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Abstract

The P2Y1 receptor is a G protein-coupled receptor (GPCR) and is stimulated by extracellular ADP
and ATP. Site-directed mutagenesis of the three extracellular loops (ELs) of the human P2Y
receptor indicates the existence of two essential disulfide bridges (Cys124 in EL1 and Cys202 in
EL2; Cys42 in the N-terminal segment and Cys296 in EL3) and several specific ionic and H-
bonding interactions (involving Glu209 and Arg287). Through molecular modeling and molecular
dynamics simulations, an energetically sound conformational hypothesis for the receptor has been
calculated that includes transmembrane (TM) domains (using the electron density map of
rhodopsin as a template), extracellular loops, and a truncated N-terminal region. ATP may be
docked in the receptor, both within the previously defined TM cleft and within two other regions
of the receptor, termed meta-binding sites, defined by the extracellular loops. The first meta-
binding site is located outside of the TM bundle, between EL2 and EL3, and the second higher
energy site is positioned immediately underneath EL2. Binding at both the principal TM binding
site and the lower energy meta-binding sites potentially affects the observed ligand potency. In
meta-binding site 1, the side chain of Glu209 (EL2) is within hydrogen-bonding distance (2.8 A)
of the ribose O3’, and Arg287 (EL3) coordinates both a- and #phosphates of the triphosphate
chain, consistent with the insensitivity in potency of the 5’-monophosphate agonist, HT-AMP, to
mutation of Arg287 to Lys. Moreover, the selective reduction in potency of 3’NH»-ATP in
activating the E209R mutant receptor is consistent with the hypothesis of direct contact between
EL2 and nucleotide ligands. Our findings support ATP binding to at least two distinct domains of
the P2Y 1 receptor, both outside and within the TM core. The two disulfide bridges present in the
human P2Y; receptor play a major role in the structure and stability of the receptor, to constrain
the loops within the receptor, specifically stretching the EL2 over the opening of the TM cleft and
thus defining the path of access to the binding site.

Receptors coupled to heterotrimeric GTP-binding proteins (G proteins) are integral
membrane proteins involved in the transmission of signals from the extracellular
environment to the cytoplasm. The family of G protein-coupled receptors (GPCRs),1 which
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forms one of the largest protein families found in nature, exhibits a common structural motif
consisting of seven helical transmembrane domains (TMs) (1, 2).

The mechanisms of signal transduction for GPCRs coupled to different second messengers
involve common intracellular domains of the receptor. The binding of extracellular ligands
to GPCRs causes yet unclear conformational changes in the receptor protein which promote
its association with a distinct subset of G protein heterotrimers (1-3). On the intracellular
side of the membrane this association causes the exchange of GDP for GTP bound to the G
protein a subunit and the dissociation of the Sy heterodimers (1-3). In turn, both GTP-bound
a subunits and Sy complexes of the G protein may initiate intracellular signaling responses
by acting on effector molecules, such as adenylate cyclase or phospholipases, or directly
regulating ion channel or kinase functions (4, 5).

To better understand the physiological actions of a given GPCR, it is important to identify
the molecular mechanisms of recognition between ligands and receptor. Mutational mapping
of hypothetical binding sites indicates that large peptide ligands, such as glycoprotein
hormones, interact primarily with amino acid residues located among the extracellular loops
(ELs) and the outermost segments of the transmembrane helices. In contrast, presumed
interaction points for nonpeptide ligands are predominantly found in a deep ligand-binding
cleft among the TMs (see refs 6-8 for reviews).

The possible involvement of the ELs in the molecular mechanism of recognition of
nonpeptide ligands has not yet been described in detail. A study of chimeric A1/A3
adenosine receptors indicated that the C-terminal portion of the EL2 is essential for the high-
affinity binding of xanthine antagonists (9). Site-directed mutagenesis of the human Aga
receptor has revealed the involvement of specific glutamic acid residues located within EL2
in the binding of both agonists and antagonists (10). For the as-adrenergic receptor three
amino acids at the C-terminal end of EL2 have been identified to be responsible for subtype-
specific antagonist binding (11). For the thyrotropin-releasing hormone receptor (THR-R) a
tyrosine located two residues beyond the conserved cysteine in the EL2 has been found to be
crucial for ligand binding, and in addition to this residue an asparagine in EL3 was found to
be important (12).

Recently, we reported that conformational constraints of the ELs are essential for the
activation of the human P2Y; receptor (Figure 1) (13). This receptor is a GPCR stimulated
by extracellular ADP and ATP (14, 15). We have investigated the role in P2Y'1 receptor
activation of all charged amino acids (D, E, K, and R) and cysteines in the ELs by alanine
scanning mutagenesis (13). We found that two disulfide bridges are crucial for the receptor
activation and receptor membrane trafficking: the first between Cys124 (EL1) and Cys202
(EL2) and the second between Cys42 (N-terminal segment) and Cys296 (EL3). Moreover,
we also found that Glu209 (EL2) and Arg287 (EL3) are most likely involved in the ligand

LAbbreviations: DMEM, Dulbecco’s modified Eagle’s medium; EL, extracellular loop; ELISA, enzyme-linked immunosorbent assay;
FBS, fetal bovine serum; GPCR, G protein-coupled receptor; GDP, guanosine 5’-diphosphate; GTP, guanosine 5’-triphosphate; HA,
hemagglutinin; HT-AMP, 2-(hexylthio)adenosine 5’-monophosphate; 2-MeSADP, 2-(methylthio)adenosine 5’-diphosphate; 2-
MeSATP, 2-(methylthio)adenosine 5'-triphosphate; 3'NH2-ATP, 3’-amino-3’-deoxyadenosine 5’-triphosphate; PBS, phosphate-
buffered saline; PCR, polymerase chain reaction; TM, (helical) transmembrane domain.
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recognition process (13). Upon replacement of these two amino acids, the activity of the
receptor was drastically reduced (13). Also, Asp204 (EL2) seems to be involved in the
activation of the P2Y receptor (13).

Through a computational approach, in the present study we provide evidence that stable
conformational constraints within the extracellular region of the human P2Y; receptor are
crucial for the correct assembly of the receptor architecture and for ligand binding.

EXPERIMENTAL PROCEDURES

Computational Methodologies

All calculations were performed on a Silicon Graphics Indigo2 R8000 workstation.

The molecular simulations were carried out using the Amber (16) all-atom force field
implemented in Macromodel 6.0 (17). A fixed dielectric constant of 4.0 was used throughout
these calculations with a nonbonded cutoff distance of 8.0 A. 3D receptor structure
representations and docking procedures were performed using Sybyl 6.4.2 (18).

The initial coordinates of the TM region of human P2Y; were taken from a model recently
developed in our group to rationalize the binding of the ATP ligand (19). The TM structure
was further modified here by adding residues 37-51 (N-terminal segment), 110-123 (EL1),
192-215 (EL2), and 284-304 (EL3). Secondary structure predictions of these regions were
performed using the Chou—Fasman method (20) as implemented in Biology Work Bench 1.5
(21). To facilitate building, we have divided EL2 and EL3 into domains separated by a
putative disulfide linkage (N-EL2, residues 192—-202; C-EL2, residues 203-215; and N-EL3,
residues 284-296; C-EL3, residues 297-303). Each loop segment was built in the predicted
conformation and minimized until the rms value of the conjugate gradient (CG) was < 0.1
kcal/mol~t A1, The minimized structure was then subjected to 50 ps of molecular dynamics
performed at a constant temperature of 300 K using a time step of 0.001 ps. At this step,
each loop segment was connected to the TM bundle. The disulfide bridges between Cys124
(EL1) and Cys202 (EL2) and between Cys42 (N-terminal segment) and Cys296 (EL3),
which have been shown to be essential to maintain a high-affinity form of the P2Y receptor,
were included throughout all calculations. The model with frozen helices was energy
minimized until the rms value of the conjugate gradient was <0.1 kcal/mol=t A=, The
minimized structure was further refined using the following simulated annealing protocol:
the structure was heated to 1500 K in 30 ps followed by 10 ps of constant temperature
molecular dynamic simulation at 1500 K. Ten structures were extracted from the trajectory
at 1500 K by sampling every 1 ps. Each structure was cooled to 300 K in 50 ps followed by
100 ps of constant temperature simulation at 300 K. The lengths of the bonds involving
hydrogen atoms were constrained according to the SHAKE algorithm (22). The receptor
structure averaged over the last 50 ps of the equilibrated time period of the molecular
dynamic simulation was fully minimized until the rms value of the conjugate gradient was
<0.1 kcal/mol~t A=1, Only one conformational family was obtained after pairwise root-
mean-square deviation analysis implemented in Sybyl. One of these structures was
equilibrated at 300 K for 100 ps, and the receptor structure averaged over the last 50 ps was
fully minimized until the rms value of the conjugate gradient was <0.05 kcal/mol~ A1,
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A model of adenosine 5'-triphosphate (ATP) was constructed using the “Sketch Molecule”
of Sybyl. The optimized ATP structure was obtained through semiempirical molecular
orbital calculations using the AM1 Hamiltonian (23) as implemented in MOPAC 6.0 (24)
(keywords: PREC, GNORM = 0.1, EF). Partial atomic charges for the ligand were imported
from the MOPAC output file. ATP meta-binding sites were identified by scanning the entire
surface of the ELs and the TM cavity using a rigid docking coupled to continuous energy
monitoring (Dock module of Sybyl). When each final position was reached, consistent with
a new local energy minimum, the receptor structure averaged over the last 50 ps of
molecular dynamic simulation at 300 K was fully minimized until the rms value of the
conjugate gradient was < 0.05 kcal/mol~1 A~1. Curvature and electrostatic potential surface
mapping using GRASP software (25) have been also performed to better describe the steric
and electrostatic properties of all possible binding sites. The new hypothetical binding sites
were selected on the basis of the lowest ligand/receptor interaction energy and electrostatic
matching considerations. The interaction energy values were calculated as follows:

AEomplex = Ecomplex — (EL + Ereceptor)-

The preparation of the human P2Y; receptor (pCDP2Y) and its mutant receptor constructs
was previously published (13). The agonists ATP and 3’NH,-ATP were from Sigma (St.
Louis, MO), and 2-MeSADP was from RBI (Natick, MA). The agonist HT-AMP was
synthesized as described (26). [3H]-myo-Inositol (15 Ci/mmol) was obtained from American
Radiolabeled Chemicals (St. Louis, MO). Fetal bovine serum (FBS) was from Gibco
(Gaithersburg, MD). O-Phenylenediamine dihydrochloride was purchased from Sigma
Chemical Co. (St. Louis, MO). DEAE-dextran was obtained from Pharmacia-LKB
(Piscataway, NJ).

Plasmid Construction and Site-Directed Mutagenesis

All mutations were introduced into pCDP2Y (13) using standard PCR mutagenesis
techniques (27). The accuracy of all PCR-derived sequences was confirmed by dideoxy
sequencing of the mutant plasmids (28).

Transient Expression of Mutant Receptors in COS-7 Cells

COS-7 cells (4 x 106) were seeded into 150 mm culture dishes containing 25 mL of
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, 100 units/
mL penicillin, 100 pg/mL streptomycin, and 2 gmol/mL glutamine. Cells were transfected
approximately 24 h later with plasmid DNA (10 g of DNA/dish) using the DEAE-dextran
method (29) for 40 min, followed by treatment with 100 4#M chloroquine for 2.5 h, and
grown for an additional 24 h at 37 °C and 5% CO,.

Inositol Phosphate Determination

Assays were carried out according to the general approach of Harden et al. (30). About 24 h
after transfection, the cells were split into six-well plates (Costar, ~0.75 x 10° cells/well) in
DMEM culture medium supplemented with 3 4Ci/mL [3H]-myo-inositol. After a 24 h
labeling period, cells were preincubated with 10 mM LiCl for 20 min at room temperature.
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The mixtures were swirled gently to ensure uniformity. Following the addition of agonists,
the cells were incubated for 30 min at 37 °C in 5% CO,. The supernatant was removed by
aspiration, and 750 gL of cold 20 mM formic acid was added to each well. After a 30 min
incubation at 4 °C, cell extracts were neutralized with 250 /L of 60 mM NH4OH. The
inositol monophosphate fraction was then isolated by anion-exchange chromatography (31).
The contents of each well were applied to a small anion-exchange column (Bio-Rad AG-1-
X8) 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 10 mL water, followed by
15 mL of a solution containing 5 mM sodium borate and 60 mM sodium formate.
[3H]Inositol phosphates were eluted with 4.5 mL of 0.1 M formic acid/0.2 M ammonium
formate and quantitated by liquid scintillation spectrometry (LKB Wallace 1215 Rackbeta
scintillation counter). Pharmacological parameters were analyzed using the KaleidaGraph
program (Abelbeck Software, version 3.01). Statistical analysis was performed using the
Alternate #test (InStat version 2.04, GraphPad, San Diego, CA).

Although numerous studies have modeled ligand binding to TM regions of GPCRs (19, 32—
37), very few studies have focused on modeling of the ELs and, in particular, on the possible
role that these loops might have in the ligand recognition process (12, 38-39).

We extended our previously proposed model of the ATP-P2Y; complex (19) to include the
three ELs and a segment of the N-terminal domain. Due to the lack of structural constraints,
the first 36 residues (residues 1-36) in the N-terminal region were excluded from the new
model. This omission should not prevent us from using the model in identifying new
hypothetical ligand binding sites, because there is no indication that this region plays a
significant role in ligand binding (40). A schematic representation of the human P2Y
receptor is given in Figure 1. Application of this method resulted in an extended backbone
motif for each segment as reported in Table 1. We used Chou—Fasman analysis only to
obtain preliminary information about the secondary structure of the ELs. In fact, a serious
problem in the structure prediction of ELs is their high flexibility. Moreover, specific
solvation, local pH, role of glycosylation, ionic—protein, and protein—protein interactions are
only some of the factors that could modify the organization of the extracellular loops. None
of these perturbations are easily included in the molecular modeling simulations. In the
present paper, we used molecular dynamics simulation as a useful tool to select
representative structures among the many thermodynamically possible. In particular, we
have conducted simulated annealing and molecular dynamics simulations of the human
P2Y 1 receptor model, and we used this average-minimized structure to improve our
previously reported ATP-P2Y1 complex model as described in Experimental Procedures.

Topology and Steric Constraints in the Extracellular Loops of the Human P2Y, Receptor

After simulated annealing and rmsd analysis only one family of P2Y 4 conformers was
found. The overall architecture of the average-minimized structure of the complex is shown
in Figure 2. The first extracellular loop (EL1) forms a span between the ends of TM2 and
TM3, with a disulfide bond present at Cys124, which is located at the end of this loop close
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to the extracellular end of TM3. The longer EL2 is arranged near the exofacial surface of the
helical bundle. This arrangement is particularly striking, since it is located at the surface of
the receptor and in proximity to TMs 3, 5, 6, and 7. We have already identified a putative
binding pocket for both P2Y 1 agonists and antagonists, which is located among TMs 3, 5, 6,
and 7 (19). Viewed from the top, this particular configuration of EL2 seems to define an
entry channel for the ATP molecule (see Discussion below). Cys202, the disulfide bond
counterpart of Cys124, is located approximately in the middle of EL2. The region of EL2
beyond Cys202 spans the exofacial path of access to the TM binding cleft. The third
extracellular loop forms another flat span between the end of TM6 and TM7, with a second
disulfide bridge forming at a Cys residue located in the middle of EL3 (13). The N-terminal
segment (residues 37-51) is located parallel to EL3 to allow for the formation of the second
disulfide bond between Cys42 (N-terminal) and Cys296 (EL3). Our data seem to suggest
that the presence of two disulfides bridges reduced the conformational complexity of the EL
domains compared with GPCRs in which only one disulfide bond, usually between TM3 and
EL2, is present. Interestingly, the folding patterns of the ELs found in our studies are close
to those recently published by Colson et al. (41).

Ligand Recognition in the Human P2Y, Receptor

Site-directed mutagenesis has been utilized for localizing agonist and antagonist recognition
elements in the transmembrane cleft of the human P2Y; receptor (19, 42). Amino acid
residues in TM3, TM5, TM6, and TM7 were found to be involved in nucleotide binding to
P2Y 1 receptors. In particular, it is possible to distinguish three different parts of the
transmembrane domain responsible for ATP binding: TM6 and TM7 are close to the adenine
ring, TM3 and TM6 are close to the ribose moiety, and TM3, TM6, and TM7 are near the
triphosphate chain (details are summarized in Table 2) (19, 42).

We have demonstrated using site-directed mutagenesis analysis that both Glu209 (EL2) and
Arg287 (EL3) are crucial for the normal transduction of the extracellular signals (13). The
E209A mutant receptor (EL2) exhibited a >1000-fold right shift in ECsq of all agonist
ligands, such as 2-MeSATP, 2-MeSADP, and HT-AMP, compared with the wild-type
receptor, while it responded like the wild-type receptor if Glu209 were substituted with
amino acids capable of hydrogen bonding, such as Asp, GIn, or Arg. Arg287 in EL3 was
impaired similarly to Glu209 when substituted by Ala, i.e., concentration—response curves
where right shifted by >1000-fold of all agonist ligands, such as 2-MeSATP, 2-MeSADP,
and HT-AMP, and the shape was identical. Substitution of Arg287 by Lys, another positively
charged residue, increased the potency of the agonist but failed to restore wild-type activity.
Moreover, the substitution of Arg287 with the negatively charged amino acid Glu drastically
reduced the potency of the agonist. Taking into account all the experimental evidence, we
have argued that Glu209 and Arg287 could be in proximity (ca. 3.5 A) to form a strong and
stabilizing ionic bridge in the resting form of the wild-type receptor. Analyzing the
electrostatic potential surface of the P2 receptor, we find support for this hypothesis. A
close contact between the negative potential region corresponding to the formal negative
charge of Glu209 and the positive potential region corresponding to the formal positive
charge of Arg287 is present. Figure 3 shows the molecular surface of the P2Y; receptor
model colored according to electrostatic potential as calculated using GRASP.
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This model is not able to rationalize all the site-directed mutagenesis results already
discussed above. For example, it was still unclear why E209D, E209Q, and E209R were
fully activated by all agonist ligands, such as 2-MeSATP, 2-MeSADP, and HT-AMP, and
responded in a manner indistinguishable from wild-type receptors and also why Arg287
could not be replaced with Lys or Glu (13). In fact, we can speculate about the presence of
an ionic interaction between Glu209 and Arg287 in the resting form of the receptor, but we
can also hypothesize that these two amino acids could be involved in the recognition of the
ligand outside of the transmembrane region.

Meta-Binding Sites Involving the Extracellular Loops of the Human P2Y; Receptor

Recently, Perlman et al. also reported evidence about the role of the ELs of the thyrotro-pin-
releasing hormone receptor in ligand binding (12). Following this hypothesis, we have
explored the possibility that for the P2Y 4 receptor, as well as for other GPCRs in general, a
multistep mechanism for the binding of small ligands may operate. Starting from our
updated model of the ATP/P2Y1 receptor (19), we have explored this possibility, using a
docking energy-monitor procedure. We have also mapped the curvature and electrostatic
potential surface using GRASP software to better describe the steric and the electrostatic
properties of all possible binding sites. In fact, we have recently reported that the
electrostatic interactions between the negatively charged phosphate groups and the positively
charged amino acids of the receptor are crucial for the recognition process of the ATP (19).
We found that ATP can be situated in the P2Y; receptor, in an energetically favorable
conformation, within two other regions of the receptor. We have termed these additional
binding sites, which are defined by the ELs, meta-binding sites. Meta-binding sites would
chronologically precede association at the principal TM site. The first meta-binding site,
which is located outside of the TM bundle between EL2 and EL3, represents a possible
distal binding site on the P2Y receptor. The second meta-binding site is positioned
immediately underneath the EL2. A snapshot of this multistep process is summarized in
Figure 4. According to our models, we can recognize different sets of amino acids involved
in the formation of different meta-binding sites (I and Il) and of the principal TM binding
site (see Table 2). In particular in meta-binding site | (Figure 5) there appear to be two
favorable interactions between an ATP molecule and ELs 2 and 3. The side chain of Glu209
(EL2) is within hydrogen-bonding distance of O3’ of the ribose moiety at 2.8 A, and Arg287
(EL3) appears to be involved in the coordination of a- and fphosphates of the triphosphate
chain (2.0 A, O2a, and 1.9 A, 034, Figure 5). To consolidate our hypothesis, we have
designed an activation experiment in which ATP was replaced with 3’-amino-3’-
deoxyadenosine 5’-triphosphate (3’NH,-ATP). Under physiological conditions the 3’-NH,
group of this nucleotide is largely protonated. In this case, if there is an interaction between
the substituent at the 3’-position of the ribose moiety and Glu209 (EL2), it might be possible
to see a dramatic difference in the potency of the positively charged 3’NH,-ATP between the
wild-type receptor and the E209R mutant. In fact, a strong electrostatic repulsion between
the protonated 3’-amino group and the positively charged Arg209 side chain may occur.
Accordingly, the E209R mutant receptor was activated by 3’NH,-ATP with very low
potency compared with the wild-type receptor (see Figure 6).
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There is another amino acid located in EL2, Asp204, that seems to have a role in the
physiological activation of the P2Y; receptor (13). A possibly stabilizing ionic interaction
with the positively charged amino acid Lys125, located on the top part of TM3 and close to
Asp204, has been excluded by site-directed mutagenesis (13). The K125A mutant receptor
exhibited an apparent affinity for 2-MeSATP that was similar to that observed with the wild-
type receptor. Asp204 is also in the vicinity of Arg128, which we have already found to be
critical for the binding of ATP, and also close to the triphosphate side chain of ATP in meta-
binding site Il.

Some of the amino acids may interact with the ligand in more than one binding site; for
example, Arg128 (TM3), Lys280 (TM6), and GIn307 (TM7) are integral in both meta-
binding site 1l and the principal TM binding site. According to our receptor model, Arg195
(EL2) and Asp204 (EL2), which are probably involved in a relatively less stable meta-
binding site, have only a modulatory effect on the activity of the P2Y; receptor. Vice versa,
Glu209 (EL2), Arg287 (EL3), Arg128 (TM3), and GIn307 (TM7) are essential for the
receptor functionality because they are involved in the definition of the thermodynamically
stable intermediates of the ATP multistep binding process.

DISCUSSION

An increasing number of GPCR subfamilies show diverse modes of ligand binding, signal
generation, signal transduction through TMs, and signal transfer to the cytoplasmic
environment (1-5). In particular, different ligand recognition pathways have been proposed
(6-8). For large ligands such as glycoprotein hormones, the high-affinity binding
interactions are with residues in the extracellular domains; for small ligands, such as
biogenic amine neurotransmitters or nucleosides and nucleotides, the high-affinity binding
pocket is within the TM domains. For peptides, such as angiotensin, there is evidence that
both extracellular and TM domains contribute to the binding pocket. The general underlying
mechanisms appear to involve changes in interactions and conformation during and after the
binding process, particularly rearrangements of loops and TMs (19, 39, 43). As recently
reported by Perlman et al., no direct evidence of a multistep mechanism for binding of small
ligands to GPCRs has been described previously (12). Turner et al. suggested that TM
residues near the extracellular surface of the parathyroid hormone (PTH) receptor may filter
access of ligands to the TM bundle, but this proposal, however, has not been accompanied
by supporting kinetic or computational analyses (44).

In the present paper we have rationalized, through a computational approach, the
experimental evidence that stable conformational constraints within the extracellular region
of human P2Y receptor are crucial for the correct assembly of the receptor architecture and
in ligand binding. In particular, we have shown that a multistep mechanism for binding of
ATP could operate. We found that ATP can be situated in the P2Y 1 receptor, in an
energetically favorable conformation, within two unanticipated regions of the receptor. We
have termed these additional binding sites, which are defined by the ELs, meta-binding sites.
Two amino acids are particularly crucial for activation of the P2Y, receptor, Glu209 (EL2)
and Arg287 (EL3). As shown in Figures 3 and 5, both of these amino acids seem to be
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involved in the conformational properties of ELs in the resting form of the wild-type
receptor and also in the recognition of extracellular ATP (meta-binding site I).

As previously proposed by Samama et al. (45), we can hypothesize that the P2Y; receptor,
as well as other GPCRs, can exist in equilibrium between two interconvertible states, R
(inactive) and R* (active). Moreover, new evidence for a multistate model of GPCR
activation has recently been reported (46, 47). Considering the simple two-states model, in
the absence of ligand, the inactive state R predominates, possibly because a structural
constraint prevents signal generation and/or signal transduction through the TMs. Consistent
with our model, this structural constraint could be represented by the ionic interaction
between Glu209 and Arg287 (see Figure 3). The release of such a constraint may be related
to the conversion of the receptor into the active state R*. The position of the equilibrium
between R and R* can be altered by agonist binding or mutations and may be responsible
for basal (agonist-independent) activity of a GPCR. We speculate that, in the active state R*,
the negative charged carboxylate group of Glu209 can interact with the 3’-hydroxy group of
the ribose moiety. Consistent with this model, the E209A mutant receptor is activated at
>1000-fold higher agonist concentration than for the wild-type receptor. Moreover, E209D,
E209Q, and E209R mutant receptors are fully activated in a manner indistinguishable from
the wild-type receptor, indicating that this carboxylate group is more likely to be involved in
a hydrogen-bonding interaction than in an ionic interaction. Considering the positively
charged Arg287, our model suggests that this amino acid is a likely candidate for the
counterion function. As shown in Figure 5, Arg287 coordinates the a- and fphosphates of
the triphosphate side chain. Consistent with this model, the R287A mutant receptor is
activated at >1000-fold higher agonist concentration than the wild type. Substitution of
Arg287 by Lys, another positively charged residue but with different electron density
distribution, only partially restored wild-type activity (13). However, the concentration—
response curve shift was sensitive to the nature of the negatively charged phosphate side
chain of the agonist (the 2-methylthio 5’-triphosphate = 17-fold, the 2-methylthio 5'-
diphosphate = 35-fold, and the 2-hexylthio 5’-monophosphate = 3-fold; see Figure 7). In
contrast, a markedly reduced response is observed with R287Q and R287E mutant receptors
(13). Hence, Arg287 appears to participate in a direct ionic interaction with the phosphate
side chain of the agonist. Furthermore, the presence of the disulfide bridge between Cys124
(EL1) and Cys202 (EL2) constrains EL2 over the extracellular opening of the TM cleft,
preventing the direct contact between Arg287 and ATP in the principal binding site (see
Figure 4).

These meta-binding site | interactions are followed by secondary interactions with the
remainder of the receptor (meta-binding site 1), allowing an ATP molecule to move from the
extracellular environment to the TM cleft (principal TM binding site). From the present
modeling study, Asp204, located in EL2, seems to have a role in the definition of meta-
binding site 11. As shown in Figure 4, Asp204 is close to the ATP triphosphate side chain in
meta-binding site 1l (ca. 5 A). As demonstrated using site-directed mutagenesis, the D204A
mutant receptor displayed a right-shifted concentration—response curve to stimulation using
2-MeSADRP, by ca. 30-fold (13). This shift is similar for all agonists and independent of the
length of the 5’-phosphate chain. This fact most likely excludes an involvement of Asp204 in
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a possible Mg?* coordination. However, water molecules may be involved to bridge the two
groups. Interestingly, this amino acid is located at the same position as a critical tyrosine
found in the EL2 of the THR-receptor, i.e., two residues beyond the conserved cysteine (12).

In the multistep binding process presented in this paper, the binding energies calculated for
ATP at both meta-binding sites are lower with respect to that calculated for the regular TM
binding site. Furthermore, meta-binding site I is closer in energy to the principal TM binding
site than is meta-binding site 1. A schematic energy diagram is presented in Figure 8. It is
important to underline that the calculated energies do not correspond to the real energetic
value in a rigorous thermodynamic way. They can only be compared to each other in terms
of more or less favorable states. Consequently, these molecular interaction energy values
cannot be used to calculate exact values of affinities, since changes in entropy and solvation
effects are not taken into account. However, meta-binding site | and the principal TM
binding site, having deep minima in the energy profile diagram, may be involved in the
definition of the ATP/P2Y; macroscopic equilibrium constant (Kgq) as shown in Figure 8.
Since conventional pharmacological assays are performed under equilibrium conditions, we
have to suppose that only the effects of those amino acids which contribute to define
thermodynamically stable binding sites can be detected using this kind of assay. Moreover,
the effects of all the amino acids that stabilize the receptor in its high-affinity configuration,
even if they are not in direct contact with the ligand, can nevertheless be measured.

We have also shown that rigid conformational constraints in the ELs, such as disulfide
bridges, appear to be required for the proper functioning of the P2Y receptor (13). In our
model these linkages seem to be important to allow the receptor to attain a correct
conformation during the multistep binding process and, in particular, in the definition of
meta-binding sites. However, the role of the disulfide bridges as conformational
determinants of the ELs and on the general functionality of GPCRs is still unresolved. In any
case, with rare exception, for example the Mas oncogene and the cannabinoid receptors (48),
which lack a disulfide bridge, all of the members of GPCRs contain a cysteine in the
putative first extracellular loop (EL1) near the top of the third transmembrane domain (TM3)
and another cysteine in the second extracellular loop (EL2) (49). It has been found that this
pair of Cys residues forms a disulfide bond in many GPCRs (49). This linkage has been
proposed to be important for overall receptor conformation and/or for correct protein
trafficking to the membrane surface. We have demonstrated using alanine scanning site-
directed mutagenesis that, in the ELs of the human P2Y receptor, two essential disulfide
bridges are found. The first bridge is between Cys124 of EL1 and Cys202 of EL2, and the
second is between Cys42 (N-terminal) and Cys296 of EL3, which probably constrain the
receptor in a high-affinity conformation (13). In particular, the presence of a second, less
common disulfide bridge between the N-terminal domain and EL3 can drastically reduce the
possible movement of TM1 relative to TM7. Similar findings were made for the angiotensin
(AT1) receptor (50) and for the interleukin-8 (I1L-8 type A) receptor (51), and it was
concluded that this second disulfide bridge would help to properly position extracellular
amino acids involved in the ligand binding and signal transduction. Moreover, as recently
proposed by different authors, rotations and translations of the TM domains might be crucial
factors in the ligand recognition process in different GPCRs (19, 39, 43).
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In conclusion, our findings are consistent with the idea that ATP binds to at least two distinct
domains of the human P2Y; receptor: the first domain located outside of the TM bundle,
between EL2 and EL3, and the second domain located within the TM core. We also discuss
the major role of disulfide bonds in the structure and stability of the receptor. The two
disulfide bridges present in the human P2Y; receptor are expected to constrain the loops
within the receptor, specifically stretching the EL2 over the opening of the TM cleft and thus
defining the path of access to the binding site.
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Figurel.
Topology of the hP2Y 1 receptor showing residues proposed to be involved in multisite

recognition of the agonist, ATP. Circles with bold underline indicate the amino acids
involved in the meta-binding site I. Solid highlighted circles indicate the amino acids
involved in the meta-binding site Il. Solid highlighted circles with thick outline indicate the
amino acids involved in both meta-binding site 1l and the principal TM binding site. Circles
with thick outline indicate the amino acids involved in the principal TM binding site.
Residues beyond the truncation points indicated at the cytosolic interface and N-terminal
domain were not included in the model.
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Figure 2.
hP2Y 1 receptor model (TM helical bundle, extracellular and N-segment regions) viewed

along the helical axes from the extracellular end (see Experimental Procedures for details).
Side chains of cysteines participating in disulfide bridge formation are highlighted.
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Figure 3.
(Left) Side view of the human P2Y receptor model. The side chains of the important

residues (Glu209 and Arg287) involved in the ionic bridge are highlighted and labeled.
(Right) Surface potential of the P2 receptor model, displayed with GRASP. The
molecular surface is color coded by electrostatic potential. Potentials less than —20 kT are in
red, those greater than 20 KT are in blue, and neutral potentials (O kT) are in white. The ionic
interaction between Glu209 and Arg287 is clearly distinguishable as a region of intense
negative and positive potentials, respectively.
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META-RINDING SITE META-RINDING SITE 1) FRINCIPAL TM BINDING SITE

Figure 4.
Side view of the hP2Y —ATP complex models describing meta-binding site I, meta-binding

site 11, and the principal TM binding site. The side chains of the important residues in
proximity to the docked ATP (Table 2) are highlighted.
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CGlu2ry

Figure5.
Detailed view of the meta-binding site | model. The side chains of the important residues in

proximity (<5 A) to the docked ATP molecule are highlighted and labeled.
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Concentration—response curves of receptors having a mutation in EL2 (E209). The wild-type
human P2Y; receptor (filled symbols) or the mutant receptor (E209R, open symbols) was
transiently expressed in COS-7 cells. [3H]Inositol phosphate accumulation was measured in
response to ATP (squares) or 3’NH,-ATP (circles) stimulated phospholipase C activation
(see Experimental Procedures for details). Maximal response ranged from a 2.5- to 4-fold
increase in [3H]inositol phosphate accumulation. Dose—response curves represent the mean
of two to four replicate experiments.
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Figure?.

Concentration—response curves of receptors with the mutated residue in the EL3 (R287).
The wild-type human P2Y 1 receptor (filled symbols) or the mutant receptor in which
Arg287 was converted to lysine (R287K, open symbols) was transiently expressed in COS-7
cells. [3H]Inositol phosphate accumulation was measured in response to 2-MeSADP
(squares) or HT-AMP (circles) stimulated phospholipase C activation (see Experimental
Procedures for details). Maximal response ranged from a 2.5- to 4-fold increase in
[H]inositol phosphate accumulation. Dose—response curves represent the mean of two to

six replicate experiments (13).
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Figure 8.
Potential energy profile for the multistep binding process proposed for ATP at the human

P2Y 1 receptor. The interaction energy values, in kcal/mol, were calculated as follows:
AEcomplex = Ecomplex — (EL *+ Ereceptor)- The macroscopic equilibrium constant Kgq has been
defined considering the two deep minima of the energy profile diagram corresponding to the
meta-binding site | and the TM binding site.
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Secondary Structure Predictions of the Extracellular and N-Terminal Regions of the Human P2Y; Receptor?

region (residue nos.)

sequence prediction

N-terminal (37-51)
EL1 (110-123)
N-EL2 (192-202)
C-EL2 (203-215)
N-EL3 (284-296)
C-EL3 (296-303)

SSFKCALTKTGFQF extended
YYFNKTDWIFGDAM  extended + turn
TGVRKNKTITC extended
YDTTSDEYLRSYF extended
LRARLDFQTPAMC extended + turn
AFNDRVY extended

aSecondary structure prediction obtained using the method of Chou and Fasman (20).
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Residues of Meta-Binding Site I, Meta-Binding Site 11, and the Principal TM Binding Site of the Human P2Y
Receptor in Proximity (<5 A) to Docked ATP

adenine ribose triphosphate

meta-binding site |

meta-binding site 1

principal TM binding

Thr47 (N-terminal) {ND}  Glu209 (EL2) {>1000 fs}? Arg287 (EL3) {>1000 fs}
GIn307 (TM7) {>1000 fs}  Lys280 (TM6) {>1000 fs}  Ser213 (EL2) {ND}
Asp204 (EL2) {32 fs}
Arg128 (TM3) {>1000 fs}
Thr222 (TM5) {10 fs}
GIn307 (TM7) {360 fs} Arg310 (TM7) {>1000fs}  Arg128 (TM3) {>1000 fs}
Ser314 (TM7) {>1000 fs} Thr222 (TM5) {10 fs}
Lys280 (TM8) {>1000 fs}
Arg310 (TM7) {>1000 fs}

aND, not determined.

bThe fold shift (fs) in EC5( for activation by 2-MeSADP of the mutant (single Ala substitution) vs wild-type receptor is shown in brackets. Values

are from refs 13 and 42.
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