonstrated that GPR91 and GPR99
can be activated by dicarboxylic acids intermediates of
the citric acid cycle. Thus, in good agreement with our
model, GPR91 and GPR99 are coupled to Gq and require
the presence of basic amino acids at 3.29, 6.55, and 7.39
to function, although they do not belong to the P2Y1
subgroup.

Conclusions
Our sequence analysis indicates that P2Y receptors

fall into two phylogenetically distinct subgroups: the
first encompassing the Gq-coupled receptors (P2Y1,
P2Y2, P2Y4, P2Y6, and P2Y11) and the second comprising
the Gi-coupled receptors (P2Y12, P2Y13, and P2Y14).

Mutagenesis experiments driven by sequence analysis
probed the role of three Tyr residues located in the
putative nucleotide-binding pocket of the P2Y1 receptor.
Consistent with modeling results, the hydroxyl groups
(possibly capable of inter- or intramolecular H-bonding)
of the three Tyr residues did not play a crucial role in
the ligand recognition. However, the hydroxyl groups
at the side chains of Tyr203 or -306 modulated ligand
affinity. Mutation of Y6.48 to Ala led to a functionally
inactive receptor incapable of being stimulated by
agonists; this was consistent with reports on other
GPCRs.

After the construction of rhodopsin-based complete
homology models of all the subtypes of P2Y receptors,
we performed mutagenesis-driven automatic docking
experiments at P2Y1 and P2Y12 receptors. As a result
of these studies, we proposed the existence of two
different sets of three basic amino acids involved in the

Table 4. Key Cationic Residues of P2Y Receptors and
Corresponding Residues in the Orphan Receptors that Show
the HXXR(K) Motif in TM6. GPR91 and GPR99 Show the
Presence of the Three Amino Acids Typical of First Subgroup of
P2Y Receptors (i.e., R3.29, R(K)6.55, and R7.39), while H963
and GPR87 Show the Presence of Two of the Three Residues
Typical of the Second Subgroup (i.e., R6.55 and K7.35)

3.29 EL2 6.55 7.35 7.39

P2Y1 R T K Y R
P2Y2 R T R Y R
P2Y4 R L R Y R
P2Y6 R V K Y R
P2Y11 R N R Y R
P2Y12 S K R K L
P2Y13 S K R K L
P2Y14 A K R K L
GPR91 R T R Y R
GPR99 R A R Y R
GPR87 S D R K L
H963 A G R K L
GPR17 G V R N S
GPR31 R R R S G
GPR34 G M R N L
GPR81 L S R L L
HM74 L V R F L
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phosphate coordination for the two subgroups. In the
case of the P2Y1 subgroup, these three characteristic
basic residues were R3.29, K/R6.55, and R7.39.7,23

Among these residues, only R6.55 was common to both
subgroups. In the P2Y12 subgroup, the role of R3.29 in
TM3 seemed to be fulfilled by a Lys residue in EL2, and
the R7.39 in TM7 seemed to be substituted by K7.35,
which was located in the same TM, but at a distance of
four residues, i.e., one helical turn above. Additional
mutagenesis experiments would be helpful in validating
these hypotheses. Y6.48 was not directly involved in the
formation of the binding pocket for either agonist or
antagonist. We proposed that the importance of Y6.48
could be in transmitting a rotation induced by the
binding of the agonist in the upper part of TM6 to the
lower part of the helix by means of interactions with
conserved aromatic amino acids present above and
below position 6.48: i.e., F269(6.44), F276(6.51), and
H277(6.52) in the P2Y1 receptor. Consistently, H277 was
found to be critical for the activation induced by nucleo-
tide agonists but not for the recognition of nucleotide
or nonnucleotide antagonists.7,23, 33

We selected homology models, having minimal devia-
tion from the structure of the rhodopsin template, as
starting structures for our docking studies. We thus
avoided introducing theoretical assumptions with po-
tential to drive the models far from the actual struc-
tures. Those models, especially if used in conjunction
with our multiple-sequence alignment, constituted a
powerful tool to generate hypotheses on the similarities
and differences among the various subtypes of P2Y
receptors that form the basis of the ligand selectivity.
Most of the P2Y receptor models constructed in this
study will have to be tested experimentally, because
only two subtypes (one from each subgroup of P2Y
receptors) were subjected to mutagenesis and/or ligand
docking in the present study.

Experimental Section

Materials. The agonist 2-MeSADP 4 and the antagonist
MRS2179 2 (N6-methyl-2′-deoxyadenosine-3′,5′-bisphosphate)
were from Sigma (St. Louis, MO). myo-[3H]inositol (15 Ci/
mmol) was obtained from American Radiolabeled Chemicals
(St. Louis, MO). [3H]MRS2279 1 (2-chloro-N6-methyl-(N)-
methanocarba-2′-deoxyadenosine-3′,5′-bisphosphate) was pre-
pared as described.36 All oligonucleotides were synthesized by
Bioserve Biotechnologies (Laurel, MD).

Plasmid Construction and Site-Directed Mutagenesis.
The coding region of pCDNA3P2Y1 was subcloned into the
pCD-PS expression vector,23 yielding pCDP2Y1. All mutations
were introduced into pCDP2Y1 with the QuikChangeTM Site-
directed Mutagenesis Kit (Stratagene, La Jolla, CA). Muta-
tions were confirmed by DNA sequencing.

Transient Expression of Mutant Receptors in COS-7
Cells. COS-7 cells (2 × 106) were seeded onto 100-mm culture
dishes containing 10 mL of DMEM supplemented with 10%
FBS. Cells were transfected ∼24 h later with plasmid DNA
(10 µg of DNA/dish) according to the DEAE-dextran method
and grown for an additional 48 h at 37 °C.

Inositol Phosphate Determination. The assay was car-
ried out as previously described.23 About 24 h after transfec-
tion, the cells were harvested by trypsinization and grown in
six-well plates (∼106 cells/well; Costar, Cambridge, MA) in
DMEM culture medium supplemented with 2 µCi of myo-[3H]-
inositol/mL. After a 24-h labeling period, cells were preincu-
bated with 10 mM LiCl for 20 min at room temperature. The
mixtures were swirled to ensure uniformity. Following the
addition of the agonist 2-MeSADP, the cells were incubated

for 30 min at 37 °C with 5% CO2. The supernatants were
removed by aspiration, and 750 µL of cold 20 mM formic acid
was added to each well. Cell extracts were collected after a
30-min incubation at 4 °C and neutralized with 250 µL of 60
mM NH4OH. The inositol monophosphate fraction was then
isolated by anion-exchange chromatography. The content of
each well was applied to a small anion-exchange column (AG-
1-X8; BioRad, Hercules, CA) that had been pretreated with
15 mL of 0.1 M formic acid/3 M ammonium formate, followed
by 15 mL of water. The columns were then washed with 15
mL of a solution containing 5 mM sodium borate and 60 mM
sodium formate. [3H]Inositol phosphates (IPs) were eluted
twice with 5 mL of 0.1 M formic acid/0.2 M ammonium
formate, and radioactivity was quantified by liquid scintillation
counting (LKB Wallace 1215 Rackbeta scintillation counter).

Radioligand Binding Assays. P2Y1 receptor binding
experiments were performed as previously described.36 Briefly,
the binding of [3H]1 (8.0 nM) to recombinant human P2Y1

receptors in COS cell membranes (40 µg protein/tube) was
measured after incubation at 4 °C for 30 min in 200 µL of 50
mM Tris‚HCl (pH 7.4) containing 10 mM MgCl2. Binding
reactions were terminated by filtration through Whatman
GF/B glass-fiber filters under reduced pressure with a MT-24
cell harvester (Brandel, Gaithersburg, MD), and radioactivity
was determined with a liquid scintillation counter (Parkard,
IL).

Statistical Analysis. Binding and functional parameters
were calculated with Prism software (GraphPAD, San Diego,
CA). IC50 values were obtained from competition curves. Data
were expressed as mean ( standard error.

Sequence Retrieval. The amino acid sequences of the P2Y
receptors and the other GPCRs showing high similarity with
them were retrieved by a BLAST search against the H. sapiens
subset of the SWISS-PROT and TrEMBL databases (per-
formed with the BLASTP program, local at the ExPASy server
www.expasy.org/tools/blast/) using the sequences of P2Y1 and
P2Y12 receptors as probes.

Multiple-Sequence Alignment. The seven TMs were
identified and manually aligned by means of the characteristic
conservation pattern defined by van Rhee and Jacobson.11,37

The length of each of the seven TMs was deduced by analyzing
the crystal structure of bovine rhodopsin with no gaps allowed
within the TMs. The remaining parts of the sequences (the
amino-terminal region, the loops, and the carboxyl-terminal
region) were aligned automatically with the program CLUST-
ALX,12 the Windows interface of CLUSTALW.13 The BLO-
SUM62 substitution matrix38 was used, with a gap start
penalty of 5 and a gap extend penalty of 0.2. The obtained
alignment was then manually refined, without allowing the
TM regions to move, iteratively with the homology modeling
results. Because of the lack of sequence similarity, only short
segments of the amino-terminal domain and of the carboxyl-
terminal domain were aligned.

Residue Indexing. The convention used for the amino acid
identifiers, according to the approach of Ballesteros and
Weinstein10 and van Rhee and Jacobson,11 facilitates compari-
son of aligned residues within the family of Group A GPCRs.
The most conserved residue in a given TM (TMX, where X is
the TM number) is assigned the number X.50, and residues
within a given TM are then indexed relative to the 50 position.
When we refer to a particular receptor, the residues maintain
their original sequence number and are supplemented with
the extension containing the residue identifier in brackets.
When we refer to multiple receptors, the residues are desig-
nated only with the amino acid identifier.

Phylogenetic Analysis. A pairwise distance matrix was
calculated with the Protdist program of the Phylip Package39

with the Dayhoff PAM substitution matrix.15 The calculated
distances were scaled in units of the expected fraction of amino
acids changed. From the pairwise distance matrix, the phy-
logenetic tree was calculated according to the Neighbor-Joining
method of Saitou and Nei,14 as implemented in the program
Neighbor (Phylip Package). The resulting phylogenetic tree
was constructed and plotted with the program PhyloDraw.40
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Bootstrapping of the sequences and consensus analysis were
carried out with the Seqboot and Consense programs (Phylip
Package), respectively.

Secondary Structure Prediction. The secondary struc-
ture of the carboxyl-terminal region of the receptors was
predicted by means of a Multivariate Linear Regression
Combination (MLRC)41 performed on the results obtained
using the GOR4,42 SIMPA96,43 and SOPMA44 methods, as
implemented in the program Network Protein Sequence
Analysis web server (http://npsa-pbil.ibcp.fr).45

Homology Modeling. Homology modeling was performed
with the program Modeler26,27 as implemented in InsightII,46

with the X-ray crystal structure of bovine rhodopsin5 (1F88.pdb,
freely available at the RCSB Protein Data Bank) with a 2.8-Å
resolution as a structural template. For each receptor, five
models with different conformations of the loops were built
(setting the input parameters of Modeler to one model and five
loop refinements, with the level of optimization set to high and
the manual-definition disulfide bridges assumed to exist in the
extracellular region by homology to the P2Y1 receptor.6)
Because of the lack of sequence similarity between the P2Y
receptors and the template in the carboxyl-terminal and
carboxyl-terminal regions, only short segments of these do-
mains were modeled. In particular, all the models started with
the amino acid located three residues before the conserved Cys
in the amino-terminal region of P2Y receptors and finished
with the amino acid corresponding to the end of H8 in the
carboxyl-terminal region of rhodopsin. According to our sec-
ondary-structure predictions, shorter H8 regions were modeled
for P2Y4, P2Y12, and P2Y13, and for P2Y2 and P2Y11, the models
were terminated at the level of the last amino acid of TM7.
The crude models coming from Modeler were capped with an
acetyl group at the amino-terminus and with an N-methyl
group at the carboxyl-terminus to prevent electrostatic inter-
actions and were optimized by means of the Discover3 module
of InsightII,46 with the AMBER47 force field. A harmonic
restraint of 25 kcal/mol was applied to the backbone atoms of
the TMs and EL2. The structures were minimized until an
RMS of 0.5 kcal mol-1 Å-1 was reached; an NVT (constant-
volume/constant-temperature) molecular dynamic simulation
of 50 ps at 300 K was carried out, with a time step of 1 fs; the
average structures from the last 10-ps trajectory of MD were
reminimized until an RMS of 0.5 kcal mol-1 Å-1 was reached.
The harmonic restraints were gradually lowered in steps of 5
kcal/mol, minimizing the structure at each step until an RMS
of 0.5 kcal mol-1 Å-1 was reached. When the restraints were
finally removed, the structures were submitted to the final
energy minimization until an RMS of 0.001 kcal mol-1 Å-1 was
reached.

Docking Studies. After prepositioning the ligand in the
receptor cavity according to the mutagenesis and previous
modeling results6,7,8,9,23 in the case of P2Y1 and by analogy in
the case of P2Y12, automatic docking experiments were carried
out by means of the Monte Carlo minimization approach
implemented in the Affinity module of InsightII.46 First, an
initial docking procedure, aimed at exploring different binding
possibilities, was performed with the scaling factor for van der
Waals and Coulombic terms set at 0.1 and 0.0, respectively,
and the maximum movement in each random translation and
rotation of the ligand at 1.0 Å and 10°, respectively. The
preferred binding mode was chosen on the basis of compat-
ibility with mutagenesis and binding data, as well as energetic
considerations. Then, a second docking procedure, aimed at
refining the binding mode resulting from the previous step,
was performed, setting the scaling factor for van der Waals
and Coulombic terms at 1 and the maximum movement in
each random translation and rotation of the ligand at 0.1 Å
and 1°, respectively. The Consistent Force Field48,49 (CFF91)
was selected for this study. This force field can describe several
different chemical situations, being parametrized for a high
number of atom types, and is particularly good for treating
nonbonded interactions, which are of extreme importance in
the study of intermolecular interactions.
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