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Molecular modeling methods have been applied to construct three-dimensional models for dopaminergic
ligand complexes with D2 and D4 receptor subtypes (D2DAR and D4DAR), using the bovine rhodopsin
crystal structure as a template for the modeling study. Different dopaminergic ligands, in particular the
N-n-propyl-substituted 3-aryl- and 3-cyclohexylpiperidines, were docked into the D2DAR and the D4DAR,
to evaluate the agreement between theoretical and experimental results as regards their D2/D4 selectivity.
The different position of an aromatic region in the two receptors might explain the structural basis of this
biological property.

Introduction

The neurotransmitter dopamine interacts with several recep-
tors (DARs) that belong to the superfamily of G-protein-coupled
receptors (GPCR) and plays a key role in the control of cognitive
functions and emotional states.1-3 Dopamine receptors can be
divided into five different receptor subtypes and are further
classified into two families,4 D1-like (D1 and D5) and D2-like
(D2, D3, and D4).5-7 D2 and D3 receptors are the target of
classic and some atypical neuroleptics, but according to neu-
ropathological and genetic studies, selective dopamine D4
receptor agonists, partial agonists, or antagonists might be of
interest for the treatment of neuropsychiatric disorders including
mood disorders and Parkinson’s disease.8 Furthermore, a recent
analysis has provided convincing evidence for the association
between several allelic variations of the D4DAR with specific
personality traits such as novelty seeking or impulsive, com-
pulsive, and addictive behaviors, like susceptibility to drug abuse
and compulsory gambling.9 In addition, allelic variations of the
D4DAR and D5DARs have been associated with attention
deficit hyperactivity disorder (ADHD).10 A general concern is
that the altered behavior may result from a functional imbalance
between the mesocortical and mesolimbic pathways, and
compensation with stimulants or full agonists of a hypoactive
pathway may lead to excessive stimulation of the other pathway.
A therapeutic approach with partial agonists may solve the
problem of imbalance between different dopaminergic path-
ways.11,12

By acting as a stimulant in those brain areas where the
dopaminergic projection is hypofunctional, while preventing full
activation of other brain regions that receive the hyperactive or
normal projection, a partial agonist would adjust the balance
between different anatomically and functionally distinct dopa-
minergic pathways. In this regard, the partial dopamine agonist
aripiprazole has recently been proposed as the first member of
a new class of antipsychotic drugs.13

This observation opens up the possibility that partial agonists
selective for D4 receptors may have a therapeutic value also in
ADHD and other hyperactivity disorders (HD). Highly D4-
selective partial agonists with a 3-phenylpiperidine structure
(PPEs) have been reported.14,15In particular, them,p-dimethyl-

substituted derivative, but also the mono methyl-substituted and
the unsubstituted derivatives, had been reported to selectively
activate the G proteins coupled to these receptors. These
compounds were found to be more potent and selective than
preclamol (3-PPP, Chart 1), reported as the first autoreceptor-
selective agonist,16 and indicated that the lack of polar substit-
uents on the aryl leads to an increase in the D4DAR affinity.
Therefore, it was possible to hypothesize that the aromatic
moiety of PPE derivatives may interact with a lipophilic pocket
present in the active site of the D4 DAR.14,15

Furthermore, with the aim of determining whether the nature
of this interaction is aromatic or simply hydrophobic, some
completely saturated analogues of PPE, the cyclohexyl-
piperidines (CHPEs), have been synthesized; these have been
reported to be the first completely aliphatic compounds able to
bind D4DARs selectively.17

To gain a greater understanding of the selectivity of PPEs,
CHPEs, and other D4DAR agonists, we performed a modeling
of D2 and D4 dopaminergic receptors and the docking of several
ligands into these receptors, because accurate three-dimensional
structural information about the dopamine receptors is not
available and the structural basis of ligand binding and selectiv-
ity to the D4 receptor is not clear yet. Since rhodopsin and
dopamine receptors belong to the same subfamily of the GPCR
proteins,18 the crystal structure of the rhodopsin was used as
the template structure for modeling. The D2DAR and D4DAR
models were then validated using available experimental
information, like the substituted cysteine accessibility method
results, mutational data, and the selectivity of known D2DAR
and D4DAR ligands.
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Results and Discussion

Molecular Modeling of D2DAR and D4DAR. We per-
formed a modeling of the human D2DAR and D4DAR using
the crystallographic structure of bovine rhodopsin19 (RHO) as
a template. The sequence identity between these dopaminergic
receptors and RHO is less than 30% in the structurally conserved
regions, but the presence in both D2DAR and D4DAR of a
high percentage of the residues conserved within the GPCRs
allows quite an accurate alignment, in good agreement with the
findings of previous sequence analysis studies.20,21The sequence
alignment between RHO and the dopaminergic receptors was
generated through the program Clustal W,22 with low gap
penalties.

We considered the length of the secondary structure motifs
derived from PSIPRED23 prediction for D2DAR and D4DAR
and from the experimental structure for the template, to avoid
gaps and insertions in structured regions. We omitted the
N-terminus and the intracellular loop IL3, because they are
presumably remote from the binding site. Furthermore, the
dopaminergic IL3 loop, much longer than that of bovine
rhodopsin, was found to have no effect on ligand binding in
previous studies on chimeric receptors.24,25Figure 1 shows that
the highly conserved residues for all the dopaminergic receptors,
and also the positions which appear to be important for the
folding of the helices or for receptor activation, were aligned.

The loop regions show a significant sequence homology
between the dopaminergic receptors and RHO, and the length
of the dopaminergic loop sequences is comparable to that of
the template, except for the loop IL3, which was omitted, and
for the extracellular EL2 loop, which is connected to TM3
through a disulfide bridge26 and thus conformationally restrained.

The alignment reported in Figure 1 was used to generate the
three-dimensional models of D2DAR and D4DAR using the
MODELLER program.27 The model with the lowest energy and
best geometry was chosen and refined by means of molecular
mechanics (MM) and dynamics (MD) calculations and checked
with PROCHECK28 (see Experimental Section for details). The
Ramachandran plot of the D2DAR model (Figure 2) revealed
three residues in disallowed regions, all in the loop regions; for
the D4DAR model there were five residues in disallowed
regions, three localized in the loops and two in the TMs but far
away from the binding site, Ala1.35(38) at the beginning of
TM1 and Arg4.41(151) at the end of TM4.

The root-mean-square (rms) deviations along MD trajectories
are given in Figure 2. The rms was calculated for structures
along the trajectory relative to the one obtained through
MODELLER, considering all the heavy atoms: the models of
the D2DAR and D4DAR seem to reach an equilibrate structure.

The models of the D2DAR and D4DAR obtained in this way
were finally compared with the experimental data reported in

Figure 1. Alignment of the dopaminergic receptors and bovine rhodopsin amino acid sequences. The conserved residues are shaded in gray, in
bold if strictly conserved. The other identical residues are indicated with “/” and marked in gray in the TMs, while the conservatively replaceable
residues are indicated with “:” and “.”. The seven TM domains are boxed.

1398 Journal of Medicinal Chemistry, 2006, Vol. 49, No. 4 Ortore et al.



the literature for dopaminergic receptors, to validate their three-
dimensional structures.

In particular, we considered the results of the substituted
cysteine accessibility method (SCAM),29-37 which provided a
map of the D2DAR water-exposed residues on the basis of the
reaction with MTS reagents and thus the residues that compose
the surface of the binding site crevice. We found that the MTS-
reactive residues of the D2DAR were situated in our model at
the internal surface of the transmembranal crevice (see Figure
3), in the inner region of the receptor, or in the extracellular
face of the receptor and thus exposed to the solvent, except for
some residues of the TM5, which were not in agreement with

the SCAM results. However, this discrepancy was detectable
in the accessibility of 10 sequential cysteine substitution mutants,
which was surprising and inconsistent with the helix folding of
the TM5 and was probably due to the rapid move or confor-
mational change of the helix that exposes different sets of
residues to the binding site crevice at any given time.31

Another disagreement regarded Pro2.59(89); however, in
opinion of the SCAM authors, this residue was too reactive,
probably because of an altered structure of the P2.59C mutant
with respect of the wild-type receptor.34

In agreement with Javitch et al.,38 in our model (Figure 3)
Cys3.26(107) and Cys182 formed a disulfide bond between
TM3 and EL2 loop, Cys400 and Cys402 were extracellular,
and among the five transmembrane cysteines, the only water-
exposed one was Cys3.37(118).

Other experimental evidences, obtained by site-directed
mutagenesis studies,39,40revealed six residues among the SCAM
positive ones that could be related to D2DAR/D4DAR selectiv-
ity: Trp2.60(90), Val2.61(91), Leu2.64(94), Phe3.28(110),
Val3.29(111), and Tyr7.35(408) in the D2DAR subtype, which
are substituted by Leu2.60(90), Phe2.61(91), Ser2.64(94),
Leu3.28(111), Met3.29(112) and Val7.35(430) in D4DAR.

Some mutations induced in highly preserved regions of
biogenic amine receptors showed that Asp3.32, Ser5.43, Ser5.46,
Phe6.51, and Phe6.52 are critical for the ligand affinity.41-48 In
particular, these data seem to suggest that (a) Asp3.32 forms a
“salt bridge” with the aminic group of dopaminergic ligands,
(b) there are hydrogen bonds between the meta-OH of dopamine
and Ser5.43 and between the para-OH and Ser5.46, and (c) the
residue Phe6.51 provides an aromatic stabilization of the
dopamine ring.

Figure 2. Ramachandran plot of the D2DAR (a) and D4DAR (b). The most favored regions are red, and additional allowed, generously allowed,
and disallowed regions are indicated as yellow, light yellow, and white, respectively. The heavy atoms rmsd from the starting structures of the
D2DAR (c) and D4DAR (d) as a function of simulation time at 300 K.

Figure 3. Position of the SCAM reactive residues and of the cysteines
in our D2DAR model. The water exposed regions are yellow.
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To verify that the three-dimensional structure of D2DAR and
D4DAR allowed the interactions above cited, we introduced
the biological ligand dopamine into the receptor models
manually and found that its interactions with the receptor were
in an agreement with the experimental results.

An analysis of the loop regions showed a marked confor-
mational difference between the EL2 in the D2DAR and
D4DAR receptor models. In both cases there was a disulfide
bond between the TM3 and EL2 loop due to Cys3.26 and
Cys182, but in the D4DAR this loop was constrained toward
the TMs. The D4DAR EL2 loop was longer and more polar
with respect to the D2DAR one, containing three arginine
residues and a glutamate, which were not conserved in the
D2DAR and were involved in various intramolecular interac-
tions, for example that between Arg180 and Glu2.65 of the
TM2.

Despite the different arrangement of the EL2 loop in the two
receptors, in both cases only one residue was slightly inserted
into the TMs region, Ile184 of D2DAR (Leu187 in D4DAR),
in agreement with SCAM studies on the second extracellular
loop of the D2DAR.37

A molecular interaction fields (MIFs) analysis was carried
out using the GRID49 program with the C1) probe, to identify
the lipophilic regions in the hypothetical binding site of the
D4DAR with respect to the D2DAR one.

The MIF map obtained is reported in Figure 4 and shows an
analogous lipophilic region (L1) situated between TM3 and
TM5, which is generated in the receptors by aromatic residues,
and in particular by Trp6.48, Phe6.51, Phe6.52, and His6.55;
furthermore, in both receptors there is another little lipophilic

region (L2), which in the case of the D2DAR is situated near
TM7 and is due to the residues Tyr7.35(408) and Phe3.28(110)
(in the D4DAR they are a Val430 and Leu111), while in the
case of the D4DAR, it shifts toward TM2 and is mainly
generated by Phe2.61(91), a nonpreserved residue, together with
Trp7.40(435) and Tyr7.43(438).

The hypothetical D2DAR binding site, which could be
deduced through the site directed mutagenesis studies previously
reported, is shown in Figure 5.

This region includes all the residues that could be related to
D2DAR/D4DAR selectivity47,48 or which are critical for the
ligand affinity in the biogenic amine receptors.50 In agree-
ment with the data reported in the literature, we inserted
the dopamine into the D2DAR and D4DAR binding sites,
with the catecholic group pointing toward the TM5 serines,
the para-OH hydrogen bonded to Ser5.46 and the meta-OH
to Ser5.43, and the protonated nitrogen bonded to Asp3.32.
The complexes with the biological ligand were refined through
MD simulations, using the procedure described in the Experi-
mental Section, with the aim of verifing that the conformational
space of our receptor models bound to the dopamine were
satisfactory to stabilize the ligand and validate the experimental
data.

The final D2DAR- and D4DAR-dopamine complexes were
very similar: the polar bonds with Asp3.32 and the TM5 serines
were still present after the MD calculations (see Table 2), and
the residues’ arrangement of the binding site allowed a good
interaction between the aromatic moiety of dopamine and
Trp6.48, Phe6.51, Phe6.52, and His6.55, as in the predicted
binding model.50

Figure 4. GRID maps of lipophilic regions in the hypothetical binding sites of D2DAR (left) and D4DAR (right).

Figure 5. Subset of residues involved in the ligand binding at D2DAR (a) and D4DAR (b). The carbons of all the amino acids suggested by
experimental data are green, and those suggested by this paper are gray. The blue labels indicate the residues responsible for the D2DAR/D4DAR
selectivity; the red labels indicate the conserved amino acids considered critical for the biogenic amine receptors binding.
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Docking and Modeling of Ligand-Receptor Complexes.
We used the molecular models of D2DAR-dopamine and
D4DAR-dopamine, although derived from a modeling proce-
dure, for automated docking. We used the AUTODOCK51

program to produce the more plausible dopaminergic complexes
for the ligand reported in Table 1.

We generated the AUTODOCK grid cage around the Asp3.32
as a center, in such a way as to enclose all the residues suggested
by literature47,48,50 (reported in green in Figure 5), and also
another region within a range of 11 Å from Asp3.32 capable of

interaction with the polar moiety of the ligands instead of the
TM5 serines, due to Asn7.45, Ser7.46, and Ser3.39, which was
already considered as part of the D2DAR binding site in a
previous modeling study21 (shown in gray in Figure 5). This
wide binding site allowed more freedom in the orientation of
the bulkiest dopaminergic ligands considered in this work (see
Table 1), which could be inserted “across” the receptor crevice,
in a space of about 20 Å between TM2 and TM5, or in the
middle of the receptor channel, parallel to the helices rather
then across the cavity, in a region delimited from TM2, TM3,
TM6, and TM7 and quite distant from TM5. In this way, we
considered a wide grid cage which allowed a good insertion of
some ligands also without the hypothesized interactions with
the TM5 serines, which were decisive for the binding of many
dopaminergic ligands, for example dopamine,N-propylnora-
pomorphine (NPA), and raclopride, and less significant for
others, like haloperidol, which is structurally more similar to
compounds3-5.42,44 There is no experimental evidence for a
recurrent binding between the non-cathecholic scaffolds and the
Ser5.43 and Ser5.46.

In a grid cage of 80× 50 × 30 points we performed an
automated docking of the biological ligand dopamine, to test
the AUTODOCK procedure (see Experimental Section) and its
ability to reproduce the binding geometry of dopamine obtained
by means of the molecular dynamics procedure. AUTODOCK
found an analogous binding mode corresponding to the one
obtained by manual docking, with a rms deviation between the
lowest energy docked conformation and the dopamine manually
docked one of 0.3 Å (rms evaluated over all the heavy atoms
of the ligand). Thus, we carried out the automated docking of
raclopride56 (1), N-propylnorapomorphine45 (2), the phenyl-
piperazine chromen-2-one3,54 L-741,62657 (4), L-745,87057 (5),
the phenylpiperidine dimethyl-substituted6,14,15and the 4-me-
thylcyclohexylpiperidine714,15using the same docking protocol.

Because the results of the AUTODOCK calculations are
different depending on the starting point coordinates of the
ligand, for some compounds we used two starting orientations.
The default settings of AUTODOCK consider the initial position
of the ligand as RANDOM, and the docking procedure was
free of constraints and therefore it was possible to explore all
the space of the grid cage. The starting positions of all the

Table 1. Structure and Binding Data of the Ligands Considered in This
Study

a Competition of specific binding of 0.2 nM [3H]spiperone to CHO K1
cells stably transfected with the human D2 and D4 receptor.52 b As in
footnotea.53 c As in footnotea.54 d Competition of specific binding of
0.2 nM [3H]spiperone to clonal cells stably transfected with the human D2
and D4 receptor. Cell lines used were hD2 CHO and hD4 HEK.55

e Radioreceptor binding studies with [3H]-YM-09-151-2 performed in
membrane preparations from bovine retina and striatum.15,17

Table 2. Distance in Å between Ligands (columns) and Residues of the Binding Site (rows) of D2DAR and D4DAR, in a Range of about 5 Åa

D2DAR D4DAR

residue Dopa 1 2 3 4 5 6 7 residue Dopa 1 2 3 4 5 6 7

W 2.60 - - - 5.1 - - - - L 2.60 - - - - - - - -
V 2.61 - - - - - - - - F 2.61 - - - 4.0 4.1 - 4.4 4.5
L 2.64 - - - - 4.5 - - - S 2.64 - - - - - - - -
F 3.28 - 4.6 4.7 4.4 3.2 5.0 4.4 4.7 L 3.28 - - - - - 4.1 4.8 4.8
V 3.29 - 4.7 5.1 3.6 3.6 - 4.1 4.8 M 3.29 - - - 4.7 5.0 4.4 5.0 5.0
D 3.32 2.7 2.7 2.7 3.0 2.5 3.0 2.7 2.8 D 3.32 2.7 2.9 2.7 2.7 2.7 2.9 2.8 2.7
T 3.37 4.1 2.9 4.3 - - - - - T 3.37 4.5 - - 4.3 - - - -
S 3.39 - - - - - 2.8 - - S 3.39 - - - - - - - -
I 184 5.0 4.7 5.1 5.0 5.0 - - - I 184 4.9 4.6 4.9 4.6 - 5.1 4.3 4.3
S 5.43 3.1 - 3.6 4.1 4.0 - - - S 5.43 3.0 - 2.9 3.5 3.2 - - -
S 5.46 2.7 4.3 4.1 4.2 - - - - S 5.46 2.7 - 3.6 3.4 4.2 - - -
W 6.48 3.5 4.6 4.1 - - - 5.2 4.9 W 6.48 3.4 5.0 4.5 4.8 5.1 - - -
F 6.51 4.2 4.7 3.9 4.1 4.4 4.0 4.3 4.5 F 6.51 4.4 4.5 4.0 4.0 4.1 4.6 4.8 4.7
F 6.52 - - - - - - - - F 6.52 - - 4.5 - - - - -
H 6.55 - - - - - - - - H 6.55 4.8 - 4.8 4.6 4.4 - - -
Y 7.35 - - - 4.1 3.7 - 4.9 5.0 V 7.35 - - - - - - - -
T 7.39 - 4.7 5.1 3.7 3.7 4.8 4.1 4.6 T 7.39 - 5.0 5.1 3.2 4.5 3.7 3.6 4.4
W 7.40 - - - 5.0 4.8 - 4.4 5.0 W 7.40 - - - 3.6 5.2 4.8 4.8 4.6
Y 7.43 - 4.8 4.5 - 5.0 4.0 4.8 - Y 7.43 - 5.0 4.8 3.2 4.0 5.0 4.9 4.4

a The measures are relative to the closest atom of the ligand, the center of the ring if the closest part of the ligand is an aromatic group and the heteroatom
if it is involved in a hydrogen bond.
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compounds provided a bond distance between Asp3.32, repre-
sented in Figure 6 by a red cross, and the protonate nitrogen of
the ligands.

For raclopride and NPA, we used only one starting position
in the same region as for dopamine, because, like the biological
ligand, these compounds seem to be influenced by the mutation
of the TM5 serines.

For compounds3-5, there were no mutagenesis results
regarding ligand binding; thus, we considered both the possible
starting orientations showed in Figure 6: the first,acrossthe
receptor crevice, from TM2 to TM5, the second,alongthe cavity
and parallel to the TMs.

The new compounds6 and7 are very different with respect
to the traditional selective D4DAR ligands and are completely
unable to bind the serines because of their lipophilic structure.
Thus, the only hypothesis about their position in the receptors
regarded the ionic bond between Asp3.32 and the piperidine
nitrogen; for these compounds we used as starting positions the
same as for dopamine or the symmetric orientation with respect
to TM3, between Asp3.32 and Phe2.61 (see Figure 6).

The docking results were analyzed on the basis of the
complexes binding energies and of the population clusters,
choosing the first orientation of the best-populated cluster. For
compounds3-7, we considered the two best-populated clusters
obtained from the docking performed with the two starting
orientations and choose the best-populated one, but if the
populations of the two clusters were comparable, we choose
the one with a lower average docking energy.

The best complex obtained for each ligand was finally refined
through 1000 ps of MD (see Experimental Section).

Analysis of the Docking Results.The orientation of dopa-
mine is very similar in the two receptors: in both the complexes
an ionic interaction with Asp3.32 and two strong hydrogen
bonds with Ser5.43 and Ser5.46 are present, and the cathecolic
ring is surrounded by the aromatic residues Trp6.48, Phe6.51,
Phe6.52, and His6.55 described in the literature. The only
difference concerns His6.55, which in D4DAR greatly stabilizes
the dopamine, whereas in the D2DAR it turns away (the distance

between the ring centers of His6.55 and dopamine is 6 Å). The
EL2 loop region is near the binding site, but the closest residue
in the D2DAR, Ile184, which correspond to Leu187 in D4DAR,
has a distance of 5 Å from the cathecolic ring (see Figure 7
and Table 2).

Raclopride (1),56 a selective ligand for D2DAR, occupies the
same position in both the dopaminergic subtypes, but in the
D2DAR the ligand is involved in a close network of hydrogen
bonds [Asp3.32(114)-aminic N, Cys3.36(118)-amidic N,
Thr3.37(119)-phenolic OH, Thr3.37(119)-Ser5.46(197)], which
do not include Ser5.43. Furthermore, the aliphatic portion of
raclopride lies in a lipophilic pocket that points toward the L2
region, where the presence of Phe3.28(110) and Tyr7.35(408)
at a distance of 4.7 and 6 Å from the ligand, instead of Leu111
and Val430 of the D4DAR, allows a better lipophilic interaction.
These results were in agreement with the experimental data,
which show that the mutation of Ser5.43(194) with alanine in
the D2DAR has a poor influence on the binding, while the
S5.46A leads to a decrease in affinity, which could be due to a
loss of interaction with this serine.44

For NPA (2)45 the final geometry is the same as that of
dopamine. Also in this case, a better lipophilic stabilization of
the ligand in the D4DAR might explain a slightly selectivity
for this receptor.

The phenylpiperazine chromen-2-one354 has a scaffold
typical of the D4DAR selective ligands, similar to that of
haloperidol. The quite long and semirigid structure allows a good
insertion of the ligand bothacrossthe receptors, in the region
delimited by all the residues suggested by SCAM and mutagen-
esis studies, and in thealong binding mode, without any
interaction with the TM5 serines. On the other hand, there was
not any experimental data suggesting that these compounds can
interact with these residues.

Thus, we tried these two starting positions for the docking
of compound3, and the first orientation of the best populated
of all the clusters shows very clearly the trend of the phenyl
ring to interact with the L2 region of the D2DAR, in particular
with Phe3.28(110) and Tyr7.35(408), also turning the chrome-

Figure 6. Starting orientations for the automated docking of the ligands in the AUTODOCK grid cage. The ligands were placed into the receptors
in such a way as to allow the interaction between Asp3.32 (the red cross in the grid) and the protonate N of the ligands (red). Two orientations were
considered for the compounds3-7 and only one for dopamine,1, and2.
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none upward and losing the interaction with the TM5 serines.
In the D4DAR, instead, the main interaction of the chlorophenyl
ring is with Phe2.61(91) and Tyr7.43(438), and the ligand
conformation allows a strong interaction with Ser5.43(197) and
Ser5.46(200).

The same trend regards compound4, L-745,870,57 another
D4DAR selective partial agonist58 that has a very similar
structure to the previous chromenone and shows an analogous
arrangement in the receptors (Figure 8). Also in this case there
is a ionic bond Asp3.32(115)-protonate N, the hydrogen bonds
between the azaindolic ring and the TM5 serines, and the
lipophilic interaction between the chlorophenyl ring and Phe2.61-
(91) (as hypothesized for the analogue L-750667 through site-
directed mutagenesis studies59) at the L2 region of the D4DAR.
In the D2DAR, the interaction with the L2 domain shifts the
ligand toward the extracellular space, moving away from
Ser5.43(194) and Ser5.46(197).

The L-741,626 (5)57 presents a scaffold equivalent to that of
L-745,870, analogous to haloperidol but with a D2DAR affinity
about 10-fold higher than that of the D4DAR. In this case, the
presence of the-OH on the piperidine ring changes the trend
of the AUTODOCK results, and the best orientation wasalong
the receptor. In the D2DAR, this position was strongly stabilized
by many polar interactions [ionic bond Asp3.32(114)-proto-
nated N, hydrogen bonds between Ser3.39(121)-piperidine OH
and Thr7.39(412)-indolic NH] and by the insertion of the
indolic ring between Phe7.38(411) and Phe6.51(389), pointing
toward the L2 region. In the D4DAR, the ligand loses all these
polar interactions and lacks the same aromatic stabilization in
the upper region, because of the presence of Leu3.28(111) and
Val7.35(430) instead of Phe110 and Tyr408.

The dimethyl-substituted phenylpiperidine614,15 is very
different with respect to the traditional selective D4DAR ligands,
like 3 and5: it is smaller and more lipophilic and does not fill

Figure 7. View of the interaction between D2DAR and D4DAR binding sites and the ligands dopamine,1, 2, and3.
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the channel of the dopaminergic receptor. The main interaction
hypothesized also for these compounds was the ionic bond
between the piperidinic nitrogen and Asp3.32.

The strong selectivity of this compounds for the D4DAR
suggested that it could be due to an interaction with the L2
region of this receptor, which was considered to be decisive
for D2DAR/D4DAR selectivity.

The automated docking which was performed by considering
two starting-point orientations, as above-described, showed that
the most favorable orientation is the one indicated in Figure 8,
i.e., roughly symmetric with respect to the dopamine one in
both receptors. Despite its small dimensions, this molecule
showed the same trend as the other bulky D4DAR selective
ligands: compound6 interacts with Asp3.32 in both the
dopaminergic subtypes, but in the D2DAR the interaction of
the lipophilic part of the ligand with the L2 domain shifts the
compound toward the extracellular region. In the D4DAR, the
phenylpiperidine is positioned in the inner part of the receptors

because of the lipophilic stabilization due to the nonpreserved
Phe2.61(91) and to Tyr7.43(438).

Very similarly to PPEs, their aliphatic derivatives, the CHPEs,
and in particular the 4-methyl-substituted derivative7,14,15show
a different arrangement in the D4DAR with respect to the
D2DAR. A deep insertion into the transmembrane domain of
the D4DAR is allowed also for this ligand, due to the favorable
interaction with the L2 region, while in the D2DAR compound
7 shifts toward the nonconserved Tyr7.35(408), assuming a very
unfavorable conformation of the cyclohexyl ring.

Conclusions

The molecular models of D2DAR and D4DAR were built to
explore the putative binding sites of these receptors and to
explain the different selectivity of the considered ligands despite
their great structural differences.

The models showed that the binding pocket in both the
D2DAR and the D4DAR is situated between residue 2.61 (a

Figure 8. View of the interaction between D2DAR and D4DAR binding sites and the ligands4-7.
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valine in the D2DAR and a phenylalanine in the D4DAR) and
serines 5.43 and 5.46.

The protonated aminic group commonly present in a dopa-
minergic ligand binds the Asp3.32; therefore, this residue is
generally considered to be mainly responsible for the affinity
of a ligand for both receptors.

The main difference between the two receptors seems to be
due to the lipophilic L2 region in the binding site (Figure 4),
which is situated in a different position in the two receptors:
in the D2DAR it is due to Phe3.28(110) and Tyr7.35(408),
corresponding in the D4DAR to Val3.28(111) and Val7.35
(430), while in the D4DAR the L2 region is due to Phe2.61-
(91), corresponding in the D2DAR to Val2.61(91).

Therefore, the selectivity toward the D4DAR with respect to
the D2DAR could be due to the ability of a D4DAR-selective
ligand to interact with the region near Phe2.61(91) of the
lipophilic region L2 of the D4DAR and this is confirmed by
mutagenesis data, which indicated that this residue is important
for the binding to D4DAR.

Some authors have hypothesized that the selectivity for
D4DAR might be explained on the basis of the presence of a
dense cluster of aromatic residues in the D2DAR within TM2-
TM3-TM7 near the extracellular side [Trp2.60(90), Phe3.28-
(110), Tyr7.35(408) and Phe7.38(411)], which could act as a
barrier preventing binding of bulky ligands. This hypothesis was
in agreement with the bulky structure of the more classical
D4DAR selective agents such as3 and4 but seems to be unable
to explain the affinity of small molecules for the D4 subtype.

The results of this study seem to suggest that the aromatic
cluster of the D2DAR, which in our model is localized about
in the same region of the previously quoted one, has a stabilizing
effect rather than a barrier role.

Raclopride (2) has a very small lipophilic portion close to
the protonated nitrogen, which can interact with the L2 region
of the D2DAR, and this could be the reason for its selectivity
for this receptor.

D4DAR-selective compounds3 and4, which are quite big
and lipophilic, can efficiently fill the whole cavity of the
D4DAR, between TM2 and TM5, and their aromatic substituents
allow an effective interaction with the L2 region. However,
compound5, despite its structural similarity to4, is a D2DAR-
selective ligand because it is stabilized by the L2 region of the
D2DAR, while it is unable to interact with the L2 region of the
D4DAR, due to the presence of a hydroxyl group: it prefers
another binding mode with respect to compounds3 and4.

PPE, 6, and CHPE,7, are small lipophilic dopaminergic
ligands, very different with respect to the traditional selective
D4DAR ligands. They are unable to fill the whole binding site,
but they have a structure in which there is the right distance
between the aminic group and the lipophilic portion to optimally
occupy the region between the L2 region and Asp3.32 of the
D4DAR, while this distance is too great to interact effectively
with the L2 region of the D2DAR.

They engage a strong interaction with the L2 region of the
D4DAR and in particular with Phe2.61(91): compound6, could
suggest that the nature of this interaction should be of an
aromaticπ-π stacking type, but the analogue binding mode
of compound7 and the favorable effect of the Phe2.61 on the
stabilization of its cyclohexyl ring rather indicates that also
another lipophilic group is able to efficiently interact with the
L2 region of D4DAR.

Therefore, a new basis for designing new selective D4 ligands
could be the difference of the distance L2 region-Asp3.32

between the D4DAR and the D2DAR rather than the molecular
hindrance of the ligands.

Experimental Section

Dopamine Receptors Modeling.The 3D X-ray crystallographic
structure of bovine rhodopsin registered in the Protein Data Bank60

(1F88)19 was used as a direct template to construct the dopaminergic
receptors, while all the primary sequences were retrieved from the
SWISS-PROT61 protein sequence database. The sequential align-
ment of rhodopsin and the human dopaminergic D2DAR and
D4DAR was performed by means of CLUSTAL W,22 using the
Blosum series as a matrix, with a gap open penalty of 10 and a
gap extension penalty of 0.05. The Psipred program23 was used in
order to verify the presence ofR-helices in our TM sequence
hypothesis. We omitted the IL3 loop in the sequences alignment,
because it is not decisive for ligand binding. For the IL1, EL1, and
EL3 loops we used the rhodopsin crystal structure as a template
because there was a sequence identity of about 30%. The alignment
of the EL2 loop on the rhodopsine one was not so good, but
nevertheless, we used this structure as starting point for the
molecular dynamics simulation because the Cys3.26-Cys182
disulfide bridge connecting the EL2 loop with TM3, which was
the main structural requirement, gave a strong limitation to the
conformational space. The alignment was in a good agreement with
previous works,20,21which had taken into consideration several TM
receptor sequences for alignment.

To refer to specific amino acids sequences, the numbering system
suggested by Ballesteros and Weinstein is used.62 The most highly
conserved residue in each transmembrane helix (TMH) is assigned
a value of 0.50 and this number is preceded by the TMH number
and followed in parentheses by the sequence number. The other
residues in the helix are given a locant value relative to this. The
3D models of D2DAR and D4DAR were constructed using the
MODELLER program,27 on the basis of the alignment obtained
from CLUSTAL W and Psipred analysis. The helices ends were
capped with an acetyl group at the N-terminus and with anN-methyl
group at the C-terminus. The whole system was then subjected to
preliminary minimization followed by 40 ps of heating and 1000
ps of MD, using a constraint with a decreasing force constant (10-
0.1 kcal/mol) on the Calfa to avoid changes in the general fold.
All the molecular mechanics and molecular dynamics calculations
were performed by means of the SANDER program of the
AMBER8 suite.63 In molecular mechanics calculations (MM) the
minimization algorithms were steepest descent followed by con-
jugated gradient until a convergence value of 0.005 kcal/Å‚mol; in
molecular dynamics simulations, the temperature was set at 300 K
and the time step was 1 fs. We used the SHAKE algorithm64 to
constrain the hydrogen bonds, with boundary conditions of constant
volume and a nonbond cutoff distance of 12 Å. The average
structure from the last 200 ps trajectory of MD was minimized
until a rms of 0.005 kcal/Å‚mol was reached. The stereochemical
quality of the resulting protein structures was evaluated by
inspection of theψ/æ Ramachandran plot obtained from PROCHECK
analysis.28 The MD snapshots were obtained through the PTRAJ
module of AMBER8.

Modeling of D2DAR- and D4DAR-Dopamine Complexes.
The dopamine was build in trans-â-rotamer conformation using the
Maestro program65 and then was minimized through the conjugated
gradient method using MMFFs force field and a distance-dependent
dielectric constant of 4.0, until a convergence value of 0.005 kcal/
Å‚mol.

Partial atomic charges from the AM1-BCC (bond charge
correction) method66 and AMBER atom types were assigned using
the ANTECHAMBER module67 of AMBER8.

Dopamine was manually docked into both receptors by maximiz-
ing the interactions hypothesized on the basis of the experimental
studies reported in the literature: the positively charged nitrogen
with Asp3.32, the meta OH of the cathecolic nucleus with Ser5.43,
and the para OH with Ser5.46. The resulting complexes were
submitted to the same protocol of molecular dynamics previously
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described. Besides the slight constraints on the CR, we applied a
constraint on the main ligand-receptor interactions with a decreas-
ing force constant (30, 20, 10, 1 kcal/mol) on the first 800 ps of
MD, leaving the ligand free in the last 200 steps. Also in this case,
a minimization was applied to the structure obtained as the average
of the last 200 ps.

Docking Procedure.The ligands were submitted to a confor-
mational search of 1000 steps through MACROMODEL,65 with
an energy window for saving structure of 10 kJ/mol. The algorithm
used was the Monte Carlo method with MMFFs as the force field
and a distance-dependent dielectric constant of 4.0. The ligand was
then minimized using the conjugated gradient method until a
convergence value of 0.005 kcal/Å‚mol, using the same force field
and dielectric constant used for the conformational search. The
atomic charges of the ligand were calculated by using the
ANTECHAMBER module of AMBER8 program.

Automated docking was carried out by means of the program
AUTODOCK 3.0; AUTODOCK TOOLS68 was used to identify
the torsion angles in the ligands, add the solvent model, and assign
partial atomic charges (Gasteiger for the ligands and Kollman for
the receptors). The regions of interest used by AUTODOCK were
defined by considering the residue Asp3.32 as the central group;
in particular, a grid of 80, 50, and 30 points in thex, y, and z
directions was constructed centered on the carbon CG of Asp3.32.
A grid spacing of 0.375 Å and a distance-dependent function of
the dielectric constant were used for the energetic map calculations.
Using the Lamarckian genetic algorithm, all docked compounds
were subjected to 100 runs of the AUTODOCK search, with the
starting positions schematized in Figure 6, in which the default
values of the other parameters were used. Cluster analysis was
performed on the docked results using an rms tolerance of 1.0 Å.
The selection of the right cluster for each ligand docked was
performed by choosing the best-populated cluster; in all the cases
this represented more than 50% of the entire population. For
compounds3-7, we compared the results of the docking performed
with both the starting orientations and choose the best-populated
cluster between the two docking runs. The resulting complexes were
submitted to the same protocol of molecular dynamics previously
described. An analysis of the side chains position showed no
considerable changes in their conformations, except for the Trp6.48
in the D2DAR and D4DAR complexes with compounds5-7, and
in the D4DAR-2 complex.

All graphic manipulations and visualizations were performed by
means of the programs Maestro65 and WebLabViewer.69
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