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Abstract Interest in structure-based G-protein-coupled re-
ceptor (GPCR) ligand discovery is huge, given that almost
30 % of all approved drugs belong to this category of active
compounds. The GPCR family includes the dopamine re-
ceptor subtype D2 (D2DR), but unfortunately—as is true of
most GPCRs—no experimental structures are available for
these receptors. In this publication, we present the molecular
model of D2DR based on the previously published crystal
structure of the dopamine D3 receptor (D3DR). A molecular
modeling study using homology modeling and docking
simulation provided a rational explanation for the behavior
of the arylpiperazine ligand. The observed binding modes
and receptor—ligand interactions provided us with fresh
clues about how to optimize selectivity for D2DR receptors.
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Abbreviations

D2DR  Dopamine receptor type 2
ecl Extracellular loop

etf Edge-to-face

D3DR Dopamine receptor type 3

Introduction

G-protein-coupled receptors (GPCRs) are a large family of
integral membrane proteins that are a major focus of phar-
maceutical research and the primary targets of almost 30 %
of all approved drugs [1]. In the human genome, about 360
pharmaceutically relevant GPCRs have been identified, but
crystal structures have been determined for only a few of
these so far [2].

Since there are so few crystal structures of GPCRs, in silico
homology models of these receptors could provide templates
for the discovery of new receptor ligands. However, this begs
the question: how effective are such models in terms of hit rate
and affinity compared to the corresponding crystal structures?
The answer to that question is provided by the study of
Carlsson et al. [1], which showed that a docking screen in
which ligands were docked against the homology model of
the D3 dopamine (DA) receptor was no less effective than a
similar screen in which ligands were docked against the
crystal structure. Therefore, homology modeling is required
in order to achieve the structure-based discovery of ligands for
most GPCRs.

The neurotransmitter dopamine is a major neurotransmit-
ter in the central nervous system (CNS), and plays crucial
roles in behavior and cognition. There are five different
subtypes of DA receptors, which are classified into two
subfamilies (D1-like and D2-like) based on sequence.
These are all members of the superfamily of GPCRs, which
all have a rhodopsin-like core structure. The D2-like
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subfamily comprises the D2, D3, and D4 receptors (D2DR,
D3DR, and D4DR, respectively). These all share a high
degree of sequence identity within the transmembrane
(TM) segments, and ther near-identity of the residues that
form the binding site in these receptors [3] has made it
difficult to create subtype-selective agents.

Our research program is focused on the design, syn-
thesis, and testing of new arylpiperazine dopaminergic
ligands. Obtaining the 3D structure of the receptor pro-
tein would significantly aid our understanding of the
molecular mechanism of the receptor—ligand interaction,
and would contribute to the drug discovery process.
Unfortunately, the 3D structure of the D2 dopamine
receptor (D2DR) is not known. Therefore, it was im-
portant for us to produce a useful in silico molecular
model of D2DR.

We used the recently published crystal structure of
D3DR [3] as the starting point to construct this in silico

Table 1 Arylpiperazine ligands used to construct the D2 DAR model

3D model of D2DR. The methods of homology modeling
were used to construct the initial model. That model was
further refined in an iterative process that considered
the interactions of a number of known D2DR ligands
(Table 1). Special care was taken during the modeling
of the extracellular loop (ecl) region of the D2DR
model, where the second binding pocket is located [4,
5]. Since the secondary structure of the ecl region is
not known, applying homology modeling alone tends to
give modest results. Therefore, rather than using existing
in silico methods alone for ecl modeling, selected D2DR
ligands were used as a template. The intracellular loops
were initially considered during model construction, but
were omitted during subsequent optimization as they do
not represent a binding site on D2DR. To demonstrate
the usefulness of the new D2DR model, a flexible and
partially rigid docking analysis was performed on dopa-
minergic arylpiperazines, and the results obtained were

References: Ligands 1,3,4,5[27], 2[28], 6[29], 7[30]
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compared with experimentally obtained ligand—receptor
binding data.

Material and methods
Protein modeling
Primary sequence analysis and sequence alignment

The NCBI protein database [6] was searched for the sequence
of amino acid residues corresponding to the long form of
the human D2DR receptor. The sequence searched for was
reported by van Munsterforh D2DR (NP_000786) [7]. The
Discovery Studio 2.5 software package [8] was used to
align the D2DR sequence with the template protein
sequence (see online resource 1 of the “Electronic supplemen-
tary material,” ESM).

Prediction and refinement of the 3D structure of D2DR

The modeling of D2DR was carried out using the Discovery
Studio 2.5 protein modeling protocol and MODELLER for
model building [8]. The model was built using D3DR (PDB
code: 3pbl, resolution 2.89 A) [3] as a template, together
with the set of known ligands (Table 1), in order to evaluate
the similarity and/or improvement achieved when this struc-
ture is employed to generate homology models, as com-
pared to the models obtained using existing templates [9].
The best D2DR model was selected based on the RMSD,
and the conformation of the backbone was evaluated in
Discovery Studio in order to verify the protein protocol.

Modeling the loop sequences

Discovery Studio was used to model the D2DA receptor loop
sequences. The loop sequences were aligned with the D3DR
sequence, and this alignment was supplied along with the 3D
coordinates of D3DR as an input to the program. Extracellular
loops (ecl2 and ecl3) were further refined using Discovery
Studio’s loop refinement protocol and a set of ligands
(Table 1). A key determinant of the correct orientation of
those extracellular loops is the constraint imposed by the
positions of the corresponding receptor helices and a disulfide
bond between ecl2 and the top of TM domain 3. The
Discovery Studio loop refinement protocol modeled the pro-
tein loops by attempting to satisfy these restraints.

In order to obtain a relaxed conformation, the generated
model was initially subjected to an energy minimization pro-
cess that involved the use of the conjugate gradient method for
about 4,000 iterations, and then to a 2 ns isothermal, constant-
volume MD simulation using CHARMM all-hydrogen ami-
no acid parameters, as performed in Discovery Studio.

Explicit membrane simulations

D2DR was inserted into a POPC lipid bilayer of dimensions
80x80 A using the VMD 1.8.7 program [10]. The system
was combined using a tcl script. The ligand was inserted,
and oriented towards specific amino acid residues, accord-
ing to the results obtained from the docking simulations.
25 A thick water layers were also added on both sides of the
z-axis of the system, and the system was neutralized by
adding 0.15 M NaCl (assuming physiological conditions).
The final number of atoms in the system was 72,726, and
the final dimensions of the simulation cell were 86 x84 x
127 A. The CHARMM?22 force field was used for the
protein and lipids. The geometry of the ligand was opti-
mized and its Hessian was calculated at the 6-31 G level of
theory in Gaussian 03W [11]. The coordinates and Hessian
obtained were imported into the Paratool plugin of VMD,
where topology and parameter files for the ligand were
generated. Partial charges for the ligand atoms were
assigned using the 0.9.6 CGenFF force field [12]. The
system obtained was set to cascade through 10,000 steps
of minimization, 250 ps of equilibration, and 5 ns of pro-
duction under PBC conditions in the NVT ensemble, as
performed using the NAMD 2.7b program [13]. Each inte-
gration step was 1 fs. The cutoff was set to 12 A. After
plotting graphs of the potential energy and its derivative, we
concluded that system had reached energetic stability (see
online resource 2 of the ESM). All calculations were carried
out on the PARADOX computer cluster 9e [14].

Ligand construction

The 3D ligand structures were generated using Discovery
Studio [8]. As physiological conditions were assumed, the
basic aliphatic nitrogen atom of the piperazine was proton-
ated. The geometry was optimized using the CHARMM
force field and the conjugate gradient method, which was
applied until the energy difference between successive
cycles was below 0.0042 kJ/mol.

Model validation

Model validation was performed with a selected set of
ligands from the ChREMBL D2DR database [15]. We select-
ed a total of 60 ligands: 30 with a high affinity for D2DR
and 30 inactive ligands (see online resource 3 of the ESM).
All of the ligands were prepared as described above and
docked into the proposed D2DR model.

Docking analysis

For the docking analysis, we used the proposed D2DR
model based on the crystal structure of D3DR. The binding

@ Springer



1754

J Mol Model (2013) 19:1751-1762

site on the receptor was determined by combining results
obtained from experimental data [16, 17] and the
Schrodinger Maestro receptor grid generation module [18].
Amino acid residue charges were adjusted where needed,
assuming physiological conditions.

Docking of the selected ligands (as presented in Table 3)
was performed by the Glide module in Schrodinger Suite
2011 [12]. All ligands were protonated when docked using
the OPLS 2005 force field. The initial position of the ligand
in the binding site was chosen arbitrarily, while the proton-
ated nitrogen on the ligand part was kept in close proximity
to Asp-114 of D2DR. After initial ligand placement, no
further constraints were applied, and the docking procedure
based on the Glide ligand-docking methodology was carried
out. The obtained docked structures were examined, and
those with the lowest total docking scores were selected.
We selected structures based on the following criteria: best
docking score for the complex; shortest salt bridge formed
between Asp-114 of D2DR and the proton on the nitrogen;
adoption of a chair conformation by the arylpiperazine ring;
localization of the aryl part of the molecule in the rear hydro-
phobic pocket of the receptor (Phe-386, Trp-390, Tyr-420)
[19]. After the initial criteria had been satisfied, the second
step was to examine the different interactions that can form
between receptor and ligand (hydrogen bonds, aromatic—aro-
matic interactions, etc.). In this way, the best possible docking
structures were selected. Structures were visualized using DS
Visualize v.2.5.1 [20], and the images obtained were rendered
using the POV-Ray raytracer (v.3.6) [21].

Results and discussion

The D2DR model was built in accordance with the notion
that the highly homologous D3DR can be adequately used
as a template. The major differences between D2DR and
D3DR occur in their loops. Therefore, extra care was taken
during the modeling of the extracellular loops, since both
the second extracellular loop (ecl2) and the third extra-
cellular loop (ecl3) of D2DR are included in the ligand-
binding site [22]. Intracellular loop modeling was not
considered in this work as these loops do not interact
directly with D2DR ligands.

The model obtained was tested using D2DR ligands that
have previously been described in the literature (Tables 2
and 3). The model system was subjected to explicit mem-
brane simulations in order to obtain the specific protein—
ligand complex conformation and to prove the stability of
the assumed interactions. To this end, the system setup was
assembled as described before, and the simulation was set to
run until completed. During the production phase, the
results obtained confirmed the stability of the assumed pro-
tein—ligand interactions (Fig. 1).
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To enhance clarity, the molecular structure of the ligand
was divided into three distinct substructure motifs: a fixed
piperazine part, a flexible head part, and a flexible linker and
tail part (denoted R1, R2, and R3 in Tables 1, 2, and 3).

Model validation was performed using a binary set of
ligands (see online resource 3 of the ESM). Active ligands
were selected with a particular minimal arylpiperazine struc-
ture in mind, whereas inactive ligands were picked at ran-
dom. A total of 60 ligands were submitted to docking
analysis. Two sets of rules were applied to filter the docked
ligands. First, the arylpiperazine part of the ligand had to be
positioned in the orthosteric binding site (OBS) of the re-
ceptor (there had to be a short salt bridge between Asp-114
and the protonated nitrogen atom of the ligand, at least one
hydrogen bond between the ligand and Ser-167, Ser-194, or
Ser-197 [5], and there had to be hydrophobic interactions of
the tail end of the ligand with Phe-386, Trp-390, and Tyr-
420 [4]). Second, ligands with large hydrophobic groups in
the head part of the molecule should dock into the second
binding pocket (SBP), located in the ecl part of D2DR. All
30 active ligands docked in the correct position (see online
resource 4 of the ESM), while the inactive ones failed to
produce any logical structure.

The next step was to perform a docking analysis of the
series of test ligands. These ligands were divided into sev-
eral groups in order to test the different aspects of the
receptor—ligand interactions (Table 2) that the new D2DR
model had to address. The first group (ligands 8—10) had
different linker lengths. Increasing the length of the linker
from one to three —CH,— groups led to an increase in
affinity, with ligand 10 having the highest affinity. The
second group (ligands 11-15) had different head parts. The
head part varied in both length and size. Ligands 11-14
were found to bind to D2DR, whereas compound 15 did
not, due to its length. The third group of ligands (16—19) had
different tail parts, and included high-affinity ligands (16
and 17) and a compound (19) that could not bind due to its
length. The fourth group of ligands (20-23) also had differ-
ent head parts. Ligands 20 and 21 differed in their potential
for hydrogen-bond formation, while ligands 22 and 23
yielded the correct binding site receptor—ligand orientation,
as the head part was similar to the tail part in each ligand.

The receptor binding site was defined based on experi-
mental and literature data [23]. Glide Receptor grid genera-
tion was performed under the following constraints: the
protonated nitrogen atom on the ligand had to be in close
proximity to Asp-114; the ligand was able to form hydrogen
bonds with Ser-167, Ser-194, or Ser-197; two hydrophobic
pockets were present—one in OBS (formed by Phe-386,
Trp-390, and Tyr-420), and the other in the SBP (ecl2 area;
formed by Ile-166, Leu-170, Leu-171, Ile-184, Phe-189,
Val-190, His-397, and Ile-398). Docking results were visu-
alized in a schematic representation (Fig. 2).
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Table 2 Arylpiperazine ligands used to test the D2DR model

References: Ligands 8-23[31]
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Table 3 Ligands used to probe the ecl2 area of the D2DR model
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References: Ligands 24,27,28,30,34[32], 25[29], 26[30], 29[33], 31,32[34], 33[29]
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Fig. 1 Results of the explicit
membrane simulations. Left:
dopamine D2 receptor model in
a lipid bilayer; right: part of the
receptor with ligand 10 in the
binding site

In addition to the protonated nitrogen atom that forms a
salt bridge with Asp-114, which is crucial to the binding of
the ligand to D2DR, we observed a number of other key
interactions that contribute to high ligand affinity. Those
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interactions are a hydrogen bond between the ligand and
Ser-194, Ser-197, or Ser-167, and aromatic interactions
(most probably of edge-to-face type) between the tail part
of the ligand and Phe-386, Trp-390, and Tyr-420 of the
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Fig. 2 Docking schematic results for ligands 8 (upper left), 10 (upper right), 11 (lower left), and 14 (lower right)
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receptor (the OBS pocket). Ligands 810 bind to D2DR
with the tail part fitting into the hydrophobic pocket and
the head part responsible for hydrogen-bond formation with
the serine residues listed above. An appropriate linker length
is crucial to optimal hydrogen-bond formation, and the
docking score reflects that fact. Ligand 10 has the best
docking score and the highest D2DR affinity (see Fig. 2
and online resource 5 in the ESM).

Explicit membrane simulations performed with ligand 10
showed that the protein—ligand complex was stable, con-
firming the results obtained from molecular docking. During
the production phase, the salt bridge between the protonated
nitrogen of the ligand and Asp-114 remained stable.
Hydrogen bonds formed between Ser-194 and the head of
the ligand (preferably via the sulfur atom rather then the
nitrogen; see online resources 6 and 7 of the ESM), and a
hydrogen bond formed between the ring nitrogen and Ser-
197.

Ligands 11-15 were found to bind in a similar manner. A
salt bridge was formed with Asp-114, the tail segment was
observed to bind into a hydrophobic pocket, while the head
segment formed hydrogen bonds with Ser-167, Ser-194, or
Ser-197. The aromatic part of the head segment was able to
bind into another hydrophobic pocket (the SBP) formed by
amino acid residues of ecl2 and ecl3. Ligands 11-14 formed
aromatic (or hydrophobic) interactions with Ile-166, Leu-
170, Leu-171, Ile-184, Phe-189, Val-190, His-397, and Ile-
398, located in the SBP (Fig. 2). Since the loop segments of
the receptor lack a definitive structure, the rigid ligands 11
and 12 had slightly higher affinities than the more flexible
ligands 13 and 14. Ligand 15 was not able to bind, due to its
size. The docking scores obtained follow the trend in ligand
affinity.

Ligands 16—19 have different tail segments. These tail
segments were seen to bind into OBP and interact with Phe-
386, Trp-390, and Tyr-420. Ligand 16 formed multiple
edge-to-face interactions, and its size and shape account
for its high affinity. Besides those edge-to-face interactions,
ligand 17 formed a hydrogen bond with Tyr-420. This
combination of hydrogen bond and edge-to-face interactions
led to another high-affinity ligand. Ligand 18 is smaller than
16 and thus has less area to form edge-to-face interactions,
so it showed lower affinity than 16. Ligand 19 did not not
bind to D2DR, due to its size. The proximity of the bulk to
position 4 of the aromatic tail part was not tolerated due to a
steric clash with Phe-368 [24]. Again, the proposed D2DR
model differentiated between docked ligands. The docking
score reflects experimental data, and the docking results can
explain those findings.

Ligands 20-23 were observed to bind in a similar manner
to that described above. For ligand 20, the head part formed
multiple hydrogen bonds with serine residues of the SBP
(Ser-167, Ser-194, or Ser-194). The linker was long enough
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to localize the head part an optimal distance from the serine
residues, while the tail part formed a hydrogen bond with
Tyr-420 and edge-to-face interactions with Phe-386 and
Trp-390 in OBP. All of these interactions led to a high
affinity of 0.4 nM. Ligand 21 has a different head part to
ligand 20; it formed one hydrogen bond less and showed a
reduced D2DR affinity compared to 20. Ligands 22 and 23
were docked to test if the proposed D2DR model was able to
differentiate between the tail and head parts of the ligand
when there were similar aromatic moieties. Docking results
showed that both of these ligands docked into the receptor
with the correct orientation (see online resources 8 and 9 of
the ESM).

The main feature of the D2DR model presented here is its
structured extracellular loop area (Fig. 3). As we mentioned
before, ecl2 folds down onto the receptor-binding cavity
and, together with part of ecl3, forms a “lid” on the D2DR
binding site [19]. This part of D2DR was examined in some
detail using an amino acid point mutation approach [16],
and a number of key amino acid residues that are important
for interactions were identified. In our approach, we started
from the published D3DR ecl template, and then performed
a loop-refining procedure [7]. Further optimization was
performed through an interactive process in which known
ligands were docked into the initial model. The selected
ligands (Table 3) had the same tail and similar linker parts,
while the head part was varied to account for all possible
interactions with the receptor (aromatic interactions, polar
interactions, and hydrogen bonds). To test the D2DR model
obtained, a total of 11 ligands (Table 3) were docked using
induced-fit docking to account for the flexibility of the
amino acid residues in the extracellular loop region of the
receptor.

The docking results show that all docked ligands bind to
D2DR in a similar manner (Fig. 3). A short salt bridge with
Asp-114, a hydrogen bond with Ser-194 or Ser-197, and
multiple interactions with Phe-386, Trp-390, and Tyr-420
are all present. Also, the tail parts of the ligands fit well into
the SBP area formed by ecl2 and part of ecl3. The docking
analysis results shown in Fig. 4 and in online resource 10 of
the ESM highlight a number of amino acid residues that are
responsible for receptor—ligand interactions. Most promi-
nent are Phe-189 on ecl2 and His-397 bordering the helical
structure and ecl3. Those two amino acid residues are found
in almost all of the docking results to participate in receptor—
ligand interactions. In the case of Phe-189, these interactions
are aromatic (edge-to-face), while His-397 can form either
aromatic (edge-to-face) interactions or sometimes a hydro-
gen bond, depending on the structure of the ligand. Besides
those two residues, a number of other amino acid residues
play important roles by forming a hydrophobic binding
pocket in the loop region of the receptor. These residues
are: Ile-166, Leu-170, Leu-171, Ile-184, Val-190, and Ile-
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Fig. 3 Left: ligands 24, 26, 28, 31, and 33 (overlaid) docked into the 3D model of D2DR. Right: ligand 25 positioned inside the receptor binding

site. Only key amino acid residues are shown; ecl2 is shown in black

398. They participate in hydrophobic or —CH—7t interac-
tions, depending on the structure of the ligand (Fig. 4).
Another amino acid located in SBP that plays an important
role in binding ligands is Asn-186. This residue can engage
in polar interactions or a hydrogen bond with a ligand that
has a compatible structure (Fig. 4).

To validate the model of D2DR obtained in this work, we
studied the docking of 11 ligands that have distinctive
structural features, as follows. Ligands 26, 31, and 32 can
only form aromatic interactions (aromatic—aromatic interac-
tions, hydrophobic interactions, and edge-to-face interac-
tions) with Ile-166, Leu-170, Leu-171, Ile-184, Phe-189,
Val-190, His-397, and Ile-398. In addition to those
interactions, ligands 25, 28, 29, and 33 can form an
additional hydrogen bond with His-397, and ligands 24,
27, 30, and 34 can form additional hydrogen bonds
with His-397 and Asn-186.

A ligand-binding pocket located between TM 3, 5, 6, and
7 has been identified in many GPCR systems by mutagen-
esis studies [17, 19, 25]. The presence of such a ligand-
binding pocket has come to be regarded as a common
feature throughout the entire class A GPCR family. Within
the OBS, residues toward the lower part of the pocket
tend to be more conserved (Phe or Tyr in 91 and 98 %
of the receptors, respectively, and Trp in 90 % of the
receptors) [26].

Although all of the ligands orientated correctly in the
binding pocket of D2DR, the docking scores obtained for
the 11 ligands failed to show any meaningful correlation
with ligand activity. When the docking scores of structurally
similar ligands were compared, the correlation with ligand

activity increased. For example, ligands 24, 27, 30, and 34
yield »=0.72, while ligands 25, 29, 31, and 33 yield »=0.78.
Ligands 26, 28, and 32 decrease the correlation when they
are included in ligand docking score comparisons. Thus,
while there are trends in ligand activity and docking score
for each group of structurally similar ligands, there is no
correlation across the whole series. One possible explana-
tion for these results could be a limited capacity of the
docking software to fully account for aromatic interactions,
since the activities of all the docked ligands depend on
aromatic interactions to some degree. Even though OPLS-
2005 performs reasonably well, there are significant limita-
tions to its accuracy when dealing with ETF interactions,
which might have significantly influenced the docking
scores obtained here.

Conclusions

The model described in this study can explain the binding
properties of different arylpiperazine classes of ligands to
D2DR, so it should be very useful in virtual screening studies.

The D2DR model was constructed using a number of
different ligands that all have an arylpiperazine moiety in
common. This model had to include a number of common
interactions between ligands and receptors in the OBS and
SBP.

Key amino acid residues located in the OBS of the receptor
that are essential for arylpiperazine binding are: Asp-114, Ser-
167, Ser-194, Ser-197, Phe-386, Trp-390, and Tyr-420.
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Fig. 4 Docking results for ligands 24 (lower lefi), 26 (upper left), 30 (lower right), and 33 (upper right)

The high-resolution structure of bovine rhodopsin
revealed that ecl2 folds down into the transmembrane do-
main and forms part of the ligand-binding surface for retinal.
Whether ecl2 plays a related role in other rhodopsin-like
GPCRs is unclear [22]. Key amino acid residues essential
for arylpiperazine binding that are located in ecl2 (SBP) are
Ile-166, Leu-170, Leu-171, Ile-184, Phe-189, Val-190, His-
397, and Ile-398, and Asn-186 is involved in polar interac-
tions. These findings are consistent with results obtained by
Shi and Javitch, who used site-directed mutagenesis to sys-
tematically identify residues in ecl2 of D2DR that contribute
to the binding-site crevice [22]. Aromatic interactions are
most likely of edge-to-face type with Phe-189 or CH—7t (or
NH-7) interactions with His-397. A polar interaction with
Asn-186 may also be responsible for the high binding affin-
ities of ligands with corresponding functional groups. The

@ Springer

size of the ligand is important. Short ligands will not benefit
from interactions with SBP, while long ligands will suffer
from steric interactions with amino acid residues in the loop.
The head part of the ligand should have at least one aromatic
ring, but systems with two or more aromatic rings are well
tolerated unless the maximum length permitted for the li-
gand is reached. High affinity can be achieved through
aromatic interactions alone or together with polar interac-
tions. Ligands with halogen atoms or polar groups have
affinities that are comparable to those of their aromatic
analogs. The linker part of the ligand should be as flexible
as possible, since this allows optimum positioning of the
head part into the SBP formed by ecl2.

In order to verify the proposed D2DR model, further
work on the target-driven synthesis of the new ligand that
can distinguish between the proposed molecular interactions
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is

necessary. The final goal is to obtain a workable D2DR

model that will facilitate the design of new specific dopa-
minergic drugs.
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