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Abstract D3 receptor, a member of dopamine (DA) D2-like
receptor family, which belongs to class A of G-protein
coupled receptors (GPCRs), has been reported to play a
critical role in neuropsychiatric disorders. Recently, the
crystal structure of human dopamine D3 receptor was
reported, which facilitates structure-based drug discovery
of D3R significantly. We dock D3R-selective compounds
into the crystal structure of D3R and homology structure of
D2R. Then we perform 20 ns molecular dynamics (MD) of
the receptor with selective compounds bound in explicit
lipid and water. Our docking and MD results indicate the
important residues related to the selectivity of D3R. Specif-
ically, residue Thr7.39 in D3R may contribute to the high
selectivity of R-22 with D3R. Meanwhile, the 4-carbon
linker and phenylpiperazine of R-22 improve the binding
affinity and the selectivity with D3R. We also dock the
agonists, including dopamine, into D3R and perform MD.
Our molecular dynamics results of D3R with agonist bound
show strong conformational changes from TM5, TM6, and
TM7, outward movement of intracellular part of TM6, fluc-
tuation of “ionic lock” motif and conformational change of
Tyr7.53, which is consistent with recent crystal structures of
active GPCRs and illustrates the dynamical process during
activation. Our results reveal the mechanism of selectivity
and activation for D3R, which is important for developing
high selective antagonists and agonists for D3R.
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Introduction

The biogenic amine dopamine is a major neurotransmitter in
the central nervous system that plays a critical role in move-
ment, cognition, and emotion [1, 2]. Imbalance of the dop-
aminergic system is implicated in several neurological and
neuropsychiatric disorders, such as Parkinson’s disease, Hun-
tington’s disease, schizophrenia, Tourette’s syndrome, and
drug abuse [1, 3–7]. All dopamine receptor subtypes belong
to class A of G-protein coupled receptors [8–10] (GPCRs)
super family, and are divided into two families [11, 12] due to
the basic pharmacological profiles: D1-like receptors includ-
ing the dopamine D1 and the D5 receptors, are characterized
by activation of adenyl acetyl cyclase mediated by stimulatory
Gs protein, while D2-like receptors consist of the dopamine
D2, D3 and D4 receptors, which couple to inhibitory Gi/o

proteins and inhibit adenyl cyclase [13, 14].
The D3 dopamine receptor is a member of the D2-like

receptor family, which was discovered by Sokoloff and his
colleagues in 1990 [15], reporting to play a critical role in
neuropsychiatric disorders [16, 17]. It has been revealed to
be a therapeutic target for antipsychotic and antiparkinso-
nian drugs. High degrees of sequence identities are within
the trans-membrane helices among D2-like receptor [2, 13,
16, 18–21], especially between D2R and D3R. Importantly,
the near-identity of the residues inferred to form the binding
site among them produces a formidable challenge to devel-
oping D3R-selective compounds with drug-like physico-
chemical properties. It is a great challenge to identify
selective dopamine D3 receptor ligands with high binding
affinities and understand the pharmacological role of D3R.
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To date, some D3R-selective compounds have been devel-
oped and they are in ongoing clinical trials as potential
therapeutics. BP 897 is initially identified as a partial agonist
but later displays an antagonist property [22–26], SB
277011A [27–34], NGB 2904 [29, 32, 34–37], R-22 [1,
12, 38] and SB 269,652 [38–40] are classified into D3R-
selective antagonist too.

Although, the structure-activity relationships (SARs) have
been utilized to develop ligands for dopamine receptors, it is
very difficult to design high selective compounds without
high resolution crystal structure of dopamine receptors.
Recently, the crystal structure of the human D3R was reported
[1], which makes structure-based methodologies plausible to
develop high selective compounds for D3R. We dock selec-
tive compounds and agonist into D3R and D2R and perform
molecular dynamics. Our results reveal the mechanism of
selectivity and activation for D3R, which is important for
developing high selective antagonists and agonists for D3R.
Section 2 is the methods. Section 3 includes the results and
discussion. Section 4 is the summary.

Methods

Homology modeling

The crystal structure of human D3R (PDB entry: 3PBL,
resolution 2.89 Å) [1] is used as the template to construct
the human D1R, D2R and D4R receptors. The sequences of
the human D1R, D2R and D4R are retrieved from GenBank
(P21728, P14416, and P21917) (http://www.uniprot.org/
uniprot/). The sequences are aligned based on the sequence
analysis of dopamine D2-like receptor family. Then we build
the homology model of D1R, D2R and D4R by using Dis-
covery Studio [41]. Chain A of D3R in the crystal structure is
used as the template to build the homology models.

Once the 3D models are generated, energy minimization is
performed for these receptors before dockings and molecular
dynamics simulations. Structural evaluation and stereochem-
ical analyses are performed using proSA-web Z-scores [42]
and PROCHECK Ramachandran plots [43]. Furthermore,
root mean squared deviation (RMSD), superimposition of
query and template structure, and visualization of generated
models are performed using UCSF Chimera 1.5.3 [44].

Histidine residue is the only one which ionizes within the
physiological pH range (∼7.4). To determin the protonation
states for histidines, we use “the PROPKAweb interface” to
predict protein ionization and residue pKa values. Com-
pared with the pKa of histidines in the output file, we find
all the pKa values of histidines (5.86, 6.38, 5.11, 6.48, and
6.42, respectively) are lower than the pKa value of the
model (6.50), especially the pKa value of His6.55 is the
lowest (5.11), so we decide not to protonate the histidines.

Construction for the 3D model of receptor-ligand complex

The dock program CDocker and DS [41] Catalyst Score are
applied to construct receptor-ligand complexes. The center of
the binding site of the receptor is set at the center of the ligand in
the crystal structure of human D3R with a radius of 13 Å, large
enough to cover the binding pocket. CDocker [41] is a grid-
based molecular docking method that employs CHARMM
[45]. The receptor is held rigid while the ligands are allowed
to flex during the refinement. For pre-docked ligands, prior
knowledge of the binding site is not required. It is possible,
however, to specify the ligand placement in the active site using
a binding site sphere. Random ligand conformations are gen-
erated from the initial ligand structure through high temperature
molecular dynamics, followed by random rotations. The ran-
dom conformations are refined by grid-based simulated anneal-
ing and a final grid-based or full forcefield minimization. The
RMSD between our docking structure of D3R with doxepin by
using CDocker [41] and the crystal structure is 1.23 Å, more
details can be found in supplementary Fig. S1.

MD simulations

The proteins are embedded in a pre-equilibrated (66 by 66 Å)
and periodic structure of 1-palmytoil-2-oleoylsn-glycero-3-
phosphatidylcholine (POPC). The lipid molecules within
5 Å of the complex are eliminated. Then we insert it into a
water box (TIP3P [46] water model) and eliminate the waters
within 5 Å of the lipid and protein. The molecular dynamics
simulation system is built up by using VMD [47–51].

The whole system (Fig. 1) includes the protein, 100 lipid
molecules, ∼6617 water molecules, and eight chlorine ions
for a total of ∼31,961 atoms per periodic cell. The box size
is 66 Å by 66 Å by 75 Å. The system is first equilibrated for
500 ps with the protein fixed. Then the protein is released
and another 500 ps equilibration is performed.

Starting from the last frame of the equilibration, we
perform 20 ns molecular dynamics simulation. Three inde-
pendent MD trajectories of each system are performed in the
present work. The MD simulations are performed using the
NAMD [52] package (version 2.7b2) with CHARMM27
[45, 53, 54] force field for the studied complex with explicit
water and periodically infinite lipid. Electrostatics are calcu-
lated using the particle mesh Ewald [55] (PME) method
with a 12 Å non-bonded cutoff and a grid spacing of 1 Å
per grid point in each dimension. The van der Waals ener-
gies are calculated using a smooth cutoff (switching radius
10 Å, cutoff radius 12 Å). The temperature and pressure are
kept constant using a langevin thermostat and langevin
barostat, respectively. The time step of three independent
MD trajectories of each system is set to 1 fs. The data is
saved every 10 ps for analysis. 20 ns MD simulation is
performed under a constant temperature of 310 K and a
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constant pressure of 1 atm. Trajectory analyses are carried
out with VMD [47].

Results and discussion

Area per lipid and membrane thickness

In the molecular modeling study of a lipid bilayer, the cross-
sectional area per lipid and the membrane thickness are
adequate indicators of the bilayer thermal equilibration.

Bilayer thickness is evaluated as the distance between the
average positions of phosphorus atoms in the two leaflets of a
bilayer. The average phosphorus-phosphorus distance in the
POPC bilayer is 40.5±1.6 Å (three independent trajectories of
each system). Average cross-sectional area/POPC is ∼63.9±
1.3 Å2 in POPC bilayer. The values of cross-sectional area per
lipid and the membrane thickness is in agreement with the
recent study [56], and three independent simulations of each
system share most of the similarities (see the following discus-
sions), which indicates our system is equilibrated. Snapshot of
the POPC bilayer at the end of the respective 20 ns trajectory is
shown in Fig. 2.

Sequence similarity and structure similarity among D2-like
receptor family

As members of the class A rhodopsin-liked GPCRs, D2-like
receptors share the same topology and important motifs,
which are composed of seven trans-membrane helices

(TM1-TM7) connected by intracellular loops (IL1-IL3)
and extracellular loops (EL1-EL3). According to the known
crystal structures including crystal structure of the human
D3R, another short helix (TM8), is directly connected to the
seventh trans-membrane helix. The huge intracellular loop 3
(IL3) is the main difference among the D2-like receptors.
Several spice variants have been revealed on the different
subtypes based on the IL3: there are three splice variants of
the D2 receptors (D2short, D2long and D2longer), two variants
of D3 receptors for mice (D2L and D2S), and several trun-
cated isoforms and a frame-shifted splice variant (D3nf) in
human, while D4 receptors have three polymorphic varia-
tions including D4.2, D4.4 and D4.7.

A sequence alignment of the D1 and D2-like receptors
reveals a moderate sequence identity: ∼28 % between D2

and D4, ∼29.3 % between D3 and D4 receptors, while the
sequence identity between D3 and D2 receptors is signifi-
cantly high (∼44 %). Sequence similarities are higher than
sequence identities: 40.2 % for D2/D4, 41 % for D3/D4 and
51 % for D3/D2. Focusing on the TM regions as the relevant
interaction sites for ligand recognition, sequence identity is
increased to 50.2 % for D2/D4, 53 % for D3/D4 and 79 % for
D3/D2 receptors. Sequence similarities are 72 % for D2/D4,
73 % for D3/D4 and 90 % for D3/D2 receptors, respectively.
Due to the high sequence similarity between D2 and D3

receptors, it remains a challenging task to develop D3/D2

selective compounds. The recent crystal structure of D3R
provides us the structure information to develop D3/D2

selective compounds and facilitates drug development for
D2-like receptors significantly.

Binding of antagonists and selectivity of D3R

Using the recent crystal structure of the human D3R as
template, we construct homology models of D1, D2 and D4

receptors. Chain A of D3R in the crystal structure is used as
the template to build the homology models.

Fig. 1 The molecular dynamics simulation box of D3R with lipid and
water. The snapshot shown above is after 20 ns of equilibration. The
EC region is at the top

Fig. 2 Snapshot of the POPC bilayer at 20 ns of MD simulation
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After minimization of the four receptors and D3R-
selective compounds, which include BP 897, NGB 2904,
R-22, SB 277011A and SB 269,652, we use CDocker pro-
gram in Discovery Studios to dock the ligands into the four
receptors (Table 1).

Our docking results (Table 1) show that the docking scores
of CDocker_Energy of BP 897 with D3, D1, D4 and D2 recep-
tors are -22.5, -6.8, 8.7 and 12.2 kcal mol-1, respectively. The
CDocker_Energies indicate that BP 897 binds stronger to D3

receptor than other receptors, which is consistent with binding
affinities. BP 897 binds into dopamine D3 receptor with high
affinity (Ki01.1 nM). Meanwhile, BP 897 binds dopamine D2

receptor with lower affinity (Ki061 nM), which shows that BP
897 is a high selective compound for D3 receptor.

CDocker_Energies of NGB 2904 with D3, D1, D4 and D2

receptors are -11.1, 16.3, 39.7 and 31.8 kcal mol-1, respectively.
NGB 2904 binds selectively to D3 receptor, and binds stronger
to D2 than D4. This agrees with the SAR results: the binding
affinity of NGB 2904 with D3 receptor is (Ki01.4 nM) and
NGB 2904 binds D3 receptor 150-fold stronger than D2 recep-
tor, >800-fold stronger with rat D3 than with rat D2 receptor.

CDocker_Energys of R-22 with D3, D1, D4 and D2

receptors are -31.9, -21.4, 16.6 and -3.1 kcal mol-1, respec-
tively. R-22 shows it binds D3 with the highest affinity (Ki0
1.1 nM) and binds 394-fold stronger with D3 than D2

receptor or D4 receptor (D2:Ki 0433 nM/ D4:Ki03433 nM).
For SB 277011A, CDocker_Energies with D3, D1, D4

and D2 receptors are -19.9, 18.9, 34.9 and 91.7, respectively.
SB 277011A is a potent (Ki010 nM) and selective (∼100-
fold vs D2) D3 receptor antagonist and has been reported to
be at least 100-fold selective over 60 receptors including
other D2-like receptors.

CDocker_Energies of SB 269,625 with D3, D1, D4 and
D2 receptors are -32.9, -3.55, 19.5 and 25.6 kcal mol-1,
respectively. The pKi of SB 269,625 with hD2, hD3 and
hD4 are 5.04, 8.73, and <5 respectively.

These results indicate that these five ligands are selective
for D3 receptor. In order to understand the mechanism of the

selectivity, we dock R-22 to the crystal structure of D3

receptor and homology structure of D2 receptor in the same
binding site, as shown in Fig. 3.

To compare the residues involved in binding R-22 from
D2R and D3R, we align the binding sites as shown in
Fig. 4. We can see that the core part of R-22 (2,3-
diCl-phenylpiperazine) locates among the TM3, TM5,
and TM6, whereas the indole-2-carboxamide terminus
is oriented toward the extracellular part of the binding
pocket composed by EL2 and the junction of TM1,
TM2 and TM7.

Our results show that Asp3.32 of D3R or D2R interacts
strongly with R-22 (forming the salt bridge), and Asp3.32 is
conserved in many GPCRs.

Our results also show that Val3.33, Trp6.48, Phe6.51,
Phe6.52 and His6.55 form favorable interactions with R-22.
This agrees with the recent docking experiments [16–18, 20,
23, 25, 26, 29, 30, 57, 58], which show that the D3 ligands
bind to a primary recognition site provided by crucial micro-
domains of TM3, TM5 and TM6 and form favorable con-
tacts with Asp3.32, Val3.33, Trp6.48, Phe6.51, Phe6.52 and
His6.55. Our docking results are consistent with mutation
results. V3.33S significantly decreases the binding affin-
ity of the ligands [4, 16, 18]. Mutation of F6.51A
(∼33.7-fold) or F6.51C (∼83.5-fold) also affects the bind-
ing significantly [4, 16, 18]. W6.48 C leads to more than
a 1350-fold decrease of the affinity [4, 16, 18]. Mean-
while, H6.55A causes a 180-fold increase of the binding
affinity, and H6.55L in the D3R will decrease the bind-
ing affinity significantly [4, 16, 18]. Based on our dock-
ing results, a substantial destabilization of the aromatic
cluster in TM6 is responsible for the effects of these
mutations.

We find that two important residues in EL2 interact directly
with R-22 in D3R, Cys5.31 (Cys181) and Ser5.32 (Ser182), which
correspond to Cys5.31, and Ile5.32 in D2R. Ser5.32 in D3R
interacts directly with R-22, but not for the corresponding
residue Ile5.32 in D2R. Meanwhile, recent SARs studies show

Table 1 The docking scores of different ligands to different receptors
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that Ser5.32 at the D3R is involved in D2/D3 subtype selectiv-
ity, which is supported by our docking results.

In addition, we find that Tyr7.35, Ser7.36, Thr7.39, Tyr7.43,
Tyr1.39, Val2.61 and Glu2.65 also contact with R-22, which is
in agreement with the recent molecular docking experiments
[4, 14, 16, 18, 20]. Those docking results showed that
Tyr7.35, Ser7.36 and Thr7.39 in D3R represent a prominent
part of the binding pocket in TM7 [4, 14, 18, 20]. It is
reported that Y7.35V mutation causes 3.9-fold decrease of
ligand binding. Mutation of T7.39V in D3R increases the
binding affinity of 7-OH-DPAT [4, 14, 18, 20]. We find that
Thr7.39 in D2R does not interact with the ligand while the
Thr7.39 in D3R directly interacts with R-22. We find Tyr1.39

in D3R interacts with R-22, which corresponds to the resi-
due leucine in D2R. Our results highlight the critical differ-
ence between the binding pocket in D3R and D2R.

For the other four ligands: BP 897, NGB 2904, SB
277011A and SB 269,652, we find that Phe3.28 and Val3.29

from TM3, Val2.61 and Leu2.64 from TM2, and several
residues from EL2: Val5.30, Cys5.31 and Ser5.32 (Val180,
Cys181, and Ser182) form critical contacts with ligands.
Recent mutagenesis and preliminary docking studies [4,
14, 16, 18, 20, 58] suggest that these residues are in prox-
imity to the spacer elements and the heterocyclic appen-
dages of the ligands, which contributes to subtype
selectivity significantly. Our docking results also show that
SB 277011A and SB 269,652 interact with three conserved
residues, Ser5.46, Ser5.43 and Ser5.42, which agrees with
SARs studies [4, 18]. Soriano-Ursua and coworkers [59]
reported a dopamine D2R model obtained from homology
starting with the crystallized D3R recently. Our docking
results are supported by their studies, which had a similar
binding mode and most of the residues involved in the
binding pocket [59]. SARs studies [4, 18] show that
Ser5.46, Ser5.43 and Ser5.42 are of crucial importance for the
binding affinity. These mutation results agree with our
docking results.

In conclusion, our docking results of R-22, BP 897, NGB
2904, SB 277011A and SB 269,652 with D3R and D2R are
supported by mutation results, SAR studies and consistent
with preliminary docking results. Our results highlight the
critical difference between the binding pocket in D3R and
D2R, which includes T/T7.39, S/I5.32 and Y/L1.39. Thr7.39

and Tyr1.39 form hydrogen bonds with R-22, respectively,
while the corresponding residues Thr7.39 and Leu1.39 do not.

Molecular dynamics study of the complex of D3R
with eticlopride

The complex of D3R with eticlopride is the first crystal
structure of dopamine receptor family, which is in an inac-
tive state. We first perform molecular dynamics on this
complex to study the underlying mechanism.

Fig. 4 The residues involved in binding R-22 from D3R and D2R. For
each residue pair, the former is from D3R, and the latter is from D2R.
The selective residues for R-22 with D3R are highlighted in red or
yellow. Hydrophobic contacts are shown in gray dashed lines, hydro-
gen bonds are highlighted in red dash lines, and salt bridges are high-
lighted in blue dash lines

Fig. 3 a The binding mode of R-22 with D3R. b The binding mode of
R-22 with D2R
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During 20 ns molecular dynamics, the RMSD of three
independent trajectories of the system is equilibrated within
4 ns as shown in Fig. S2. 20 ns is a reasonable time scale for
our purpose to compare the differences for D3R with differ-
ent ligands bound (we chose the RMSD of D3R with Eti-
clopride/R-22/Dopamine for clarify, and we find all the
independent simulations are equilibrated within 4 ns).

Our molecular dynamics results show that three impor-
tant residues: Ser5.32, Asp3.32 and His6.55 directly interact
with the ligand. Figure 5 shows the time evolution for the
hydrogen bond distances of them in two of three

independent trajectories, and these two independent trajec-
tories have the same results as shown in Fig. 5. While a
subtly different situation of the third trajectory is shown in
Fig. S3.

In Fig. 5, Asp3.32 in the D3R forms a stable salt bridge
with eticlopride during 20 ns MD. In addition, Asp3.32 forms
a stable H-bond with Tyr7.43. Ser5.32 is 7∼9 Å from the
ligand initially and moves to ligand within 5∼8 Å after
2 ns, then remains stable within 3.5 Å after 4 ns. Compared
with the binding poses before molecular dynamics and after
it, we can see that before molecular dynamics, the residue
His6.55 directly interacts with the ligand, while the residue
Ser5.32 is far from it. However, the hydrogen bond distance
between His6.55 and -O1 becomes larger and that between
Ser5.32 and -O1 becomes smaller during MD. Thus, Ser5.32

interacts tightly with the ligand instead of His6.55.
However, in Fig. S3, our results show a subtly different

situation of the third trajectory. Asp3.32 in D3R also forms a
stable salt bridge with eticlopride during 20 ns MD. Ser5.32

gradually moves toward and forms a tight hydrogen bond
with the ligand. Differently, His6.55 keeps a stable interac-
tion with ligand during our simulation.

Figure S4 shows time evolution of the important inter-
helical hydrogen bonds formed between TM127, TM234,
and TM36. The hydrogen bond distances of conserved
residues, such as Ser3.39-Asp2.50, Asp2.50-Ser7.46,
Ser7.46-Asn1.50, Asn3.42-Ser2.45, Trp4.50-Ser2.45, and
the ionic lock motif Arg3.50-Glu6.30 (Fig. S4c), remain
stable with distance about 3 Å.

Molecular dynamics study of the complex of D3R
with R-22

Similar as the complex of D3R with eticlopride, we per-
formed 20 ns MD simulation of the complex D3R-R-22.
The RMSD of the system is equilibrated within 4 ns as
shown in Fig. S2 too. Importantly, our results show that
R-22 has the same conformation in our three dependent
MD simulations. Figure 6 and Fig. S5 show that the
important residues form stable interaction during 20 ns
MD, indicating R-22 has the same conformation in three
independent simulations.

Figure 6a illustrates that the hydrogen bond distance of
Asp3.32 and -NH23 of ligand remains stable. The hydrogen
bond distance between Tyr7.43 and -OH30 of ligand starts at
3.5 Å initially and is stable at 3∼4.5 Å. While the hydrogen
bond distance of Thr7.39 and -N18 fluctuates between 4 Å
and 5 Å most of the time. We find that during the first 12 ns
MD, Tyr1.39 tightly interacts with Glu2.65, making the hydro-
gen bond between Glu2.65 and -NH13 stable. After 12 ns
MD, Glu2.65 is no longer interacting with -NH13, while the
residue Tyr1.39 interacts directly with -NH13, which

Fig. 5 a The binding pose of eticlopride with D3R after 20 ns MD. b
Evolution of the O-N/O-O distances between eticlopride and Asp3.32,
Ser5.32 and His6.55 for 20 ns MD simulation

5056 J Mol Model (2012) 18:5051–5063



confirms the important interactions formed between R-22
and these residues in D3R.

R-22 and eticlopride are two different ligands, but we can
find similarities in their binding pockets. First, the ethyl-
pyrrolidine part of eticlopride and the piperazine part of R-
22 directly interacts with Asp3.32 in D3R. Moreover, the
aromatic ring of both fits tightly within a hydrophobic
cavity formed by Val3.33, Phe6.51, Phe6.52, Ser5.42 and
Ser5.43. Figure S6 shows more similarities. There are differ-
ences between them too. First, the binding pocket of eti-
clopride is formed by helicesII, III, V, VI and VII, while that
of R-22 includes an extracellular part consisting of helicesI,
II and VII. Moreover, different residues play important but
different roles: Ser5.32 interacts with eticlopride while
Thr7.39 (or Tyr1.39) is more important for R-22.

Molecular dynamics study of the complex of D3R
with its selective compounds

In order to compare the similarities and differences between
D3R’s selective compounds, we perform 20 ns MD of the
complexes of D3R with BP 897, NGB 2904, SB 277011A
and SB 269,652, respectively.

Our results show each ligand has the similar conforma-
tion in three independent MD simulations. Figure S7 shows
many similarities among the five structures. First, in our
docking experiments, all ligands share the similar binding
mode. Second, hydrogen bond distance between residue
Asp3.32 and -NH of the ligand in all structures remains stable
during 20 ns MD. The hydrogen bond distance of “ionic
lock” motif Arg3.50-Glu6.30 is stable accompanying with
little fluctuation. Importantly, highly conserved residues
including Asn1.50, Asp2.50, Ser3.39, Trp6.48, Asn7.45 and
Ser7.46 form inter-helical hydrogen bonds among TM12367
regions and these hydrogen bond distances keep stable during
our MD.

When focusing on the complex of D3R with R22 and
with SB 269,652, our molecular dynamics results show that
the residue Glu2.65 and Tyr1.39 in D3R directly interacts with
-NH of the ligands initially. With the backbone of R-22
undergoing conformational changes, both location and the
dihedral angle of residue Glu2.65 and Tyr1.39 are different
during molecular dynamics. As shown in Fig. S8, in the
complex of D3R with SB 269,652, residue Glu2.65 tightly
interacts with -NH of ligand, while the residue Tyr1.39 does

not. The situations of these two residues are different in the
complex of D3R with R-22. A hydrogen bond forms
between Glu2.65 and -NH of R-22 during the first 12 ns,

�Fig. 6 a Evolution of the O-N/O-O distances between R22 and
Asp3.32, Tyr7.43, Glu2.65, Tyr7.43, and Tyr1.39 for 20 ns MD sim-
ulation. These H-bonds are stable. b The binding pose of R-22 with
D3R after 20 ns MD. c Schematic view of the interactions between R-
22 and D3R after 20 ns MD: hydrophobic contacts are shown in gray
dashed lines, hydrogen bonds are highlighted in red, and salt bridges
are highlighted in blue. The residue highlighted in red interacts with R-
22 in D3R, which contributes to the high selectivity of R-22 with D3R

J Mol Model (2012) 18:5051–5063 5057



while Tyr1.39 interacts with the -NH after 12 ns. A main
reason is the interaction between Tyr7.43 and -OH of R-22
(more details in Fig. S8). Meanwhile, our results show that
the other three ligands keep stable during 20 ns MD.

Figure S9 and Fig. S4b show that inter-helical hydrogen
bonds form and keep stable in TM234 regions. The hydro-
gen bond distances among TM234 regions only exist in the
complex of D3R with R-22.

Binding of agonists with D3R

In order to study the differences of binding pocket
between antagonist and agonist, we dock two agonists
(dopamine and apomorphine) to D3R and compare the
results with antagonist docking results. As shown in
Fig. 7a, dopamine and apomorphine share similar binding
modes with D3R. The protonated nitrogen atom of the
agonist forms a salt bridge with the conserved negatively
charged Asp3.32. Both agonists bind tightly to Ser5.42 and
Ser5.46. Recently, Andujar and coworkers [60] reported
the probable biologically relevant conformation of dopa-
mine interacting with the D2R, and our binding mode is
similar to their studies, where dopamine interacts with
Asp3.32 and Ser5.42. However, in the present work, we
find that Ser5.46 (or His6.55) forms a hydrogen bond with
dopamine, while they found Ser122 in TM4 formed a
hydrogen bond with dopamine, which may be the main
deference between D3R and D2R. Moreover, both dopa-
mine and apomorphine form hydrophobic interactions
with residues Val3.29, Val3.33, Cys3.36, Ile5.33 (Ile183),
Ser5.43, Trp6.48, Phe6.51, Phe6.52 and His6.55, which agree
with recent docking results [57, 61].

Our docking results show that Asp3.32, Ser5.42, Ser5.46,
His6.55 and some hydrophobic residues: Phe6.51, Phe6.52 and
Val3.33 in D3R are significantly involved in binding agonist
or antagonist.

Molecular dynamics study of the complex of D3R with its
agonist dopamine

In order to differentiate the binding between agonist bound
D3R and antagonist bound D3R and study the activation
mechanism of D3R, we perform molecular dynamics simu-
lation for D3R-agonist complex. First, we find that the
RMSDs of three independent trajectories of the system are
equilibrated within 4 ns as shown in Fig. S2.

Our results show that in three independent simula-
tions, dopamine is stable and keeps tight interactions
with D3R. Figure 7a and Fig. S10 show that in all
simulations of D3R with dopamine, dopamine has the
same conformation: the important residue Asp3.32 in the
D3R interacts with dopamine, and the hydrogen bond
distance between Asp3.32 and ligand remains stable

during MD (Fig. 8b). Residue Tyr7.43 also interacts with
the ligand and the interaction remains stable. -OH(O8)
of ligand interacts with Ser5.42 during our MD simula-
tion. However, we find that the hydrogen bond between
Ser5.46 and -OH(O7) of ligand fluctuates during our MD
simulation (Fig. 8b). These results indicate that dopa-
mine has flexibility to interact with D3R with different
H-bond partners, which facilitates its role in activation
of D3R.

As shown in Fig. 8a and c, hydrogen bond distances
among TM127 and TM367 regions keep stable.

Fig. 7 a The hydrogen bonds formed between dopamine and D3R. b
Schematic view of the interactions between dopamine and D3R:
hydrophobic contacts are shown in gray dashed lines, hydrogen bonds
are highlighted in red, and salt bridges are highlighted in blue
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Our molecular dynamics results show residues including
Asp3.32, Tyr7.43, Ser5.42, Ser5.43, Ser5.46 and His6.55 are very
important for the binding of the agonist and activation of the
receptor.

Comparison between agonist-bound and antagonist-bound
after MD

We make a systematic comparison between agonist-bound
and antagonist-bound D3R to illustrate the structural infor-
mation during the activation of D3R. Here we superimpose
the structures of the agonist-bound and antagonist-bound
after 20 ns MD by using PyMol.

Our results show that in three independent simulations,
conformational changes are almost the same either in
agonist-bound or antagonist-bound, where Fig. 9a and Fig.
S11 show the similarities.

During 20 ns MD, TM1, TM2 and TM4 do not make
significant deviations as described in other GPCRs [31, 38,
62–66], while TM3, TM5, TM6 and TM7 have dramatic
conformational changes.

The unstable “ionic lock”

In the complex of D3R with antagonist, we find that TM3
slides along its axis after 20 ns MD compared with the
original crystal structure of D3R. However, a larger sliding
movement can be observed in the complex of D3R with
agonist. Importantly, during MD of D3R with agonist, we
find that “ionic lock” motif between Arg3.50 of the con-
served D/ERY in TM3 and highly conserved residue
Glu6.30 in TM6 fluctuates greatly around 18.5 ns MD in
Fig. 9g (more details can be found in supplementary Fig.
S12 and S5b). We think the “ionic lock” motif should be
broken along with the increase of the simulation time. The
residue Tyr3.60, which is considered to mediate the “ionic
lock”, is also far away from them, while in the antagonist-
bound, these residues interact with each other tightly, as
shown in Fig. 9b and c.

Outward movement of TM6

Our molecular dynamic results (Fig. 9a) show that the intra-
cellular side of TM6 moves outward, while the extracellular
part moves inward. This makes “ionic lock” not favorable.
TM5 moves away from TM6, and the intracellular side of

�Fig. 8 a Highly conserved residues formed inter-helical hydrogen
bonds among TM127 and TM367 regions. b Evolution of the O-N/
O-O distances between dopamine and Asp3.32, Tyr7.43, Ser5.42 and
Ser5.46 for 20 ns MD simulation. c Evolution of the O-N/O-O dis-
tances among Asn1.50, Asp2.50, Ser3.39, Trp6.48, Asn7.45 and
Ser7.46. These H-bonds are stable among TM127 and TM367 regions
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Fig. 9 a Comparison of the agonist-bound with antagonist-bound. The
yellow one is the agonist-bound, and the magenta one is the antagonist-
bound. The arrow indicates movement of TM5, TM6, and TM7 with
agonist bound. b The stable “ionic lock” of D3R with antagonists
bound during MD. c The unstable “ionic lock” of D3R with dopamine
bound after 18.5 ns MD. d Side view of the superimposed TM3. The
yellow one is the agonist-bound, and the magenta one is the antagonist-
bound. The arrow indicates movement of TM3 with agonist bound. e

Side view of the rotameric switch of conserved residues. The yellow
one is the agonist-bound, and the magenta one is the antagonist-bound.
The arrow indicates movement of TM6. f Back side view of the
rotameric switch of conserved residues. The yellow one is the
agonist-bound, and the magenta one is the antagonist-bound. g Com-
parison of H-bond distance evolution of Arg3.50-Glu6.30 in 20 ns MD
simulation for D3R with dopamine bound or with R-22 bound
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TM7 moves inward. These movements are smaller than the
findings in the crystal structures as described in other
GPCRs [31, 38, 62–66], but we think these movements are
larger along with the increase of the simulation time.

Side chain rotamer caused by the rotation
and upward-movement of TM6

As seen in Fig. 9e and f, a large change is affected by a small
clockwise rotation and upward-movement of TM6. Trp6.48

is highly conserved in GPCRs. It has been proposed that its
rotameric state has a role in activation [31, 38, 62–66]. Our
molecular dynamics illustrates no change in the side chain
rotamer of Trp6.48 in TM6, this agrees with the recent muta-
genesis experiments on the serotonin 5HT4 receptor and the
study of crystal structure of A2AAR and ß2 [63–66]. Our
docking results and molecular dynamics results show that
Trp6.48 is far away from the binding pocket of ligand. Side
chain rotamer of Trp6.48 will be related to the distance
between Trp6.48 and the ligand. Side chain rotamer of
Phe6.44, Tyr5.58, and Tyr5.62 can be observed in TM5 and
TM6. These residues have a clockwise rotation viewing
from the intracellular side. These conserved residues make
significant conformational change, which relates to the acti-
vation mechanism directly. We think no change in the side
chain rotamer of Trp6.48 in TM6 and more conformational
changes can be found in residues Phe6.44, Tyr5.58 and Tyr5.62

along with the increase of the simulation time.

Conformational change of Tyr7.53

Conformational changes in TM7 are also important during
activation mechanism. Tyr7.53, which belongs to highly
conserved NPxxY motif, has a conformational change
(∼2.0 Å), which has been implicated in the activation mech-
anism of GPCRs [31, 38, 62–66]. Meanwhile, our molecular
dynamics results show the backbone of NPxxY motif make
significant conformational changes (∼3.5 Å). We think more
conformational changes can be found in residues Tyr7.53 and
NPxxY motif along with the increase of the simulation time.

These differences between D3R with agonist and antag-
onist are in agreement with the recent studies of activation
mechanism [31, 38, 62–66], provide us the dynamics for the
conformational transformations from inactive state to active
state, and help us understand the activation mechanisms of
GPCRs.

Conclusions

Remarkable developments in pharmacology, chemistry, and
neurobiology of dopamine and particularly gains of informa-
tion about the molecular genetics and neuropharmacology of

dopamine receptors have been achieved over the past two
decades. Despite these advances, many detailed studies of
dopamine receptors and their activation mechanism remain
to be worked out. The design and development of dopamine
receptor-selective ligands remains largely formidable and
mainly empirical, which are not ready for application of drug
design. Fortunately, the crystal structure of the human D3R is
reported and it provides an opportunity to understand the
information of dopamine receptors.

Based on the recent available high resolution structure of
human D3R, we generate homology models of three other
subtypes of D2-like receptors. The structures are refined and
docked to find out the important residues involved in the
binding and selectivity. We perform molecular dynamics of
complexes with eticlopride and R-22. Our MD simulations
identify the important residues contributing to the binding
and selectivity. Comparing five ligands with D3R, we find
some similarities and differences among the five structures,
which is critical for the ligands affinity and D3R selectivity.
Finally, we dock the agonists to the receptor and compare
the conformational changes between agonist-bound and
antagonist-bound of D3R. We find the conformational
changes which correspond to the activation mechanism of
D3R. Conformational changes include (1)sliding upward of
TM3, (2)outward movement of intracellular part of TM6
and inward movement of intracellular part of TM7, (3)
fluctuation of “ionic lock” motif, and (4)conformational
change of Tyr7.53.
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