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A B S T R A C T

The dopamine D3 receptor has been implicated as a potential target for drug development in various

complex psychiatric disorders including psychosis, drug dependence, and Parkinson’s disease. In our

overall goal to develop molecules with preferential affinity at D3 receptors, we undertook a hybrid drug

development approach by combining a known dopamine agonist moiety with a substituted piperazine

fragment. In the present study, three compounds produced this way with preferential D3 agonist

activity, were tested at D3 receptors with mutations in the agonist binding pocket of three residues

known to be important for agonist binding activity. At S192A and T369V, the hybrid agonist compounds

produced an interaction profile in [3H]spiperone binding assays similar to that of the parent 5-OH-DPAT

and 7-OH-DPAT molecules. The loss of affinity at the S192A mutant was most prominent for 5-OH-DPAT

and its corresponding hybrid compound D237. D110N did not show any radioligand binding. Homology

modeling indicated that 7-OH-DPAT-derived D315 uniquely shares H-bonding with Tyr365 which

produced favorable interaction and no loss of H-bonding in the S192A mutant, suggesting that agonist

activity may not be solely controlled by residues in the binding pocket.

� 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Dopamine (DA) receptors have been targeted for drug
development for the treatment of various Central Nervous System
(CNS)-related psychiatric illnesses, neurodegeneration, drug
abuse, and other disorders [1,2]. DA receptors belong to a class
of G-protein coupled receptors (GPCRs), are found in the CNS and in
the periphery [3], and can be classified as being either D1-like or
D2-like. The D1 and D5 subtypes belong to the D1-like class, and the
D2, D3, and D4 subtypes are D2-like receptors. These classifications
have been made on the basis of receptor pharmacology and
function. Both D1-like and D2-like DA receptors share the same
effector molecule, adenylate cyclase. Upon receptor activation, D1-
like receptors activate adenylate cyclase, whereas D2-like recep-
tors inhibit it [4].
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We employed a novel hybrid structure approach by combining
known DA agonist moieties with the N-arylpiperazine moiety
derived from known D3 antagonists (Fig. 1) [5,6]. This design was
based on the assumption that the aminotetralin moiety would
interact with the agonist binding site in the DA receptor and the
arylpiperazine fragment would interact with the accessory binding
site residues in the D3 receptor to impart selectivity. Based on this
hybrid approach we were able to develop highly potent DA D2/D3
agonists, with some compounds being very selective for the D3
receptor [6–8]. Some of the representative molecules are shown in
Fig. 1. Our results prompted the proposal of a unique pharmaco-
phore structure for hybrid derivatives consisting of three
pharmacophoric centers [9].

In order to delineate binding of agonists at a molecular level to
D2 and D3 subtype receptors, site-directed mutagenesis studies
have been conducted [10–14]. These studies, concentrating on
potential binding residues in transmembrane (TM) domains 3, 5,
and 7 for receptor activation, found one aspartate residue in TM3
critical for activation by agonists in both D2 and D3 receptors;
depending on agonist and receptor subtype, three serine residues
in TM5 played a role; and a threonine in TM7 of D3 was important.
Specifically for D3, Asp110 in TM3 interacted with the basic N-
atom in DA and aminotetralin molecules, whereas Ser192 in TM5
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Fig. 1. Structures of D3 dopamine receptor–ligands.
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appeared to be crucial for receptor interaction and activation by a
ligand through hydrogen bonding with its hydroxyl group. Another
D3 mutation in TM7, T369V, significantly enhanced binding
affinity for (+)-7-OH-DPAT without significantly changing DA
binding [12]. The increase of binding of (+)-7-OH-DPAT to this
mutant was attributed to an increase in hydrophobicity as a result
of replacing threonine by valine. This observation is supported by a
study modeling the D3 receptor based on the rhodopsin structure
determined at 2.8 Å resolution [15]. Recently, homology models of
D2, D3, and D4 receptors were developed based on the more
closely related crystal structure of the b2-adrenergic receptor [16].
Docking in these models of compounds in which phenylpiper-
azines are linked to 7a-azaindole again pointed to the crucial role
of binding of the basic N-atom in the linker to the aspartate in TM3
(Asp110 in D3).

The present study focused on the role of three amino acids
namely Asp110, Ser192 and Thr369 in the agonist binding sites on
the D3 receptor as discussed above, and their proposed interac-
tions with our D3 preferring hybrid agonists, D315 (related to 7-
OH-DPAT), D237 (related to 5-OH-DPAT), and D264 (bioisosteric
version). In this study, three mutants of the D3 receptor were
prepared, D110N, S192A, and T369V, and studied for the ability of
ligands to inhibit [3H]spiperone binding. Finally, the mode of
binding of these compounds was analyzed by docking the
compounds to homology models of D3 wildtype (WT) and mutant
forms that were modeled based on the b2-adrenergic receptor.

2. Materials and methods

2.1. Materials

Sources of commercially available chemicals used in this study
are listed in the method descriptions in parentheses in Sections
2.2–2.4 below. If sources are not listed, chemicals were from Fisher
Scientific, Pittsburgh, PA. Three compounds were synthesized by
us; the synthetic routes and compound characterization are
described in detail for D237 ((S)-6-((2-(4-phenylpiperazin-1-
yl)ethyl)(propyl)amino)-5,6,7,8-tetrahydronaphthalen-1-ol) in
Ref. [7], for D264 ((S)-N 6-(2-(4-([1,10-biphenyl]-4-yl)piperazin-
1-yl)ethyl)-N 6-propyl-4,5,6,7-tetrahydrobenzo[d]thiazole-2,6-di-
amine) in Ref. [8], and for D315 ((R)-7-((2-(4-phenylpiperazin-1-
yl)ethyl)(propyl)amino)-5,6,7,8-tetrahydronaphthalen-2-ol) in
Ref. [9].

2.2. Site-directed mutagenesis

A clone (pCMV6:DRD3) containing a WT human DA receptor D3
cDNA (NM_000796) was purchased from OriGene Technologies
(Rockville, MD, USA). Site-directed mutagenesis was performed to
generate DRD3 D110N, S192A, and T369V mutants. Two comple-
mentary oligonucleotides incorporating the desired point mutations
were synthesized and purchased from Integrated DNA Technologies
(Coralville, IA, USA). The following primers were used: D110N, 50-
GTT TTT GTC ACC CTG AAT GTC ATG ATG TGT ACA GCC-30; S192A, 50-
GAT TTT GTC ATC TAC GCT TCA GTG GTG TCC TTC TAC-30; T369V, 50-
GAG CTT TAC AGT GCC ACG GTA TGG CTG GGC TAC GTG-30.
Mutagenesis was performed with the QuikChange mutagenesis kit
(Stratagene, Cedar Creek, TX, USA) according to the manufacturer’s
protocol. In brief, 50 ng of double-stranded DNA template
(pCMV6:DRD3) was mixed with a primer and its complementary
primer (0.4 mM each), 0.4 mM dNTPs, reaction buffer, and 2 units of
Pfu DNA polymerase in the final 25 ml reaction mixture. The mixture
was amplified by polymerase chain reaction (PCR). Initially the
reaction mix was incubated at 95 8C for 1 min. Cycles were as
follows: denaturation for 30 s at 95 8C, annealing for 1 min at 55 8C,
elongation for 14 min at 68 8C for 16 cycles. PCR products were
digested with 10 units of DpnI to remove the parental strands which
were not mutagenized. The digested PCR products were transformed
into Escherichia coli XL-1-blue cells by the heat shock method.
Mutagenesis was verified by DNA sequence analysis (New York
University, Skirball Institute of Biomolecular Medicine, DNA
Sequencing Facility, NY, USA).

2.3. Assessment of D3 binding affinity

Human embryonic kidney cells (HEK-293, ATCC CRL 1573) were
grown in Dulbecco’s modified Eagle’s medium (Sigma, St. Louis,
MO) supplemented with 10% bovine calf serum and 2 mM L-
glutamine at 37 8C and 5% CO2. For transient expression, cells were
seeded into 100-mm petri dishes and allowed to grow to 80%
confluence. Transfection was initiated by the addition of 16 mg of
the wildtype or mutant pCMV6-DRD3 construct along with 40 ml
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) in 2 ml Opti-MEM1

I reduced serum medium (Invitrogen, Carlsbad, CA). Receptor
binding assays were performed approximately 24 h after transfec-
tion. Transiently transfected cells were the source for preparation
of crude membranes as described before [6]. Binding assay
conditions conformed to those described as high-protein level in
our recent work [17]. In a total reaction volume of 0.2 ml,
[3H]spiperone (2–4 nM, final concentration, 15 Ci/mmol, Perkin
Elmer, Waltham, MA) and crude membranes (�40 mg of protein)
were incubated together with test compounds in assay buffer
(50 mM Tris–HCl, pH 7.4, with 0.9% NaCl, 0.025% ascorbic acid and
0.001% bovine serum albumin) for 1 h at 30 8C in 96-well plates on
a temperature-controlled shaker (Boekel scientific, Feasterville,
PA). (+)-Butaclamol (2 mM) was used as non-specific binding
definition. Assays were terminated by filtering through an ice-cold
glass fiber filtermat (PerkinElmer, Waltham, MA) in the Brandel-96
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Fig. 2. Pairwise sequence alignment of the dopamine D3 receptor (DRD3-HUMAN) and b-adrenergic receptor (BADRE-2RH1). Transmembrane (TM) forming residues are

shown in red (marked as TM1–8). Sequence similarity is shown with: or . and identity is shown with *. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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cell harvester, followed by liquid scintillation counting of
radioactivity trapped onto the filters [17]. Test compounds were
dissolved in pure dimethylsulfoxide (DMSO), and diluted down in
10% DMSO stocks, with a final DMSO concentration in the assay of
1%, which, by itself, did not inhibit binding. IC50 values were fitted
with Origin program and converted to inhibition constants (Ki) by
the Cheng–Prusoff equation [18].

2.4. Molecular modeling and simulations

The sequence of the human dopamine D3 receptor was aligned
with that of the b-adrenergic receptor using the sequence
alignment program ClustalW [19]. All the transmembrane regions
and IC1, IC2, and EC1 loop regions aligned well with the
corresponding regions of the b-adrenergic receptor (Fig. 2).
However, the extracellular loop (ECL) 2 and intracellular loop
(ICL) 3 in the b-adrenergic receptor are longer than the
corresponding loops of the D3 receptor. These loops were modeled
subsequent to imposing the B2AR structure onto D3 only for the
aligned regions between D3 and B2AR (shown in Fig. 2). Structural
models of the dopamine D3 receptor and the mutants S192A and
T369V were derived based on the crystal structure of the b-
adrenergic receptor (PDB code: 2RH1) [20] as a template with the
homology modeling program Modeller (ver 9.4) [21]. For the
wildtype and the two mutant models, hundred starting models
were built with modeller’s objective function. The structures were
then clustered using MOE (ver 2008.10, http://www.chemcomp.-
com) and a representative member from the highly populated
cluster was chosen for further studies. These best ranking
conformations were subjected to 5000 energy minimization steps
to relieve steric and geometric strains using NAMD (ver. 2) [22]
with CHARMM force field parameters [23]. Further refinement was
performed using molecular dynamics (MD) simulations with
periodic boundary conditions, under constant pressure and
temperature (1.01325 bar at 310 K) using the Nosé–Hoover
Langevin piston algorithm. The particle-mesh Ewald algorithm
was used for calculation of electrostatics. The integration time step
was 1 fs and structure recording interval was every 2000 steps
(=2.0 ps in MD). The models were subjected to 2 ns long MD
simulations using CHARMM force field adopted in NAMD program.
The first half of the MD simulation was performed with harmonic
constraints of K = 1000 kJ/mol/nm on all heavy atoms which were
relaxed during the next half of the simulation. The final 500 ps of
the production run was obtained without any constraints. The
wildtype and mutant models were then subject to normal mode
analysis to compute the most flexible conformations obtained by
perturbations along the low frequency normal modes. The elastic
network model was used to compute the models by perturbing the
system along the chosen low frequency vibrational mode [24]. The
elNemo webserver (http://igs-server.cnrs-mrs.fr/elnemo/
start.html) was used for computation of these models with the
default values for displacement vectors. The first five low
frequency modes were considered for each model and all the
resulting conformations were used for docking studies. Ligands
D237, D264, D315, D323 and 7-OH-DPAT were built using builder
module and their structures were minimized using Merck force
field (MMFF94) [25] and Gasteiger charges [26] as adopted in MOE
(Ver 2008.10). Further conformational analysis for each of the five
compounds was performed using stochastic search method
adopted in MOE. Conformations are generated by random rotation
of the bonds (in this study, the ring bonds were excluded) using a
bias of �308 for dihedral angle rotation. In addition a Cartesian
perturbation of 0.4 Å was also applied and the search was
terminated when the number of failures reached 1000 in a row.
Only those conformations that succeeded these stringent criteria
were stored and clustered based on their energy. Representative
member from the most populated cluster was chosen for further
optimization using the AM1 semi-empirical quantum chemical
method adopted in MOE. The optimized conformations were used
for further docking experiments. Compounds D237, D264, D315,
D323 and 7-OH-DPAT were docked to all five conformations of
each model (wt, S192A, T369V) using docking software Gold (ver
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Table 1
Affinity for human D3 receptors transiently expressed in HEK-293 cells, as

measured by inhibition of [3H]spiperone binding.

Compound Kd (spiperone) or Ki (other compounds) (nM) in inhibiting

[3H]spiperone binding

WT S192A T369V D110N

Spiperone 0.329�0.131 0.332� 0.136 0.203�0.093 NA

7-OH-DPAT 5.64�0.50 28.1�2.7* 2.40�0.08* NA

D315 0.503�0.082 3.16� 0.55* 0.310�0.064 NA

5-OH-DPAT

(D323)

5.94�1.80 110�32* 5.29�1.54 NA

D237 3.65�0.32 40.0�2.2* 3.28�0.72 NA

D264 5.81�1.22 15.5�2.0* 9.14�1.21 NA

NA: not active; [3H]spiperone binding was not detectable in 3 independent

experiments.

Data are expressed as mean� S.E.M. for 3–4 independent experiments, each

performed in triplicate.
* P<0.05 compared with WT (one-way ANOVA followed by Dunnett’s multiple

comparisons test).
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4.1) [27]. Twenty independent runs were performed for each
ligand and all the docked complexes (3 � 5 � 20 = 300) were
scored using Goldscore [27], chemscore [28] and customized
scoring scheme [29]. The customized scoring scheme was designed
to identify correct binding modes of the ligand by scoring the
known interactions such as the salt bridge with Asp110 and
aromatic interactions with the aromatic residues from TM5, TM6
and TM7 positively and penalizing reversed binding modes. Finally
the docked complexes were ranked based on a consensus scoring
scheme described in detail in Kortagere and Welsh [29]. The
consensus docking score of an active compound j with i

conformations was computed as

Si; j ¼max
X20

j¼1

wi j � si j (1)

The values of Si,j was computed for each of the five receptor
conformations for the wt, S192A and T369V models and sij is the
original Goldscore for the compound i in its jth conformation and
wi j is the custom score for compound i in jth conformation. The
best ranking conformation was chosen based on the final
consensus score that produced the maximum value for Si,j.

3. Results and discussion

3.1. Ligand interactions with WT and mutant hD3 receptor

Mutation of Asp110 to Asn abolished the capability of the hD3
receptor to bind [3H]spiperone (data collected in 3 independent
experiments, Table 1). This correlates with the lack of agonist or
antagonist binding to the hD2 receptors in which the correspond-
ing Asp114 was mutated to either Asn or Gly [14]. Mutation of
Ser192 to Ala (S192A) in hD3, while not changing the Kd of
[3H]spiperone binding, appreciably decreased the affinity (in-
creased Ki) of all agonists 3- to 18-fold (Table 1). This suggests a
direct role for Ser192 in agonist binding, borne out in homology
modeling described below for each compound separately (Sections
3.3–3.7). In contrast, Thr369 appeared much less important for
agonist interaction as judged from little or no effect of the T369V
mutation on inhibition by agonists of [3H]spiperone binding (Table
1). This mutation also did not affect the Kd of antagonist binding.
The Ki observed here for D237 in interacting with hD3 is somewhat
higher than our previously published value for its interaction with[(Fig._3)TD$FIG]
Fig. 3. Structural superposition of hD3 wildtype (green) and hD3 S192A mutant (purple

ribbons. The ligand D315 is docked to the wildtype and S192A mutant and is rendered in

parallel to the membrane. (B) Top view from the membrane (to show the position of the l

color in this figure legend, the reader is referred to the web version of this article.)
rD3 [7], possibly due to the species difference or the different batch
of radioligand.

3.2. Overall findings in homology docking studies

The WT and the mutant D3 receptor were modeled based on the
crystal structure of the b-adrenergic receptor (B2AR). A structural
superpositioning of the backbone atoms from WT and mutant
models with the B2AR resulted in a root mean square deviation of
2.6 and 2.8 Å respectively (Fig. 3A). The largest variation in the
structures was observed in loop regions and in the binding site
residues. The ECL2 folds over the transmembrane region in the
B2AR and is significantly different in structure from that of
rhodopsin [30]. Certain residues from ECL2 are also known to
interact with the ligand in other biogenic amine receptors [31,32].
In our models for WT and mutant forms, the ECL2 folds over the
ligand binding domain and interacts with the ligands (Fig. 3A).
D315 binds in a slightly modified conformation in the WT and
mutant forms (Fig. 3B). This could be due to the flexibility of the
extended ligand structure versus the native 7-OH-DPAT and also
could be due to insufficient sampling of the receptor–ligand
complex. Long time scale MD simulations are needed to derive
effective conclusions about the nature of binding of the ligand in
WT and mutant models.
) onto the b-adrenergic receptor crystal structure (red). Receptors are rendered in

ball and stick model and colored atom type (C: cyan, O: red and N: blue). (A) Mode

igand, the loops regions were sectioned out). (For interpretation of the references to
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Fig. 4. Schematic description of the binding mode and interactions of (A) hD3 wildtype with 7-OH-DPAT, (B) hD3 S192A mutant with 7-OH-DPAT, (C) hD3 wildtype with 5-OH-

DPAT (D323), (D) hD3 S192A mutant with 5-OH-DPAT (D323), (E) hD3 wildtype with D237, (F) hD3 S192A mutant with D237, (G) hD3 wildtype with D264 and (H) hD3 S192A

mutant with D264. The binding site residues are colored by their nature, with hydrophobic residues in green, polar residues in purple and charged residues highlighted with bold

contours. Blue spheres and contours indicate matching regions between ligand and receptors. Hydrogen bonded interactions are shown by green arrows, ionic interactions in

magenta lines and pi-pi interactions in green lines extending across the two six membered rings. The figures were generated using the LIGX module of MOE program.
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In many cases, analysis of the docking modes of the present
agonists toWTtypereceptormaintainedconserved interactionssuch
as the salt bridge with Asp110 and aromatic stacking interactions
with His349, and hydrogen bonded interactions with S192 and Y365
(Fig.4).MutationofAsp110alsoledtolossofbindingoftheantagonist
[3H]spiperone consistent with reported lack of antagonist/agonist
binding following mutation of the corresponding Asp residue in hD2
[14]. Interactions with T369 were found to be mainly between the
main chain carbon atoms of T369 with the hydrophobic groups of the
ligands.Hence mutation of T369toVal hadno significanteffect on the
binding affinity of the ligands except in the case of 7-OH-DPAT which
showed a modest gain (2-fold) in potency. The latter gain was less
than the 9-foldgainreported byLundstromet al. [12], and the present
modest effect is in line with our homology modeling results (see
Section 3.8 below). It was proposed by Varaday et al. [15] that a 16-
foldgain in affinity (in fact itwas 9-fold [12]) might bedue tothe close
proximity of the methyl group of valine to the propyl group of 7-OH-
DPAT resulting in production of hydrophobic interaction, but the
difference between their homology modeling and ours lies in it being
based on the then available rhodopsin crystal versus the more
recently published b2-adrenergic receptor which more closely
resembles the mammalian hD3 receptor. In addition, our binding
studies did not uncover the pronounced effect of T369V mutation as
reported by Lundstrom et al. [12].
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Fig. 5. Schematic comparison between D315 docked to (A) wildtype dopamine D3 receptor and (B) S192A mutant dopamine D3 receptor. The color code for the schematic is

the same as in Fig. 4. The figure was generated using LIGX module of MOE program.
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3.3. Docking of 7-OH-DPAT and effect of S192A mutation

The agonist 7-OH-DPAT binds to the WT hD3 receptor with a Ki

of 5.6 nM. It maintains a conserved salt bridge with Asp110 and
aromatic stacking interactions with His349 and a hydrogen bond
with Ser192 (Fig. 4A). In the S192A mutated form the compound
reorients itself to form hydrogen bond with Ser196, while
maintaining salt bridge interaction with Asp110 (Fig. 4B). Howev-
er, due to the reorientation, the ligand loses the favorable pi-
stacking interaction with His349 (Fig. 4B). In the binding
experiments, a loss of approximately 5-fold in activity was
observed (Table 1).

3.4. Docking of 5-OH-DPAT and effect of S192A mutation

5-OH-DPAT has favorable interactions with His349 and Ser192,
and maintains the critical Asp110 salt bridge (Fig. 4C). In the S192A
mutant, there is a loss of hydrogen bond with the hydroxyl group
that is not compensated by other residues and the reorientation
also leads to uncompensated loss of stacking interactions with
His349 (Fig. 4D). The binding experiments indicate an 18-fold
decrease in activity (Table 1).

3.5. Docking of D237 and effect of S192A mutation

D237 which is a 5-hydroxy derived derivative, exhibited a
similar profile as 5-OH-DPAT with the rest of the molecule adding
marginally to its affinity for the D3 receptor compared to 5-OH-
DPAT. However, we see a bifurcated salt bridge with the piperazine
nitrogen and the protonated tertiary amine (Fig. 4E). Similar to 5-
OH-DPAT, there is an uncompensated loss of a favorable hydrogen
bonded interaction in the S192A mutant receptor (Fig. 4F).
However, both Ser196 and His349 are positioned at 3.9 and
3.7 Å respectively and may contribute to some favorable electro-
static interactions, but not hydrogen bond (Fig. 4F). A loss of 10-
fold in binding activity was observed (Table 1).

3.6. Docking of D264 and effect of S192A mutation

D264 has a similar activity profile in the WT receptor to that of
7-OH-DPAT with favorable interactions with aromatic cluster from
TM5 and TM6 namely His349 and Phe162 (Fig. 4G). There is a
bifurcated salt bridge with piperazine nitrogen and the tertiary
protonated nitrogen with Asp110 of the receptor. Similarly, a
bifurcated hydrogen bond interaction is seen with the nitrogen
atoms of the thiazolidium ring with Ser192. In the S192A mutant
forms, the ligand loses the hydrogen bond with S192 but maintains
the same with Thr369 (Fig. 4H). Overall, its binding activity shows
a minor loss of 2-fold (Table 1).

3.7. Docking of D315 and effect of S192A mutation

D315 which is a 7-hydroxy derived compound, exhibited a 10-
fold higher activity compared to 7-OH-DPAT at WT (Table 1).
Although D315 was designed based on 7-OH-DPAT with a similar
structural component of a tetralin agonist binding moiety in the
molecule, the extended structure seems to have an effect on the
overall conformation of the ligand. This seems to be facilitated by
the favorable positioning of the OH group that has favorable
hydrogen bonded interactions with Tyr365 and aromatic – pi
interactions with His349 and conserved salt bridge with Asp110
(Fig. 5a). In a small fraction of the conformations, the OH group had
hydrogen bonded interactions with Ser193 (not shown). Ser192 is
positioned at 3.6 Å from the ligand and has polar interactions with
tertiary nitrogen. In the S192A mutant receptor, the ligand
maintains its hydrogen bonded interactions with Tyr365 and
the salt bridge with Asp110 (Fig. 5b). Although the ligand retains
the hydrogen bond interaction it loses the stacking interactions
with His349 albeit some hydrophobic interactions with His349
which could explain a 6-fold loss in activity (Table 1).

3.8. Effect of T369V and S192A mutation

In contrast to S192A mutation, T369V mutation had little or no
impact on agonist binding to hD3. For Ser192, comparison of
docking studies between WT and S192A mutant receptor shows
that in addition to loss of hydrogen bonding interactions with
Ser192 when mutated to Ala, the receptor also seems to undergo
conformational changes that affect other residues in the binding
pocket such as His349 that contribute significantly to the agonist
activity of the ligands [12]. In the case of D315, our model suggests
that the hydroxyl group tends to form hydrogen bonded
interactions with Tyr365 in the wildtype and S192A mutant
receptor (Fig. 5). This could suggest that the agonist activity of the
ligand may not be solely controlled by serine residues in the
binding pocket and that other hydrogen bonding partners could
provide such interactions. This hypothesis will be further
confirmed by a follow-up future mutant study.
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4. Conclusion

In this report, we have carried out site-directed mutagenesis
studies with the DA D3 receptor to study molecular interactions of
D3 preferring hybrid agonist molecules at the receptor level.
Docking of molecules in both WT and mutant D3 receptors was
carried out by homology modeling, and binding affinity of the
compounds was assessed by radioligand receptor binding studies.
Our studies demonstrated that the mutation of Ser192 to Ala led to
a loss of activity for all agonist compounds with the most
pronounced loss occurring in 5-hydroxy derived molecules D237
and 5-OH-DPAT. In this regard, S192 in the D3 receptor has been
implicated in critical H-bonding with the catechol moiety in the DA
molecule [11]. On the other hand, T369V mutation resulted in little
or no change in binding affinity compared with WT except in the
case of 7-OH-DPAT where it produced a 2-fold increase of binding
affinity. This is contrary to an earlier reported finding where a
much higher affinity was found in T369V than in WT for 7-OH-
DPAT [12]. The mutant D110N did not bind [3H]spiperone at all.
Homology modeling study indicated that 7-OH-DPAT-derived
D315 might uniquely share H-bonding with Tyr365 which
produced favorable interaction and no loss of H-bonding in the
S192A mutant. Overall, the results indicate that our hybrid agonist
molecules, similar to the original 7-OH-DPAT and 5-OH-DPAT
molecules, display interaction profiles with the residues in the D3
receptor previously shown to be critical for agonist binding.
Further site-directed mutagenesis studies will be carried out in the
future to map out more interaction sites beyond the agonist
binding pocket for these hybrid D3 preferring agonist compounds.
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[22] Kalé LS, Bhandarkar R, Brunner M, Gursoy R, Krawetz A, Phillips N, et al.
NAMD2: greater scalability for parallel molecular dynamics. J Comput Phys
1999;151:283–312.

[23] Brooks BR, Bruccoleri RE, Olafson BD, States DJ, Swaminathan S, Karplus M.
CHARMM: a program for macromolecular energy, minimization, and dynam-
ics calculations. J Comput Chem 1983;4:187–217.

[24] Tama F, Sanejouand YH. Conformational change of proteins arising from
normal mode calculations. Protein Eng 2001;14:1–6.

[25] Halgren TA. Merck molecular force field. I. Basis, form, scope, parameteriza-
tion, and performance of MMFF94. J Comput Chem 1996;17:490–519.

[26] Gasteiger J, Marsili M. Iterative partial equalization of orbital electronegativi-
ty—a rapid access to atomic charges. Tetrahedron 1980;36:3219–28.

[27] Jones G, Willett P, Glen RC, Leach AR, Taylor R. Development and validation of a
genetic algorithm for flexible docking. J Mol Biol 1997;267:727–48.

[28] Eldridge MD, Murray CW, Auton TR, Paolini GV, Mee RP. Empirical scoring
functions: I. The development of a fast empirical scoring function to estimate
the binding affinity of ligands in receptor complexes. J Comput Aided Mol Des
1997;11:425–45.

[29] Kortagere S, Welsh WJ. Development and application of hybrid structure based
method for efficient screening of ligands binding to G-protein coupled recep-
tors. J Comput Aided Mol Des 2006;20:789–802.

[30] Costanzi S. On the applicability of GPCR homology models to computer-aided
drug discovery: a comparison between in silico and crystal structures of the
beta2-adrenergic receptor. J Med Chem 2008;51:2907–14.

[31] Kortagere S, Roy A, Mehler EL. Ab initio computational modeling of long
loops in G-protein coupled receptors. J Comput Aided Mol Des 2006;20:
427–36.

[32] Shi L, Javitch JA. The second extracellular loop of the dopamine D2 receptor
lines the binding-site crevice. Proc Natl Acad Sci USA 2004;101:440–5.


	Interaction of novel hybrid compounds with the D3 dopamine receptor: Site-directed mutagenesis and homology modeling studies
	Introduction
	Materials and methods
	Materials
	Site-directed mutagenesis
	Assessment of D3 binding affinity
	Molecular modeling and simulations

	Results and discussion
	Ligand interactions with WT and mutant hD3 receptor
	Overall findings in homology docking studies
	Docking of 7-OH-DPAT and effect of S192A mutation
	Docking of 5-OH-DPAT and effect of S192A mutation
	Docking of D237 and effect of S192A mutation
	Docking of D264 and effect of S192A mutation
	Docking of D315 and effect of S192A mutation
	Effect of T369V and S192A mutation

	Conclusion
	Role of the funding source
	References


