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P2Y receptors (P2Y-Rs) are attractive pharmaceutical targets due to their involvement in the
modulation of many tissues and organs. The lack of experimental structural data on P2Y-Rs
impedes structure-based drug design. The need to elucidate the receptor’s molecular recognition,
together with the limitations of previous receptor models, triggered the construction of a new
molecular model for the h-P2Y1-R. Therefore, a h-P2Y1-R model was constructed by homology
modeling using the 2.6 Å crystal structure of bovine rhodopsin as a template and subsequently
refined by constrained molecular dynamics (MD) simulations in a fully hydrated lipid bilayer
environment. ATP was docked into the receptor binding site, followed by binding site refinement
using Monte Carlo and MD simulations. Analysis of the h-P2Y1-R-ATP complex suggests that
the triphosphate moiety is tightly bound by a multitude of interactions possibly including a
Mg2+ ion, the ribose ring is not involved in specific interactions, and the adenine ring is bound
via N1, N7, and N6. The molecular recognition of the h-P2Y1-R was further probed by ATP
derivatives modified on the adenine ring, and correlated with EC50 values for these derivatives.
Analysis of receptor:ligand complexes and quantum mechanical studies on model compounds
support the role of both steric and electronic effects in improving H-bonding (via N1 and N6)
and π-stacking interactions. The computed h-P2Y1-R model was validated with respect to our
previous biochemical results. We believe that this new model of the h-P2Y1-R provides the
means for understanding phenomena such as the ligand’s potency and receptor subtype
selectivity.

Introduction

The P2Y-receptors (P2Y-Rs) comprise a family of
G-protein coupled receptors (GPCRs) activated by ex-
tracellular ATP, 1. These ubiquitous receptors have
been studied extensively, employing various approaches
from molecular biology to pharmacology and medicinal
chemistry.1-6 The P2Y-receptors are attractive phar-
maceutical targets due to their involvement in the
modulation of many tissues and organs under both
normal and pathophysiological conditions.7-11 Several
potential drugs targeting the P2Y-Rs have been devel-
oped by applying structure-activity relationship (SAR)
considerations.12-18 However, rational structure-based
drug design requires prior knowledge of the structure
of the target receptor and the ligand’s principal binding
site. This essential information necessitates the avail-
ability of the pure P2Y-receptor subtype in sufficient
amounts for further structural analysis by X-ray crys-
tallography or NMR studies. Although we have success-
fully isolated the P2Y1-R on a novel affinity chroma-
tography column,19 many obstacles remain, such as the
difficult crystallization of membrane receptors and their
complex NMR analysis. These obstacles preclude one
from obtaining structural data for P2Y-receptors.

The need to identify the ligand’s binding site triggered
alternative studies, mainly site-directed mutagenesis
and homology modeling, based on a related receptor
template. A vast and comprehensive work was per-

formed with that respect on the P2Y1-R by Jacobson and
co-workers.20 The first model, of chick P2Y1-R, was
constructed on the basis of the density map of bovine
rhodopsin (b-Rh) and was verified by the incorporation
of site-directed mutagenesis and ligand affinity data.21,22

Integration of the available data enabled the identifica-
tion of several amino acid residues in transmembrane
helices (TMs) 3, 5, 6, and 7 that are responsible for
ligand recognition. Later, Moro et al. introduced the
“cross docking” procedure to obtain energetically refined
3D structures of ligand-h-P2Y1-R complexes, thus simu-
lating the ligand-induced reorganization of the recep-
tor.23 This model was used to identify residues that are
responsible for binding P2Y1-R agonists and antago-
nists. Moro et al. suggested that Arg128, Lys280, and
Arg310 are important for recognition of the ATP phos-
phate moiety, while Gln307 and Ser314 create the
binding pocket for the adenine ring. In addition to the
previously defined ATP-binding transmembrane cleft,
Moro also proposed meta binding sites, defined by the
extracellular loops EL2 and EL3.24,25 The observed
ligand potency was considered to be affected by binding
at both principal and lower energy meta-binding sites.
A ligand’s path of access was also proposed, from the
extracellular side to the principal binding site. The
conformational requirements of various ligands were
evaluated by this model, and a set of conformationally
restricted antagonists revealed that sugar N conforma-
tion is favored by the P2Y1-R.26 The crystal structure
of b-Rh obtained at 2.8 Å resolution27,28 enabled Jacob-
son et al. to propose an improved model for the h-P2Y1-
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R.29 The refined model was similar to the previous one
with respect to the side chains composing the binding-
site. However, this model differed in the length of the
helices and their mutual orientation within the helical
bundle. Another difference between the models was due
to the location of EL2, which was deeply embedded in
the TM region, as in rhodopsin. In this model, the only
loop included was EL2.

The above-mentioned molecular models of the P2Y1-R
enabled the understanding of agonists and antagonists
recognition and helped the design of more potent and
subtype-selective P2Y-R ligand-based drugs. However,
all of these models were truncated forms of the P2Y1-
R, excluding the intracellular loops (ILs). Furthermore,
the models were not generated in their natural environ-
ment, i.e., in a fully hydrated lipid bilayer, but rather
optimized in the gas-phase. These limitations, together
with the recent availability of a bovine-rhodopsin crystal
structure at a higher resolution than previously used,28

justify the continued search for a refined P2Y1-R model.
In addition to the construction of an improved

h-P2Y1-R model, we present here a comprehensive
structural analysis of the new model, with a view to
elucidate the mode of molecular recognition. This analy-
sis includes investigation of TM helical kinks, interhe-
lical interactions stabilizing the helical bundle, and the
structure and possible function of intra- and extracel-
lular loops. The molecular recognition of ATP (1) and
ADP (2) by the h-P2Y1-R is also discussed, on the basis
of the new model. The stereoelectronic recognition of
various P2Y1-R agonists, 3-6, modified at the adenine
ring, is analyzed on the basis of docking studies and on
molecular properties of these agonists as calculated by
quantum mechanical methods.30,31 Furthermore, in the
companion paper we discuss the origin of the diaste-
reoselectivity of the P2Y1-R based on the current recep-
tor model and chiral nucleotide probes.32

Results

The h-P2Y1-R is a phospholipase C-activating ATP
receptor present in a variety of tissues and organs.1,12,20

The molecular weight of the h-P2Y1-R is 42 071 Da and

it has 373 amino acids. The identity of h-P2Y1-R with
other mammalian P2Y1-Rs is high: bovine, 96%; rat,
95%; mouse, 94%; chick, 85%; turkey, 85%. Yet, the
identity of h-P2Y1-R with other h-P2Y-R subtypes is
modest: h-P2Y2-R, 30%; h-P2Y4-R, 33%; h-P2Y6-R, 32%;
h-P2Y11-R, 27%; h-P2Y12-R, 22%; h-P2Y13-R, 22%. Bo-
vine rhodopsin (b-Rh), a G-protein coupled receptor,
shares only 19% identity with the h-P2Y1-R. Despite this
low sequence homology, the crystal structure of b-Rh
was chosen as a template for the homology modeling of
h-P2Y1-R, since both share the same functionality as
GPCRs and it is well established that the topology is
conserved better than the sequence.33

The molecular modeling of the h-P2Y1-R involved
creating an initial guess structure for the receptor by
homology modeling using the 2.6 Å X-ray crystal
structure b-Rh,28 in its inactive state, as a template. The
initial guess structure was subsequently refined in a
fully hydrated lipid bilayer environment with con-
strained MD simulations as described in the Methods
section. The final model includes the h-P2Y1-R, lipid
bilayer, bulk water, and counterions (Figure 1).

Receptor Structure Analysis. The refined receptor
model is similar in structure to the initial homology

Figure 1. h-P2Y1-R embedded in a fully hydrated lipid-bilayer environment: (A) initial system configuration and (B) system
after 700 ps.

Figure 2. General topology of the h-P2Y1-R: red, R-helix;
yellow, â-sheet; blue, turn; green, random coil..
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model. The root-mean-square difference (rmsd) between
the initial guess structure and the final refined model
is 1.9 Å when accounting for all heavy atoms. To assess
the extent of change in each structural motif, we
superimposed the initial and final receptor models using
the CR trace of the TM region as a reference. This
yielded a CR atom rmsd of 0.75 Å for the TM region,
2.45 Å for the ELs, and 2.13 Å for the ILs. To assess
the structural change of each TM helix individually, we
also superimposed each helix individually. This yielded
CR atom rmsd (Å) for TM1-7: 0.64, 0.79, 0.66, 0.64,
0.47, 0.54, and 0.61.

The TM Region Topology. A basic assumption
regarding the h-P2Y1-R homology model is that the
helices making up the TM bundle are tilted relative to
one another in a manner similar to b-Rh. However, the
specific topology of the h-P2Y1-R is unique and is
determined by its amino acid sequence (Figure 2).

In the h-P2Y1-R there are a total of 14 Pro residues;
seven of these are located in the TM helical region. With
the exception of TM3, all TM helices have a Pro residue.
These Pro residues stabilize significant kinks in most
of the h-P2Y1-R TM helices (Figure 2). The greatest
kinks are seen for TM helices 6 and 7, while TM3 is
entirely straight. The Pro residues in TM4, -5, -6, and
-7 are highly conserved in the GPCR family. Interest-
ingly, the conserved prolines are located in the helices
that form the binding site in b-Rh 27 and the presumed
h-P2Y1-R binding site.23 On the other hand, the Pro
residues in TM1 and -2 are unique to the h-P2Y1-R.

Gly residues, which introduce conformational flex-
ibility, are also abundant in the h-P2Y1-R. The h-P2Y1-R
has a total of 19 Gly residues of which eight are within
the TM region: two in each of TM1, -3, and -5 and one
in each of TM2 and -7. In TM1 and -5, the Gly residues
are part of a GXXG motif that has been shown to
provide significant flexibility in TM helices.34 Another
six Gly residues are located at the ends of the TM
helices. These Gly residues probably play a role in
adding flexibility to the helix-loop interface region.

Interactions in the TM Region. The stability of the
h-P2Y1-R within the lipid bilayer may be ascribed to
several correlated physical and chemical factors.

First, the overall organization of the h-P2Y1-R within
the cell membrane is typical for GPCRs with seven anti-
parallel TM helices. The calculated dipole moments of
these helices were found to be large, ranging from 100 to
300 D. This leads to a strong electrostatic interaction
between the antiparallel helices’ dipoles, thus stabilizing
the helical bundle. Second, the TM bundle is stabilized
by numerous hydrophobic interactions between hydropho-
bic amino acids in the TM region and the membrane

Figure 3. Comparison of the distribution of charged amino acid residues of the h-P2Y1-R (A) and b-Rh (B): red, Asp/Glu; blue,
Arg/Lys. Insets: top-view of cytoplasmic helix (8).

Figure 4. Snapshot of conserved GPCR residues in the
h-P2Y1-R after 500 ps of MD simulation in a lipid bilayer: (A)
polar interactions between TM helices: Asn69 (TM1), Asp97
(TM2), and Asp320 (TM7); (B) polar interactions within TM3,
His148 and Arg149.
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lipid alkyl chains. Third, the h-P2Y1-R possesses many
polar and charged residues at the lipid-water interface,
creating a polar ring at the intra- and extracellular faces
(Figure 3A). These residues anchor the receptor within
the membrane via many electrostatic and polar interac-
tions with the polar lipid headgroups. Amino acids invol-
ved in these interactions include Trp, Tyr, Lys, and Arg
residues. All these strong interactions enhance the sta-
bility of the helical bundle in the membrane environ-
ment.

In addition, the TM helical bundle in h-P2Y1-R is
stabilized by several interhelical polar and hydrophobic
interactions. A cluster of interactions between helices
1, 2, 3, 6, and 7 is found approximately midway through
the TM region. This cluster involves several conserved
GPCR residues such as Asn69 (TM1), Asp97 (TM2), and
Asp320 (TM7) (Figure 4A). Asp320 is part of the highly
conserved (N/D)PXXY motif.27 In the current model,
these interactions are partly bridged by three water
molecules, as in b-Rh.28 Additional clusters of interhe-
lical interactions include Tyr324 (TM7) and Ser87 (TM2)
interacting with each other through a bridging water
molecule and the conserved Asn92 (TM2) and Trp176
(TM4) residues interacting through H-bonds.

A well-known motif in GPCRs is the (D/E)R(Y/W)
motif in TM3. Mutational analysis reveals that the
aspartate/glutamate-arginine ionic interaction plays a
pivotal role in receptor activation.35 In the h-P2Y1-R,
this triad consists of His148, Arg149, and Tyr150 in
TM3. Thus, the unprotonated His148 nitrogen may
interact with the neighboring guanidium moiety in
Arg149 (Figure 4B).

The large number of conserved GPCR residues in the
P2Y1-R that are thought to be involved in interhelical
interactions support the assumption that the general
topology of the h-P2Y1-R is similar to that of b-Rh.

Loop Regions. The h-P2Y1-R displays a multitude
of positively charged residues in the extracellular and
intracellular loops as well as in the C-terminal (Figure
3A). Many positively charged amino acid residues in the
ELs and at the ends of the TM helices are apparently
unique to the h-P2Y1-R (compare with b-Rh, Figure 3B).
Together, the positively charged residues in the ELs
may play a role in guiding the negatively charged nucle-
otide into the binding site, as suggested by Moro et al.24

Our MD simulations support such an electrostatic
directing effect. For instance, the chloride counterions
used in the simulations were initially placed at random
positions in the extra- and intracellular side of the
triphasic box (Figure 1A). In the course of the simula-
tion, the negatively charged chloride ions diffuse toward
the loops to maximize the electrostatic interactions
(Figure 1B).

Interestingly, the small intracellular helix (H8) at the
C terminal has a clear amphiphilic character (Figure 3
inset). The side of H8 exposed to the membrane is
hydrophobic, while the side exposed to the cytoplasm
is highly charged with many Arg and Lys residues
(Figure 3A). It has been suggested that such a GPCR
extracellular helix may be involved in interaction with
the G-protein.36 Mutational analysis of some of these
residues may elucidate their importance in signal trans-
duction from the h-P2Y1-R to the G-protein. In com-
parison, in b-Rh the intracellular helix carries a much
lesser charge (Figure 3B).

Validation of the Computed h-P2Y1-R Model. To
validate the computed model of the h-P2Y1-R we searched
for a correlation of the binding interaction of the
receptor with ligands 3-6 (Scheme 1) with EC50 values
for these ligands.19,37 For the computational studies of
the interaction of ATP derivatives 3-6 with the h-P2Y1-
R, the CHARMM force field was extended to include
new parameters. These parameters account for MeS,
BuS, and Cl substitutions at the C2-position and BuS
substitution at the C8-position of the adenine ring in
ATP.

Adenine Base Modifications. The partial atomic
charges of the adenine ring were fitted to ab initio
interaction energies with individual water molecules
(Figure 5). Thus, the interaction energies between a
water molecule and the different H-bonding positions
on the adenine base were calculated. The interaction

Figure 5. Interaction geometries of water-adenine deriva-
tives

Table 1. Comparison of Ab Initio and Empirical Interaction
Energies (kcal/mol) and Geometries (Å) between Water and
Adenine (Ade),a 2-MeS-Ade (2MeS), and 2-Cl-Ade (2Cl)

ab initio (HF/6-31G*) × 1.16 CHARMM

interaction Rmin Emin Rmin Emin

Ade N1-HW 2.10 -6.99 1.89 -6.97
Ade H2-OW 2.49 -1.51 2.45 -1.55
Ade N3-HW 2.12 -7.09 1.90 -7.07
Ade H61-OW 2.00 -5.30 1.85 -5.35
Ade H62-OW 2.08 -4.66 1.89 -4.54
Ade N7-HW 2.08 -7.09 1.89 -7.16
Ade H8-OW 2.39 -2.95 2.37 -3.27
Ade H9-OW 2.01 -7.25 1.84 -7.25
2MeS N1-HW 2.14 -7.28 1.91 -7.80
2MeS S2-HW 3.00 -1.48 2.60 -1.24
2MeS N3-HW 2.14 -7.45 1.90 -7.83
2MeS H61-OW 2.05 -4.89 1.88 -4.47
2MeS H62-OW 2.00 -4.67 1.85 -4.20
2MeS N7-HW 2.08 -6.87 1.89 -6.72
2MeS H8-OW 2.35 -3.72 2.36 -3.36
2MeS H9-OW 1.98 -8.06 1.83 -7.64
2Cl N1-HW 2.14 -6.96 1.91 -7.08
2Cl Cl2-HW 3.53 -0.43 2.87 -0.44
2Cl N3-HW 2.15 -6.93 1.91 -7.10
2Cl H61-OW 2.03 -5.98 1.85 -5.76
2Cl H62-OW 1.97 -6.15 1.82 -5.94
2Cl N7-HW 2.11 -6.18 1.90 -6.67
2Cl H8-OW 2.33 -3.92 2.35 -3.66
2Cl H9-OW 1.96 -8.62 1.83 -7.31

a From ref 65.
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energies obtained using HF/6-31G* and the new
CHARMM parameters are presented in Table 1. The
values for adenine are presented for comparison. As the
ab initio results indicate, no dramatic change in interac-
tion distances or energies occurs as a result of substitu-
tion with thiomethyl or chloro groups at the C2-position.
However, the 2-MeS substitution lowers the interaction
energy at the N1- and H8-positions by -0.3 and -0.8
kcal/mol, respectively, relative to adenine. On the other
hand, the interaction energy at the N6-position is
increased by 0.4 kcal/mol. The 2-Cl-substitution lowers
the binding energy at the N6-position by -1.5 and -0.7
kcal/mol relative to adenine. The interaction energy
with the H8-hydrogen is likewise lowered by -1.0 kcal/
mol. Interaction energy at the N7-position is increased
by 0.9 kcal/mol. These effects of electron-donating (ED)
and electron-withdrawing (EW) substituents are similar
to what was observed in our previous works.30,31 The
CHARMM interaction distances and energies agree with
the ab initio results. The correlation coefficients, R2,
from a least-squares fit between ab initio and empirical
distances and energies for 2-Cl-adenine are 0.92 and
0.95, respectively. In the case of 2-MeS-adenine, the
correlation coefficients are 0.89 and 0.98 for interaction
distances and energies, respectively. Thus, the agree-
ment between the ab initio and empirical results is
satisfactory.

Docking Studies. To investigate the molecular
recognition of the adenine moiety in ATP by the h-P2Y1-
R, we apply a combined computational approach. This
approach involves docking and MD studies of molecular
probes 1-6 with the h-P2Y1-R and quantum mechanical
calculations of the corresponding reduced adenine mod-
els.

The probes we selected for the analysis of stereoelec-
tronic recognition determinants of the h-P2Y1-R are
based on our previous studies30,37 and include ATP
analogues substituted at C2 or C8 with an electron-
donating group (thioether) or at C2 with an electron-
withdrawing group (Cl).

Analysis of the h-P2Y1-R Binding-Site and ATP
Recognition Mode. The ATP binding site identified
in the current h-P2Y1-R model is in accordance with the
earlier work of Jacobson and co-workers.21,23,29 The
h-P2Y1-R forms a narrow crevice approximately 5 Å
below the lipid-bilayer plane that fits an extended

conformation of ATP (Figure 6). All TM helices partici-
pate in forming the binding site, although only TM3,
-5, -6, and -7 are involved in specific interactions. In the
current model, EL2 apparently plays an important part
of the binding pocket, as is the case for b-Rh.27 The
â-sheet of EL2 is deeply embedded in the helical bundle
and may function as a lid on the binding site, together
with EL3 (Figure 2).

Moro et al. proposed that the phosphate moiety in
ATP is coordinated by Arg128 (PR and Pâ), Tyr136 (PR),
Thr222 (Pγ), Lys280 (PR), and Arg310 (Pâ).23 Subse-
quently, Kim et al. suggested that the phosphate chain
is located adjacent to the assumed â-sheet of EL2.29

According to this suggestion, the phosphate moiety is

Scheme 1. ATP and Derivatives Docked into h-P2Y1-R

Figure 6. MD snapshots of h-P2Y1-R-adenine nucleotide
complexes: (A) ATP bound to the h-P2Y1-R and (B) 2-BuS-
ATP bound to the h-P2Y1-R.

Scheme 2. Ribose and Exo-Cyclic C4′-C5′
Conformations in ATP

Molecular Recognition in Purinergic Receptors. 1 Journal of Medicinal Chemistry, 2004, Vol. 47, No. 18 4395



loosely bound in a sterically unconstrained pocket and
Pγ is not involved in specific interactions. However, this
is counterintuitive, considering the strong interactions
that the highly charged phosphate chain is expected to
form. A reason for this phosphate binding mode seems
to be a need to avoid repulsive interaction with Asp204
that is positioned facing the binding pocket.29

Furthermore, Moro et al. suggested that the ribose
ring interacts with His132, His277, and Ser317, while
adenine interacts with Gln307, Arg310, and Ser314.23

Subsequent studies indicated that the ribose moiety
serves mainly as a linker unit, while Gln307 is probably
not directly involved in agonist recognition.29

A striking feature in the current model is the large
number of strong interactions involved in ATP binding
(Table 2, Figure 6). The main interactions involving
Arg128, Lys280, Arg310, and Ser314 agree with previ-
ous mutational analysis and docking studies,22,23,29

although differences exist.
The Triphosphate Moiety Is Tightly Bound by

a Multitude of Interactions with Charged and
Polar Residues and Possibly a Mg2+ Ion. The ATP
phosphate chain is involved in a multitude of interac-
tions with residues in TM3, -5, -6, and -7 (Table 2,
Figure 6). The R-phosphate interacts with Arg128 and
Arg310, while the â-phosphate interacts with Lys280.
The γ-phosphate moiety interacts directly with Arg128,
Ser218, and Thr221. Additional interactions of the tri-
phosphate group via bridging water molecules are possi-
ble with His132, Tyr136, Thr222, and His277. For in-
stance, Tyr136 and His277 may each interact with the
phosphate group via a water molecule. Such water mole-
cules play an important role in the recognition of the
ribose ring in adenine nucleotides,38 and one might also
expect a similar role in the recognition of the phosphate
and adenine moieties. His132 and Thr222 seem to inter-
act strongly with Lys280, holding it firmly in place. The
Arg128, Lys280, and Arg310 residues were found to be
essential for receptor activity by mutational analysis ex-
periments, while the remaining residues are assumed
to play a modular role in ligand binding and receptor
activation.22,23 Particularly, Thr221 is likely to be in-

volved in terminal phosphate recognition and was found
to be more important than Thr222 for receptor activity.

To the best of our knowledge, no experimental evi-
dence has been provided for the presence of a metal ion
in the h-P2Y1-R binding-site. However, we hypothesize,
on the basis of our MD simulations and the chiral
discrimination described in the companion paper,32 that
the ATP phosphate chain coordinates with a Mg2+ ion,
which in turn is coordinated with Asp204 (Figure 6).
Asp204 was found to be an important amino acid
residue by mutational analysis, and it was suggested
to play a yet unknown role in the physiological activa-
tion of the h-P2Y1-R.39

An appealing argument in favor of the presence of a
Mg2+ ion is that this ion leads to a fully neutralized
binding site. Thus, the negative charge of Asp204 and
the four negative charges of ATP40 may be neutralized
by Arg128, Lys280, Arg310, and a divalent metal ion.
Furthermore, Asp204 is conserved in several other P2Y-
Rs (P2Y2,4,6-R), indicating a common function. On the
basis of both these arguments and the results cited in
our companion paper,32 we introduced Mg2+ ion in our
simulations of the h-P2Y1-R-ATP complex. An intriguing
question follows the possible presence of a Mg2+ ion in
the h-P2Y1-R binding site: How many and which of the
phosphate groups coordinate with the Mg2+ ion? The
current simulations support the coordination of Mg2+

ion with the R, â, γ phosphates on the basis of the
topology of the binding site (Figure 6, Table 2). Yet,
further experiments are needed to clarify this point.

Nonetheless, it is important to stress that MD simu-
lations performed with ATP in the absence of Mg2+ ion
(results not shown) yielded very similar molecular
recognition for the phosphate moiety. The main changes
are related to the conformation of the phosphate chain,
to allow for metal ion coordination. The nature of the
interactions with the receptor remains largely the same.
An important difference is that Asp204 moves out of the
binding pocket and may form ionic interactions with
Arg128 or Lys280.

The Ribose Ring Is Not Involved in Specific
Interactions with the h-P2Y1-R. Moro and Jacobson

Table 2. Average Interaction Distances (Å) between Heavy Atoms of Selected Residues of the h-P2Y1-R and Adenine Nucleotides
during 100 ps of MD Simulations in a Fully Hydrated Lipid Bilayera

ATP ADP 2-Cl-ATP 2-MeS-ATP 2-BuS-ATP

N1‚‚‚Ser314 3.09 (0.28 3.39 (0.46 2.96 (0.22 2.99 (0.17 3.06 (0.18
N6‚‚‚Ser314 3.38 (0.47 4.02 (0.76 3.33 (0.31 3.22 (0.35 3.04 (0.16
N6‚‚‚Arg310(O) 2.80 (0.12 3.00 (0.30 2.91 (0.17 2.85 (0.13 2.88 (0.14
N7‚‚‚Arg310(NE) 3.91 (0.47 4.38 (0.54 3.44 (0.26 3.58 (0.41 3.66 (0.43
N7‚‚‚Arg310(NH1) 3.58 (0.56 4.22 (1.23 2.97 (0.13 3.59 (0.50 5.00 (0.46
O3‚‚‚Tyr96 3.03 (0.31 3.50 (0.26 2.95 (0.24 2.92 (0.19 2.88 (0.21
PR‚‚‚Arg128(NH1) 3.52 (0.26 3.63 (0.28 3.14 (0.19 3.23 (0.25 3.37 (0.30
PR‚‚‚Arg128(NH2) 4.20 (0.23 3.25 (0.39 4.38 (0.23 4.27 (0.32 4.73 (0.40
Pâ/γ‚‚‚Arg128(NH1)b 2.98 (0.20 5.46 (0.37 2.79 (0.17 2.91 (0.33 2.73 (0.20
Pâ/γ‚‚‚Arg128(NH2)b 2.71 (0.11 4.98 (0.20 2.85 (0.19 2.97 (0.31 2.91 (0.22
Pâ/γ‚‚‚Ser218b 2.77 (0.19 2.71 (0.15 2.64 (0.09 2.79 (0.19 2.74 (0.16
Pâ/γ‚‚‚Thr221b 2.77 (0.16 2.88 (0.25 2.72 (0.12 2.80 (0.21 3.59 (0.92
Pâ‚‚‚Lys240 2.68 (0.09 2.61 (0.07 2.70 (0.09 2.70 (0.10 2.69 (0.09
PR‚‚‚Arg310(NH1) 3.80 (0.28 5.45 (1.19 4.00 (0.29 3.81 (0.22 6.47 (0.25
PR‚‚‚Arg310(NH2) 2.73 (0.11 3.85 (0.90 2.76 (0.14 2.80 (0.17 3.87 (0.27
PR‚‚‚Mg2+ 1.87 (0.06 2.10 (0.26 1.89 (0.06 1.89 (0.06 1.87 (0.05
Pâ‚‚‚Mg2+ 1.85 (0.05 1.85 (0.05 1.84 (0.05 1.97 (0.09 1.85 (0.05
Pâ/γ‚‚‚Mg2+ b 1.87 (0.06 1.82 (0.04 1.85 (0.05 1.89 (0.06 1.86 (0.07

1.87 (0.05 3.74 (0.06 1.88 (0.06 1.90 (0.09 1.86 (0.06
a Interaction distances are measured between heavy atoms. Fluctuations in the distances are included to the right of the distance. b Pâ

for ADP and Pγ for ATP and derivatives.
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suggested that the ribose ring plays a role mainly as a
linker unit between the adenine ring and the phosphate
chain.39 This role is supported in this study, where few
specific interactions with the ribose ring are observed.
The O2′ group is not involved in any interactions, while
O3′ may interact directly with Tyr136 (Table 2) or via
a water molecule with His277.

The Adenine Ring Is Loosely Bound by H-Bonds
and π-Stacking. The adenine moiety is loosely bound,
as reflected in the fluctuations in the distances between
the receptor and the adenine moiety (Table 2), interact-
ing with amino acid residues from TM7 (Figure 6). This
is in contrast to the phosphate binding, which is tight
and rigid. Ser314 interacts via H-bonds to N1 and N6,
while the backbone carboxyl group of Arg310 interacts
with N6. Additionally, the Arg310 side chain interacts
with N7. Such interactions between the adenine moiety
and a positively charged residue were recently found
to be a general adenine base recognition motif.41 Inter-
action between N6 and Tyr58 is also possible via a
bridging water molecule. In the current model, the
adenine moiety is also involved in π-stacking with
Phe131 with a distance ranging from 3.7 to 4.0 Å.
Phe131 was found to play a modular role in h-P2Y1-R
activation.22 The adenine ring is also in proximity to
Phe276.

The results for phosphate, ribose, and adenine rec-
ognition are consistent with mutational analysis data
and previous modeling studies.22,23

ADP Recognition Mode. The mode of ADP recogni-
tion by h-P2Y1-R is very similar to that of ATP, the main
differences being the phosphate moiety, as expected
(Table 2). The interactions between Pâ and Arg128 and
between PR and Arg310 are weaker than in the case of
ATP. Moreover, both the adenine and ribose rings are
more loosely bound than in the case of ATP.

Validating the Receptor Model and Probing
Stereoelectronic Requirements of the h-P2Y1-R.
Our previous studies demonstrated that ATP deriva-
tives substituted with a thioether group at the C2-
position make potent h-P2Y1-R agonists, while the same
substitutions at the C8-position yield inactive ligands.37

Thus, to validate the receptor model, we docked both
C2- and C8-substituted thioether ATP derivatives (3,
4, and 6) into the model.

2-BuS-ATP binds to the receptor in a mode similar
to that of ATP (Table 2) with additional hydrophobic
interactions via the thiobutyl group. In the current
model the thioether group fits in a hydrophobic pocket
comprised of Leu104, Pro105, Ile130, Val133, and
Leu135. Val61 and Val101 could also possibly be
involved. Docking of 2-MeS-ATP resulted in similar
results, although with fewer hydrophobic interactions.
In the MD simulations of the C2-thioether derivatives,
the average fluctuation in interaction distances for the
adenine moiety is lower than in the case of ATP,
indicating a more rigid fit (Table 2). On the other hand,
8-BuS-ATP could not fit into the receptor binding pocket
without disrupting supposed crucial interactions. 8-BuS-
ATP was docked first in a syn conformation, based on
our conformational analysis of this molecule.37 In this
conformation interactions of the adenine moiety with
Arg310 and Ser314 were lost. Likewise, when 8-BuS-
ATP was docked in an anti conformation, interactions

of both the adenine ring and the phosphate chain with
Arg310 were lost. Both Arg310 and Ser314 are known
to be crucial to receptor activity.22,23 Indeed, in a
previous study we showed a drastic reduction of 8-BuS-
ATP potency, as compared to ATP (EC50 ca. 10 µM).19,37

Similar to the 2-thioalkyl ATP derivatives, 2-Cl-ATP
also yields a more rigid fit with the receptor, similar to
the 2-thioether ATP analogues (Table 2). This improved
steric fit may partially account for its improved affinity
for the receptor.37

Modeling the π-Stacking Interactions between
the Adenine Ring and Phe131. To explore the
potential of adenine, 2-MeS-adenine, and 2-Cl-adenine
to participate in π-stacking, their adducts with benzene
were analyzed by quantum mechanical calculations. In
all cases, a tight interaction is observed with short
intermolecular distances. The π-stacking interaction
distance with benzene is shorter both in the case of
2-MeS-adenine and 2-Cl-adenine (3.39 Å) than in the
parent base (3.44 Å). This stronger interaction is also
reflected in the MP2/cc-pVDZ interaction energies. The
π-stacking energy with benzene was computed as -3.76,
-4.92, and -4.71 kcal/mol for adenine, 2-MeS-adenine,
and 2-Cl-adenine, respectively.

It is worth noting that the π-stacking energy is
sensitive to both basis set and the relative orientation
of the interacting π-systems.42 In a study on the benzene
dimer, it was found that the interaction energy in-
creased by a factor of approximately three when enlarg-
ing the basis set from cc-pVDZ to cc-pVQZ. Moreover,
it was found that the slipped-parallel benzene dimer is
considerably more stable than the parallel dimer. Thus,
the current results, which used a small basis set and
considered only the parallel orientation, should be
considered a low estimate for the real π-stacking energy
in these systems.

P2Y1-R Induces a Unique Conformation of Bound
ATP. The conformational flexibility of ATP plays a
crucial role in its molecular recognition by proteins. The
protein binding site induces a unique conformation of
the relatively flexible ATP, which may be different from
that of free ATP in solution.

Information regarding the conformation of free ATP
has been obtained from X-ray crystallography, spectros-
copy, and theoretical calculations.43 The relative orien-
tation of the adenine base and the ribose moiety is
determined by the glycosidic angle, ø, and the predomi-
nant conformation in solution is the anti-conformation.
The ribose ring in ATP may adopt a variety of confor-
mations that may be described by the so-called “pseu-
dorotation cycle”. The dominant conformations of nu-
cleosides and nucleotides in aqueous solution, in DNA
and RNA, and when bound to proteins are the Northern
(2′-exo, 3′-endo) and Southern (2′-endo, 3′-exo) confor-
mations (Scheme 2A).43 Moreover, the conformation
around the exocyclic C4′-C5′ bond determines the
relative orientation of the ribose ring and the phosphate
chain (Scheme 2B).

Our computational analysis of the receptor-ligand
complex included also conformational aspects. For this
purpose we compared the conformational properties of
ATP in the current MD simulations with the conforma-
tions of protein-bound adenine nucleotides in experi-
mentally solved structures.
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To the best of our knowledge, no conformational
analysis of all currently available protein bound adenine
nucleotides has been performed. Therefore, we present
in Figures 7 and 8 the conformational analysis of
protein-bound ATP, ADP, and AMP from the Protein
Data Bank. The most probable conformations of protein-
bound adenine nucleotides are then compared with the
conformations of ATP obtained during the simulations
of the h-P2Y1-R-ATP complex in a fully hydrated lipid
bilayer environment.

From the data set of protein-bound adenine nucle-
otides, a clear preference for the anti conformation
around the glycosidic dihedral angle is observed and the
sugar adopts either the Northern or Southern confor-
mations (Figure 7). In the few cases where the syn
conformation is observed, the sugar conformation shows
a slight preference for the Southern conformation
(Figure 7). The average sugar puckering value is 36.7
( 10.4 (Not shown in the figures).

In the current h-P2Y1-R-ATP complex simulations,
ATP is in the anti conformation (Table 3). It is likely

that Arg310 supports this conformation by interaction
with both the N7 of the adenine ring and the R-phos-
phate moiety. Over the course of 200 ps of MD simula-
tion of the complex, the average ø-value is 239.0° with
a fluctuation of (10.9°. The ribose ring is in the
Northern conformation with a pseudorotation value of
43.5 ( 4.9°, and the ring puckering is 29.3 ( 9.1. Indeed,
the preferred sugar conformation at the P2Y1-R has
been found to be the Northern conformation. This
finding is based on studies employing synthetic nucle-
otides, which are locked in either the Northern or
Southern conformations.44

From the data set of protein-bound nucleotides, the
conformation around the exocyclic C4′-C5′ bond shows
a clear preference for the gg rotamer (Figure 8). Namely,
the phosphate chain is oriented above the ribose ring.
The gt rotamer is also frequently seen, while the tg
conformation is scarcely populated. Moreover, when the
ribose is in the Northern conformation, the gg confor-
mation is preferred (Figure 8), probably due to a weak
hydrogen bond between H8 of the adenine ring and O5′
of the sugar. It is interesting that this preference for
the gg conformation, which is observed in aqueous
solution,43 is also seen in protein-bound adenine nucle-
otides. In the current brief MD simulation of ATP bound
to the h-P2Y1-R, the gg conformation is exclusively
occupied with a value of -64.4° ( 9.3°.

The h-P2Y1-R-bound C2-substituted ATP derivatives
all have similar conformational properties to those of
receptor-bound ATP. This emphasizes the similar bind-
ing mode of these ligands and ATP. This is in contrast
to the 8-BuS-ATP derivative, which is likely in the syn
conformation,37 thereby interrupting important interac-
tions with the receptor and reducing drastically the
affinity to the h-P2Y1-R.

Discussion

The Stereoelectronic Character of the Substi-
tuted Adenine May Affect Molecular Recognition
of the ATP Derivative by the h-P2Y1-R. A crucial
question regarding the molecular recognition of ATP
derivatives by the h-P2Y1-R is the role of stereoelec-
tronic effects. Both 2-MeS-ATP and 2-Cl-ATP are much
more potent agonists than ATP, with EC50 values of 8,
72, and 2800 nM, respectively.45 Thus, the h-P2Y1-R is
sensitive to changes on the adenine moiety. Moreover,
the h-P2Y1-R apparently favors substitutions at the C2-
position of ATP, regardless of the electronic nature of
the substituent. On the other hand, substitutions at the
C8-position yield inactive ligands.19,37 This may indicate
that a stereo effect is present, but not an electronic one.
However, on the basis of our docking studies combined
with quantum mechanical calculations on model com-
pounds we propose that the 2-MeS- and 2-Cl-substitu-
tions may improve interactions with the receptor due
to both steric effects and electronic effects. According

Table 3. Average Dihedral Angles (deg) for Selected Adenine Nucleotides Complexed with the h-P2Y1-R during 100 ps of MD
Simulations in a Fully Hydrated lipid bilayera

ATP ADP 2-Cl-ATP 2-MeS-ATP 2-BuS-ATP

C4-N9-C1-O4 239.0 (10.9 218.0 (15.3 248.3 (10.7 241.9 (11.7 244.2 (9.2
O4-C4-C5-O5 -64.4 (9.3 -63.4 (8.0 -75.3 (7.9 -67.9 (6.8 -64.4 (6.7
ribose pseudorotation angle 43.5 (4.9 45.9 (4.2 41.5 (4.9 45.0 (4.1 43.8 (3.9
ribose puckering 29.3 (9.1 27.3 (7.9 31.7 (9.8 27.0 (6.6 29.6 (6.1

Figure 7. Correlation plot of conformations of protein-bound
adenine nucleotides. The pseudorotation ribose angle is plotted
against the glycosidic dihedral angle, C4-N9-C1′-O4′.

Figure 8. Correlation plot of conformations of protein-bound
adenine nucleotides. The pseudorotation ribose angle is plotted
against the exocyclic dihedral angle O4′-C4′-C5′-O5′.
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to the current h-P2Y1-R model, the adenine moiety
occupies approximately the same position for ATP,
2-MeS-ATP, 2-BuS-ATP, and 2-Cl-ATP. In the docked
complexes of 2-MeS-ATP, 2-BuS-ATP, and 2-Cl-ATP,
the C2-substituent fits into a hydrophobic pocket of the
h-P2Y1-R (Figure 6B). This additional hydrophobic
interaction due to the C2-substituent is likely to in-
crease the affinity of the ligand for the receptor.
Moreover, the C2 substituent yields a more rigid steric
fit between the h-P2Y1-R and the ligand, thereby
reducing the loss in entropy upon binding, e.g. the
ligand is preoriented in the correct binding mode.

The current h-P2Y1-R model indicates that recogni-
tion of the adenine moiety is via the N1-, N6-, and N7-
positions of the base (Table 2). The nature of the
recognition of the adenine moiety was further investi-
gated by substituting electron-donating (ED) and elec-
tron-withdrawing (EW) groups at the adenine ring.
These groups induce electronic effects that are not
readily addressed by MD simulations, both due to the
approximate nature of the force fields and the complex
potential energy surface. Therefore, our previous stud-
ies30,31 employed quantum mechanics calculations to
elucidate the electronic effects due to various ED and
EW substitutions at the C2-position on the adenine ring.
These studies showed that ED substituents, such as
thiomethyl, increase the electron density at the N1-
position in adenine, thus increasing its potency as
H-bonding acceptor. The same substituents had mini-
mal effect on the N6-position. On the other hand, EW
substituents, such as chlorine, decrease electron density
on the N6-position, thereby increasing the potential of
the N6 hydrogens to participate in H-bonding as donors.
These earlier findings are supported here by the current
quantum mechanical calculation of interaction energies
between individual water molecules and adenine, 2-MeS-
adenine, and 2-Cl-adenine (Figure 5 and Table 1).
Indeed, interaction between the N1-position of the
adenine moiety and a water molecule is more favorable
in the case of 2-MeS-adenine, than in the case of
adenine. Likewise, the interaction between the N6-
position in 2-Cl-adenine and a water molecule is more
favorable than in adenine. Thus, it seems that 2-MeS-
ATP and 2-Cl-ATP gain improved interactions via the
N1- and N6-positions, respectively. On the other hand,
both 2-MeS-ATP and 2-Cl-ATP have weaker interac-
tions at the N7-position than adenine. When summing
up the individual contributions from interactions via N1,
N6, and N7 and accounting for the fact that both sulfur
and chlorine participate in weak H-bonding interactions
with the protein via Ser314, 2-MeS-ATP and 2-Cl-ATP
have more favorable interactions by a total of 1.2 and
1.7 kcal/mol, respectively (Table 1). Moreover, the
current QM level of theory does not account for disper-
sion effects that may be present for sulfur and chlorine.

π-Stacking Interactions May Play an Important
Role in Stabilizing the ATP-Receptor Complex. In
the current h-P2Y1-R model, the adenine moiety is
involved in π-stacking interactions with Phe131. The
importance of π-stacking interactions for the recognition
of substituted ATP analogues was explored here by QM
calculations on model compounds. We performed model
π-stacking calculations on benzene and adenine, 2-MeS-
adenine, and 2-Cl-adenine by employing a second-order

perturbation theory QM method. These model calcula-
tions showed that the π-stacking energy may be sub-
stantial (low estimate ca. -5 kcal/mol) and that the
adenine moieties in both 2-MeS-ATP and 2-Cl-ATP are
expected to interact more favorably with Phe131 than
the adenine ring in ATP. The reason for this electronic
effect could be that in the 2-MeS-derivative the adenine
ring functions as a charge donor molecule in a π-stack-
ing charge-transfer complex, while the adenine base in
the 2-Cl-derivative plays the role of a charge acceptor.

Thus, the modeling studies indicate a similar binding
mode for the various ATP derivatives and suggest that
steric effects are likely to play a crucial role in molecular
recognition. Moreover, the QM calculations suggest that
subtle differences in the electronic character between
ATP and its C2-substituted derivatives may account for
differences in affinity for the h-P2Y1-R.

Conclusions

A model for the h-P2Y1-R was constructed by homol-
ogy modeling and subsequently refined in a fully
hydrated lipid bilayer. The model was validated by
comparing the molecular recognition by the h-P2Y1-R,
predicted by docking studies, with available mutational
and biochemical data.

As indicated by our modeling results, the h-P2Y1-R
is stabilized by numerous interactions, including dipolar
interactions of antiparallel TM helices, hydrophobic and
polar interactions with the lipid bilayer, and intrahelical
interactions.

The proposed primary binding site in the receptor is
located approximately 5 Å below the lipid bilayer plane,
within TM3, -5, -6, and -7 and below EL2. There, ATP,
in an extended conformation, is tightly held in place by
numerous direct and indirect (via bridging water mol-
ecules) interactions of the triphosphate moiety with the
receptor, including H-bonds and electrostatic interac-
tions with Lys and Arg residues. In addition, we
hypothesize that the involvement of Mg2+ ion, possibly
coordinated with the conserved Asp204, completes the
tight network by fixing the triphosphate moiety in the
receptor. This is supported by accumulating evidence
described in our companion paper.32

In addition to the strong recognition network observed
for the triphosphate moiety, another important network
of interaction, although significantly weaker, is observed
for the adenine ring. Despite the lesser contribution of
the adenine moiety to the stabilization of the ATP-
receptor complex, such interactions are extremely im-
portant, since they determine the receptor-subtype
selectivity. The current model suggests nonspecific base
recognition, due to π-stacking interactions between the
adenine moiety and Phe131. Specific H-bonding interac-
tions to N1, N6, and N7 are provided by Arg310, Ser314,
and possibly Tyr58. These interactions are seemingly
enhanced in the presence of electron donating and
withdrawing substituents at the C2-position, due to
electronic effects. Moreover, the C2-substituents yield
a more rigid fit between the adenine moiety and the
receptor. In the case of 2-MeS- and 2-BuS-ATP, hydro-
phobic interactions are likely to enhance the interaction
with the receptor. On the other hand, substitutions at
the C8-position are not tolerated by the receptor, due
to disruption of important interactions. This confirms
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the role of both steric and electronic effects of the
adenine moiety in improving affinity to the h-P2Y1-R.

Both the flexibility of the adenine binding mode (as
opposed to that of the phosphate chain) and the minute
role of the ribose ring in recognition imply that chemical
modifications of the adenine moiety may play a major
role in modulating the affinity and receptor-subtype
selectivity of a P2Y1-R ligand.

We believe that our model provides the means for
understanding phenomena such as a ligand’s potency
and receptor subtype selectivity and forms the basis for
rational drug design.

Methods
Overview. The h-P2Y1-R model was computed using bovine

rhodopsin (b-Rh) at 2.6 Å resolution28 as a template. A basic
assumption in the current protocol is that the relative orienta-
tion of the TM helices is similar in b-Rh and h-P2Y1-R,
although not necessarily identical. Moreover, H-bonding and
electrostatic interactions between conserved GPCR residues
are assumed to be similar in the two proteins. Briefly, the
protocol entails creating an initial guess structure for the
receptor based on b-Rh. This initial model is very similar to
b-Rh and includes all the conserved interhelical interactions
in the TM region. The initial guess structure is subsequently
refined in a lipid bilayer environment to improve the TM
helical packing while constraining the conserved interhelical
interactions and secondary structure in the TM region. The
homology conserved constraints together with additional
constraints on the secondary structural motifs are necessary
to avoid large fluctuations in the receptor structure prior to
equilibrium.

A large number of modeling studies of GPCRs have ap-
peared recently, using the X-ray structure of b-Rh as a
template. These studies have demonstrated that homology
modeling may yield useful models despite the low sequence
identity between b-Rh and other GPCRs.46 In the current
study, the intial model obtained from homology modeling
results in a binding site that is too narrow to fit the endogenic
ligand ATP, in agreement with previous findings.47 Therefore,
a model refinement is necessary. It has been found that
minimization or MD simulation of homology models may
actually reduce the quality of homology models.48 However,
the effect of minimization and MD simulation on the quality
of homology models is likely to depend on the kind of protein
modeled (soluble vs membrane protein) and the surrounding
environment employed in the computations (gas phase, aque-
ous solution, or lipid bilayer). It is clear that unphysical gas-
phase refinements will introduce errors, as has been noted.49

However, it was demonstrated that constrained MD simula-
tions in explicit solvent yield improved homology models.49 In
the particular case of GPCRs, it has been demonstrated that
MD refinement in a lipid environment may yield useful
models.50 Moreover, the hydrated lipid environment plays a
role in the ligand’s recognition. Specifically, any energy
calculation on a charged molecule like ATP requires treatment
of charge screening by water molecules that are expected to
be present in the binding site. Additionally, in the case of ATP
derivative 4, the long alkyl chain is expected to be in close
vicinity to the lipid hydrophobic tails. Thus, accounting for the
hydrated bilayer environment is necessary both for model
construction and molecular recognition studies.

The current model was validated with respect to biochemical
data. ADP, ATP, and adenine-modified ATP derivatives 3-6
were docked into the proposed binding site and the respective
binding modes were correlated with our EC50 data for these
ligands.19,37 Additionally, the amino acid residues involved in
ligand binding were compared with available mutational
analysis data and previous modeling studies.22,23 In the
companion paper, the quality of the model is further validated
by docking several chiral ATP derivatives into the receptor
model and correlating the interaction energies of the receptor-
ligand complexes with the corresponding EC50 values.32

The modeling protocol used here involved the following
steps:

(1) homology modeling using the 2.6 Å X-ray crystal
structure of b-Rh,28

(2) constrained molecular dynamics (MD) refinement of the
receptor in a hydrated-lipid bilayer environment, and

(3) docking of ATP and analogues into the receptor model
and refining the binding site.

Homology Modeling. Initially, multiple sequence align-
ment of the P2Y-Rs with known P2Y-R-like physiological
effects15 and b-Rh was performed using the ClustalX pro-
gram.51 Gap penalties were introduced in the secondary
structure regions of b-Rh, namely the transmembrane (TM)
regions, in the intracellular helix (H8), and in the â-sheets of
the second extracellular loop (EL2). Gap penalties to the TM
region are essential for correct alignment between the h-P2Y1-R
and b-Rh. The alignment of conserved GPCR residues in the
TM regions of the P2Y-Rs was verified and manual corrections
were made in the loop regions. The lengths of the secondary
structure motifs were determined on the basis of b-Rh.

The aligned h-P2Y1-R and b-Rh sequences were imported
to Modeller 6,52 where a stepwise model construction approach
was adopted. The Modeller program was used because of its
ability to add a variety of constraints to the energy function.
Therefore, the Modeller program can be adopted to the
modeling process of the receptor under investigation. More-
over, Modeller includes several energy terms from the
CHARMM force field, which was used in the subsequent
simulations. Thus, a smooth transition should be expected
when moving from the homology modeling step to the molec-
ular simulation step.

Two disulfide bridges were introduced: Cys42-Cys296 and
Cys124-Cys202. The former is a highly conserved disulfide
bridge in the GPCR family,27 while the latter is unique to the
P2Y-R family.24,25 Constraints were added to account for
differences in the proline distribution in the TM regions
between h-P2Y1-R and b-Rh. Thus, in helices where b-Rh
includes Pro residues with no equivalent Pro in h-P2Y1-R,
regular helicality was imposed in the h-P2Y1-R model. TM2
in b-Rh includes a π-helical turn due to two consecutive Gly
residues that are part of a GGF motif. The aligned h-P2Y1-R
sequence is TLP, and therefore a π-helical turn is not expected
for this receptor. Thus, regular helicality was initially assumed
for TM2 and the effect of the Pro residue was accounted for in
the MD simulation steps. The presence of the Pro residue
imposes an initial strain on the system that slowly relaxes
during the MD simulation. The remaining noncanonical
features observed in the TM helices of b-Rh were assumed to
be similar in the h-P2Y1-R, since there is currently no reliable
way to predict such anomalous helical structures based on
sequence.53 Five water molecules, involved in interhelical
interactions via conserved GPCR residues, were included in
the model (Termed Wat1a, Wat1b, Wat1c, Wat3, and Wat4 in
the work of Okada et al. on the X-ray structure of b-Rh28).
Initially, 100 models were constructed using Modeller 6, and
the lowest energy model was selected for future refinement.
After obtaining the initial model, loops were modeled with the
loop-modeling algorithm implemented in Modeller 6.54 Muta-
tional studies suggest that an important ionic bridge between
EL2 and EL3 may exist due to the interaction between Glu209
and Arg287.24,25 Thus, in the loop modeling process, harmonic
constraints were added between Glu209 and Arg287.

The final model contained 373 amino acid residues with
heavy atoms only.

MD of the Triphasic Receptor-Lipid-Water System.
Receptor-Lipid-Water System Construction. The
h-P2Y1-R model was embedded in a fully hydrated dimyristoyl
phosphatidylcholine (DMPC) bilayer to account for the envi-
ronmental effects on the receptor structure and on the ligand’s
recognition. All simulations used the CHARMM program.55

The triphasic orthorhombic system was constructed according
to a modified version of the stepwise protocol of Woolf and
Roux.56 The protocol entails the packing of hydrated lipids
around the protein, full hydration of the intra- and extracel-
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lular regions, followed by stepwise MD equilibration of the
system, and, finally, a MD production run.

To reduce the size of the simulation, the receptor was
truncated at the N- and C-termini. Thus, the model receptor
spans residue 40-323. This was done to reduce the large
number of water molecules needed to solvate the flexible
terminal regions. This is not expected to influence the packing
of the TM helices or the description of the principal binding
site, which is assumed to be in the TM region. Moreover, the
N-terminal includes several possible glycosylation sites, al-
though the nature of these sugars is not known. The presence
of several sugars is expected to influence the conformation of
the N-terminal and modeling of this region would be highly
speculative. Thus, the current model cannot address questions
regarding the role of the N-terminal in early stages of ligand
binding. Hydrogens were added using the HBUILD procedure
in CHARMM. The Arg, Lys, Asp, and Glu amino acid residues
were charged, whereas His was neutral. The intrinsic low
resolution of a homology model does not allow for a meaningful
assignment of His protonation sites. The total charge of the
truncated receptor is +20. The microscopic system consists of
the h-P2Y1-R (316 residues), 81 DMPC lipids (40 in the top
layer and 41 in the bottom layer), 5353 water molecules, and
20 Cl- counterions, totaling 30 842 atoms. The chloride ions
were added to the water on the intra- and extracellular side.
This constitutes the central unit of the system with dimensions
of approximately 55 × 64 × 83 Å3. The total charge of the
system is zero. The membrane normal is oriented along the
z-axis, and the center of the bilayer is located at z ) 0. Periodic
boundary conditions were applied in all directions.

Initially, the question of the orientation of the receptor
model relative to the membrane layer normal vector was
addressed. The cryoelectron microscopy data for frog rhodopsin
(f-Rh) of Unger and Schertler et al.57 yields the angle of each
TM helix relative to the membrane normal. Thus, the orienta-
tion of f-Rh was used as a template to rigidly orient the
h-P2Y1-R model relative to the lipid bilayer normal. Initially,
the protein was aligned along the z-axis and translated in the
z-direction so that the center of the TM helical region was
located at the origin. An exhaustive conformational search was
performed by rigidly rotating the receptor model around the
z-axis and comparing the rmsd between the h-P2Y1-R TM
angles and the TM angles of f-Rh.

To create a representative initial structure as close to
equilibrium as possible, the lipids were taken from a preequili-
brated and prehydrated library of lipid molecules.58 To deter-
mine the initial position of the lipid molecules, the lipid polar
heads were represented by large vdW spheres with a cross-
sectional area of 64 Å2. This is approximately the average
cross-sectional area of a single DMPC molecule.59 The upper
layer was placed at z ) 17 Å, while the bottom layer was set
at z ) -17 Å. The position of the vdW spheres was obtained
through energy minimization and MD simulations in a periodic
system with xy-dimensions the same as the final system. The
top and bottom layers of vdW spheres were constrained to the
z ) 17 and -17 Å planes, respectively. Subsequently, the vdW
spheres were replaced by hydrated lipids randomly chosen
from a preequilibrated and prehydrated library of lipid mol-
ecules.58 The lipid molecules were then rotated around the
z-axis and translated in the xy-plane to minimize bad lipid-
lipid and lipid-receptor contacts. Subsequently, a stepwise
minimization was performed in which the vdW interactions
between the lipid atoms were slowly switched on until the full
vdW radii for these atoms were obtained. Thereafter, bulk
water was added to the system to solvate the intra- and
extracellular loops and terminal regions. Finally, the full
lipid-water system was subjected to a stepwise 200 ps MD
equilibration protocol.

In the course of the equilibration, many constraints were
employed to allow the system to reach equilibrium smoothly,
avoiding deterioration of the starting model. Initially, the
receptor was kept fixed, while the lipid polar headgroups were
constrained to the z ) (17 Å planes. Penetration of water
through the lipid bilayer was avoided by adding an opposing

force to water molecules entering the hydrophobic bilayer core.
In the later stages of the equilibration, the receptor was
allowed to evolve, while slowly releasing constraints. The re-
ceptor model was subjected to a set of GPCR homology
constraints. These are NOE constraints between conserved
amino acid residues assumed to be involved in interhelical
interactions. These interactions are considered to be important
for the stability of the seven-TM bundle in GPCRs.27,28 Thus,
specific interatomic contacts between conserved residues are
constrained to H-bonding distances to conserve the overall
structure in the TM region. Specifically, interactions between
the following amino acid residues were constrained: Asn69
(TM1), Asn92 (TM2), Asp97 (TM2), Trp176 (TM4), Asn316
(TM7), and Asp320 (TM7). An additional set of constraints was
added between the backbone oxygen atoms of Ser272 (TM6)
and Phe276 (TM6) and Thr309 (TM7). A final set of constraints
was added between Ser87 and Tyr324. Several of these inter-
actions were bridged by water molecules as in b-Rh. These con-
straints were implemented using the NOE option of CHARMM
and were enforced throughout the refinement process.

The simulations used a time step of 2 fs and all bonds
involving hydrogen atoms were constrained using the SHAKE
algorithm as implemented in CHARMM. A cutoff scheme of
8-12-13 Å was used for both electrostatics and vdW interac-
tions in the MD simulations. This cutoff scheme entails turning
on the switching functions at 8 Å, ignoring interactions beyond
12 Å, and keeping a list of all pair interactions within 13 Å.
Both force and energy switching were used for electrostatic
and vdW interactions, respectively.60

Binding-Site Refinement and Receptor-Ligand In-
teractions. The interactions between the h-P2Y1-R and the
endogenic ligand ATP were investigated using a stepwise
docking protocol. This protocol involves the following steps:
(1) locating the receptor binding-site and initial docking of the
ligand, (2) refining the binding site side chain conformation
and ligand conformation using Monte Carlo (MC) simulations,
and (3) MD simulation of the receptor-ligand complex.

To identify the receptor binding site, the Connoly surface61

of the receptor was generated, and internal clusters of cavities
were identified using the SPHGEN program in DOCK 4.0.62

The identification of the binding site was also aided by
available amino acid mutational analysis data.22,23,25 After the
MD refinement of the h-P2Y1-R there is no a priori reason to
assume that the amino acid side chains in the binding site
are in the correct ligand binding configuration. Thus, it is
necessary to refine the binding site to allow ligand binding.
Initially, ATP was docked into the receptor, and 5000 ligand
configurations were generated using flexible docking with
DOCK 4.0.63 The 100 best configurations were saved for the
next step.

The binding-site configuration was then refined using a MC
procedure that employs the MC code of CHARMM. According
to this procedure, the receptor binding site is divided into
several layers surrounding the ligand. The inner layer includes
all amino acid residues that are located within a layer of 1.5
Å from any ligand atom. The second layer ranges from 1.5 to
3.0 Å, while the third layer extends from 3 to 5.0 Å. Such a
layering of the binding site allows for independently updating
MC strategy depending on the proximity to the ligand. The
frequency of MC updating was greatest for the inner layer,
intermediate for the middle layer, and lowest for the outer
layer. The MC moves defined for the receptor were dihedral
rotations around side-chain bonds. For the inner layer, rota-
tions of up to 180° were allowed per MC step, while for the
second and third layers rotations of up to 60° and 30°,
respectively, were allowed. Ligand rotations and translations
of up to 30° and 0.5 Å, respectively, were allowed per MC step.
The receptor was simulated for 10 000 MC steps at 310 K with
each of the 100 best ligand configurations obtained in the
initial docking step. The best binding site was chosen as the
one with the lowest energy and in agreement with mutational
analysis data.

The ligand was subsequently redocked into the refined
receptor binding-site using the DOCK 4.0 program63 with
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flexible docking and thereafter refined using MC simulations.
In this latter MC stage, flexibility was added to all rotatable
bonds of the ligand in addition to rigid ligand rotations and
translations and side-chain flexibility. This stepwise docking
procedure allows for accurate placement of the ligand in the
binding site using DOCK, while refinement and more reliable
energy scoring is obtained using the MC simulations and the
CHARMM energy function. After obtaining the final receptor-
ligand configuration, binding site water molecules were added
and their positions were optimized by MC simulations. The
water molecules were added by placing an equilibrated water
box over the binding site and keeping only the water molecules
occupying vacuum points.

The final receptor-ATP complex was submitted to MD
simulation in the full triphasic system. For docking analogues
2-6, the ATP-h-P2Y1-R complex was used as a template, and
the new complex was refined using MC and MD simulations.
The binding site was refined separately for each ligand.

Force Field Development. The CHARMM 27 force field
includes parameters for ATP (1) and ADP (2).64,65 However,
to describe the various ATP derivatives introduced in the
current study, new parameters must be developed. Therefore,
the CHARMM 27 force field was extended to include our ATP
derivatives 3-6. The CHARMM energy function is described
by the following expression of internal and nonbonded terms:

In eq 1, the first five terms relate to the internal energy,
while the last two terms relate to the nonbonded energy. In
the current study, only parameters for the dihedral and
nonbonded terms were developed, since these are the only
terms that are variable in the docking procedure. Kb, Kθ, KUB,
and Kimp are the bond, angle, Urey-Bradley, and improper
dihedral force constants, respectively. b, θ, S, and æ are the
bond length, bond angle, Urey-Bradley 1,3 distance, and
improper dihedral angle, respectively. The subscript denotes
equilibrium values. The torsional term is based on a cosine
function, where Kφ is the force constant, n is the periodicity,
and δ is the phase. The nonbonded terms are described by a
Lennard-Jones term plus the Coulombic term. ε is the Len-
nard-Jones well depth, Rmin is the distance at the Lennard-
Jones minimum, and qi is the partial atomic charge. A
dielectric constant of unity was employed throughout.

Adenine Base Modifications. To develop parameters for
the modified-adenine base in analogues 3-6, the corresponding
modified bases were chosen as models that represent the target
compounds. The existing vdW parameters for adenine were
used for the adenine moiety in analogues 3-6 while for the
thiomethyl group the parameters were taken from the equiva-
lent atoms in methionine. For chlorine, various values were
tested and the best results were obtained by slightly modifying
the existing parameters for chloride, yielding σ ) 3.62 Å and
ε ) 0.01 kcal/mol.

To obtain the partial atomic charges for the adenine
derivatives, the charges were fitted to reproduce ab initio QM
geometries and interaction energies (scaled by 1.16)65 with
individual water molecules (Figure 5). Initially, the adenine
derivatives were optimized at the ab initio QM MP2/6-31G*
level,66 while for water the TIP3 geometry67 was used. The
energy minimum distances between water and the base moiety
at different geometries were determined at the QM HF/6-31G*
level (Figure 5).68 The initial force field charges were set to
those of adenine, and subsequently refined until an optimal

fit was obtained with the target values, i.e., the interaction
distance and energy at the ab initio QM level.

The periodicity for the rotation about the C2-S exo-cyclic
bond in 2-MeS- and 2-BuS-adenine was chosen to be bimodal,
with two maxima on the potential energy surface (PES) for
the thioalkyl group eclipsed with N1 or N3. This is in accord
with the target QM PES. The dihedral force constant for the
C2-S rotation was fitted to reproduce the PES obtained from
ab initio quantum mechanical (QM) calculations at the MP2/
6-31G* level. The rotation of the methyl groups was taken from
existing parameters in CHARMM. Bond and angle terms were
taken from similar existing terms in CHARMM. As ap-
proximate parameters for analogue 6 we used the parameters
developed for 4.

π-Stacking Calculations. To evaluate the potential of the
adenine base derivatives to engage in π-stacking interaction,
model QM calculations were performed between benzene and
adenine, 2-MeS-adenine, and 2-Cl-adenine, respectively. The
benzene ring and the adenine analogue rings were aligned in
a parallel orientation, similar to that observed in our docking
studies, and the interaction distances were optimized at the
MP2/cc-pVDZ level.66 The benzene ring was oriented in such
a way that it interacted with both the pyrimidine and
imidazole rings of the adenine moiety. The basis set superposi-
tion error69 was accounted for using the counterpoise method.70
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