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Abstract A series of tetrahydroisoquinolines functionalized
with carbamates is reported here as highly selective ligands on
the dopamine D2 receptor. These compounds were selected by
means of a molecular modeling study. The studies were car-
ried out in three stages: first an exploratory study was carried
out using combined docking techniques and molecular dy-
namics simulations. According to these results, the bioassays
were performed; these experimental studies corroborated the
results obtained by molecular modeling. In the last stage of
our study, a QTAIM analysis was performed in order to deter-
mine the main molecular interactions that stabilize the differ-
ent ligand-receptor complexes. Our results show that the ade-
quate use of combined simple techniques is a very useful tool
to predict the potential affinity of new ligands at dopamine D1
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and D2 receptors. In turn the QTAIM studies show that they
are very useful to evaluate in detail the molecular interactions
that stabilize the different ligand-receptor complexes; such
information is crucial for the design of new ligands.
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Introduction

Dopamine (DA), an important neurotransmitter in the
mammalian central nervous system (CNS), is implicated
in the control of different functions such as locomotor
activity, emotional states, crucial cognitive functions, neu-
roendocrine secretions, and substance abuse disorders.
DA also plays an important role in several psychiatric
and neurological disorders affecting several million peo-
ple worldwide. The actions of DA involve two receptor
subtypes: DA 1-like receptors and DA 2-like receptors
(D1DR and D2DR respectively). From a therapeutical
point of view, drugs acting at D2DR are more relevant
than those interacting with DIDR [1]. In this context,
whereas the DIDR antagonists are used in the treatment
of schizophrenia (antipsychotics), the agonists are used in
the treatment of Parkinson’s disease and depression [2, 3].
The critical importance of both DIDR and D2DR sig-
naling in CNS function makes it highly desirable to gain
detailed knowledge about the structural features necessary
for full agonist activity and selectivity at these receptors.
Dopamine receptors can be present in states of high affin-
ity and such state has been shown to be associated with
the functional state of the receptor that activates the G-
protein and induces downstream cell signaling [4, 5].
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A number of studies have been performed to deter-
mine the features important for the selectivity of either
DIDR [6-9] or D2DR agonists [10—13]. For example,
Tonani et al. [11] used vectors from the protonated ni-
trogen and hydrogen bonding heteroatom to dummy
atoms representing the interaction points in the receptor.
With this ligand-based pharmacophore modeling ap-
proach, it is possible to obtain discriminating models.
Mottola et al. [6] published a DIDR pharmacophore
model based on internal structural features such as the
basic nitrogen atom and the oxygen atom of the meta-
positioned hydroxyl group in the catechol. This study
included a limited set of agonists together with a few
inactive analogues; the inactive ones were used to de-
fine forbidden volumes. In addition, the D1DR and
D2DR agonist selectivity has been studied by molecular
electrostatic potentials (MEP) using density functional
theory [14]. Wilcox et al. [15] carried out a D1/D2
agonist selectivity study by using various in silico
methods such as comparative molecular field analysis
(CoMFA), and homology and pharmacophore modeling.

In recent years, as part of our ongoing research program
searching for new ligands for the D2DR dopamine, we
have reported numerous compounds with different struc-
tural scaffolds. Thus, we report tetrahydroisoquinolines
(THIQs) [16—19], protoberberines [20], and aminoindans
[21] among others. Some of these compounds have shown
some selectivity for D2DR with respect to the D1DR.
More recently we reported three new series of compounds
that are highly active and selective for the D2DR with
respect to the D1. In this article, a molecular modeling

Fig. 1 Structures of the tested Ry
compounds

Rz

1: R,= OH, R,= OH
2: R;= OCHs, R, = OCH,

@ Springer

study using combined techniques allowed us to explain
the higher affinity for D2DR displayed by the compounds
of this series [22].

On the other hand, the group at the University of Valencia
has previously reported the synthesis of BTHIQs functional-
ized with carbamates [23]. These compounds possess mod-
erate antibacterial and antifungal activities and they have
no significant toxic effect. It should be noted that these
compounds possess the pharmacophoric profile of the
D2DR ligands, but they also have an extremely long side
chain, when compared with traditional ligands of the
D2DR. So we wonder whether this structural feature
could encourage greater selectivity for the D2DR with
respect to DIDR. There are different works in the litera-
ture that show that the different size of the hydrophobic
pocket of the DIDR and D2DR could play a key role in
the selectivity of the different ligands [24-26]. It is rea-
sonable to think that the relatively large carbamate and
linking portions of these compounds (denoted in red and
green in Fig. 1) could be important to give selectivity to
this series.

To answer this question we conducted a theoretical and
experimental study on these. First we performed a molec-
ular modeling study using combined techniques (docking
and molecular dynamics simulations). In the second step
we carried out bioassays in order to evaluate the biologi-
cal activities. Finally we performed a QTAIM analysis on
the most representative compounds of this series with the
aim to evaluate in detail the molecular interactions that
stabilize and destabilize the different complexes. The con-
clusions of our work are put forward in the last section.
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Methods
Computational details
Molecular docking and molecular dynamics approach

3D models of the human D1DR and D2DR were used for the
molecular modeling study. Both models are based on the ho-
mology model from the crystallized D3DR, {32-adrenoceptor,
and A2« adenosine receptor as templates. In fact, there are
many molecular modeling studies in the literature, reporting
D2DRs obtained by homology, all of them structurally very
similar [27-29]. Thus, in the present study, we used two pre-
viously successful models to perform molecular modeling
studies of different dopamine receptor ligands [22, 30, 31].

Carbamates and DR structures were converted from pdb to
pdbqt format with MGLTools [32]. Molecular docking simu-
lations were performed using the AutoDockVina software
[32]. Several docking poses were considered and complexes
with the lowest docking-energy according to the standard
scoring function was regarded as the most favorable orienta-
tion and then used for MD calculations. To judge the validity
of the docking poses previously reported experimental evi-
dence was taken into account.

Antechamber Software in the AmberTools package was
used to generate their parameters for MD simulations with
FF99SB [33] and GAFF [34] force fields. All MD simulations
were performed with the Amber 12 software package [35]
(All-atoms force field FF99SB) using periodic boundary con-
ditions for constant volume and cubic simulation cells. A
steepest-descent algorithm for 1000 steps was used, in order
to minimize the energy of each system. Next, the complexes
were equilibrated during 500 ps at constant volume. The time
step was 0.002 ps and the SHAKE [36] algorithm was applied.
The systems were heated from 0 to 310 K and the temperature
was controlled with Langevin [37] thermostat, collision fre-
quency v = 5.0 ps . Finally, after minimization and heating,
three MD production simulations were conducted for each
system at 300 K target temperature and extended to 10 ns
overall simulation time. The particle mesh Ewald method
(PME) [38] was applied using a grid spacing of 1.2 A, a spline
interpolation order of 4 and a real space direct sum cutoff of
10 A — positional restraints were applied to all the backbone
alpha carbons of the receptor. Post MD analysis was carried
out with program PTRAJ.

In order to determine the residues of both DIDR and
D2DR active sites involved in the complexes intermolecular
interactions, a per-reside free energy decomposition analysis
using the mm_pbsa program [39, 40] in AMBER 12 was
performed. For mm_pbsa methodology, snapshots were taken
at 10 ps time intervals from the corresponding last 5000 ps of
the MD trajectory and the explicit water molecules were re-
moved from the snapshots.

Topological analysis of the electron density distribution

Reduced 3D model systems of the D2DR selective com-
pounds in complex with both D2DR and D1DR were con-
structed from the selected representative structures by keeping
only receptor residues that interact directly with the ligands.
These residues, that define the receptor binding pocket, were
identified by using the free energy decomposition approach
(MM/GBSA). Thus, the side chains of residues that contrib-
uted appreciably to the binding energy in the per residue en-
ergy decomposition were included in the reduced models.

The charge density of reduced model systems was then com-
puted by DFT methodology with the PBE hybrid functional and
6-31G(d) as basis set, as implemented in Gaussian 09 package
[41]. The topological analysis of charge density were performed
in the context of the quantum theory of atoms in molecules
(QTAIM) [42] with the help of Multiwfn software [43].

In an attempt to capture some of the complex system dy-
namics, the QTAIM analysis was performed on several frames
extracted from the MD trajectories. Concretely, MD trajecto-
ries were first clustered by the root mean square deviation
(RMSD) of the protein backbone atoms employing the cluster
tool implemented in Amber package [44]. Then, the represen-
tative structures from the three most populated clusters were
selected for the QTAIM analysis. The reported charge density
values correspond to the average over the three selected clus-
ter representative structures.

Experimental

Synthesis

Compounds 1-5 were obtained according to reference [23].
Binding assays

Binding experiments were performed on striatal membranes.
Each striatum was homogenized in 2 mL ice-cold Tris-HCI
buffer (50 mM, pH = 7.4 at 22 °C) with a Polytron (4 s, max-
imal scale) and immediately diluted with Tris buffer. The ho-
mogenate was centrifuged either twice ([’H] SCH 23390 bind-
ing experiments) or four times ([*H] raclopride binding exper-
iments) at 20,000 g for 10 min at 4 °C with resuspension in the
same volume of Tris buffer between centrifugations. For [*H]
SCH 23390 binding experiments, the final pellet was resus-
pended in Tris buffer containing 5 mM MgSQOy,, 0.5 mM
EDTA and 0.02% ascorbic acid (Tris-Mg buffer), and the sus-
pension was briefly sonicated and diluted to a protein concen-
tration of 1 mg/mL. An aliquot of 100 pL of freshly prepared
membrane suspension (100 pg of striatal protein) was incubat-
ed for 1 h at 25 °C with 100 uL Tris buffer containing [*H] SCH
23390 (0.25 nM final concentration) and 800 pL of Tris-Mg
buffer containing the required drugs. Non-specific binding was
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determined in the presence of 30 uM SK&F 38393 and repre-
sented around 2-3% of total binding. For [*H] raclopride bind-
ing experiments, the final pellet was resuspended in Tris buffer
containing 120 mM NaCl, 5 mM KCI, 1 mM CaCl,, | mM
MgCl,, and 0.1% ascorbic acid (Tris-ions buffer), and the sus-
pension was treated as described above. A200 uL aliquot of
freshly prepared membrane suspension (200 pg of striatal pro-
tein) was incubated for 1 h at 25 °C with 200 uL of Tris buffer
containing [*H] raclopride (0.5 nMfinal concentration) and 400
pL of Tris-ions buffer containing the drug being investigated.
Non-specific binding was determined in the presence of 50 uM
apomorphine and represented around 5—7% of total binding. In
both cases, incubations were stopped by addition of 3 mL of'ice
cold buffer (Tris-Mg buffer or Tris-ions buffer, as appropriate)
followed by rapid filtration through Whatman GF/B filters
using a Brandel harvester (model M — 24, Biochemical
Research and Development Laboratories, Inc.). Tubes were
rinsed with 3 mL ice cold buffer, and filters were washed with
3 x 3 mL ice-cold buffer. After the filters had been dried, ra-
dioactivity was counted in 4 mL scintillation liquid (Optiphase
‘Hisafe’ 2, Perkin Elmer). Filter blanks corresponded to approx-
imately 0.5% of total binding and were not modified by drugs.

Results and discussion
Molecular modeling

In the first stage of our study, we performed an exploratory
study using docking calculations and then molecular dynam-
ics (MD) simulations. For this study, compounds 1-5 (Fig. 1)
previously reported in reference [23] were selected. Our re-
sults predict that these compounds could bind to the active site
of DIDR and D2DR in a manner quite similar to that of other
ligands reported by our group [16-18, 30, 45]. Note that the
pharmacophoric group of these compounds is spatially
accommodated in exactly the same way as dopamine [46]
and the other previously studied ligands [18, 20, 22, 31].
Then we perform the analysis per residue of compounds
1 and 3 in both DIDR and D2DR, in order to compare
them (Fig. 2). The residues were numbered according to
the Ballesteros-Weinstein numbering scheme [47, 48]. On
the analysis of these histograms, it is evident that both
compounds 1 and 3 would show a significantly greater
affinity for D2DR than for DIDR (compare Figs. 2a with
2b and 3a with 3b).
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Fig. 2 Histograms of interaction energies of partitioned amino acids for
DIDR and D2DR when complexed with compounds 1 (a, b) and 3 (c, d).
The x-axis denotes the residue number of DR and the y-axis shows the
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We also analyzed the histograms obtained for compounds
2,4, and 5 at the D2DR. As we expected, the interactions of
compounds 2 and 4 are significantly weaker than those of their
counterparts 1 and 3 (Fig. 3). As we have seen in other series
of compounds, methoxylated derivatives have weaker interac-
tions with Ss43 and Ss46, which makes interactions of the
pharmacophoric group weaker for these compounds.
Compound 5, whose side chain is markedly shorter than that
of the rest of the derivatives studied, shows a histogram com-
parable to that of compounds 1 and 3. However, MD simula-
tions predict that the interactions for compound 5 are weaker
than those obtained for compounds 1 and 3.

The histograms obtained for compounds 1 and 3 are
very similar to those of the most active compounds from
other previously reported series [20, 22]. Further, our re-
sults predict that these compounds could be highly selec-
tive for the D2DR with respect to DIDR. Thus, these re-
sults are very promising with respect to the potential selec-
tivity of compounds 1 and 3 by the D2DR relative to
DI1DR. On the basis of these results we decided to test
them as ligands of both DIDR and D2DR. We also includ-
ed compounds 2, 4, and 5 in the bioassays as controls. In

y-axis shows the interaction energy between the compound and the
specific residue. Negative and positive values represent favorable or
unfavorable binding, respectively

the particular case of compounds 2 and 4 as compounds
which should be less active than their counterparts 1 and 3,
respectively.

Experimental corroboration

Compounds 1-5 have been previously reported in reference
[23] and their synthesis is explained in detail. The compounds
were synthesized according to reference [23]. Once compounds
1-5 were synthesized, they were all evaluated using the bioas-
say described in the experimental section. Interestingly, com-
pounds 1 and 3 showed a very strong and selective activity on
the D2DR with respect to the D1DR (Table 1). It is important to
note that compounds 1 and 3 are among the most selective
compounds we have reported to date.

On the other hand and as we expected, compounds 2 and 4
showed a markedly lower affinity for both D1 and D2 recep-
tors. Compound 5 showed a significant affinity for D2DR,
although this effect is lower than those found for compounds
1 and 3. These experimental results are in complete agreement
with the molecular modeling. These results show that these
exploratory studies may be very useful in predicting the
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Table 1  Affinity values (Ki) and selectivity ratios obtained for the
assayed compounds

Compound Kipipr (LM) Kipypr (WM) Kippr/Kipapr
1 0.811 0.151 5.371

2 12.440 0.762 16.325

3 0.466 0.091 5.121

4 17.490 24.440 0.716

5 0.967 0.338 2.861

different affinities of ligands on both DIDR and D2DR, even
before the synthesis of such compounds.

At this stage of our study we were particularly interested in
knowing the main molecular interactions that stabilize and
destabilize the different ligand-receptor (L-R) complexes. In
previous studies [19, 20, 22, 31, 46, 49, 50] we demonstrated
the usefulness of QTAIM analysis to evaluate the molecular
interactions involved in the L-R junction, therefore in the final
step of our study we performed a QTAIM study of compounds
1-5, the results of which are discussed in the next section.

QTAIM analysis
Specificity determinants for D2DR binding

One of the advantages of the QTAIM methodology over other
global measures of the interaction energy is that it allows one
to decompose the interaction energy in contribution by atom
or group of atoms, which makes it particularly useful in anal-
ysis, design and optimization of ligand molecules.
Accordingly, for the QTAIM analysis we partitioned the com-
pounds in three substructures, as indicated in Fig. 1.
Substructure in blue resembles dopamine and can be consid-
ered as the “pharmacophore” for these receptors; the carba-
mate moiety is depicted in red and the linker that connects
both, pharmacophore and carbamate is highlighted in green.

M linker

0.400
0.350
0.300
0.250

N 0.200
0.150
0.100
0.050
0.000

D2DR

D1DR

Fig. 4 Sum of the charge density values (in atomic units) at the
intermolecular bond critical points (BCPs) for complexes of compounds
3 (a) and 1 (b) with DIDR and D2DR. The expressed values were
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Figure 4 shows in stacked bars the sum of the charge den-
sity values at the intermolecular bond critical points (BCPs)
for complexes of compounds 1 and 3 with DIDR and D2DR.
The contributions of pharmacophore, linker, and carbamate to
the overall anchoring strength of compounds at the receptor
binding pocket are depicted with different colors. The charge
density sums were averaged over three cluster representative
structures selected from the MD trajectories.

As depicted in Fig. 4 the charge density sum for both com-
pounds are higher in D2DR than in D1DR which indicates
that they are more strongly anchored to D2DR binding pocket
than to D1DR. This trend is in agreement with experimental
affinity values for these compounds. Of the three parts that
make up compounds 3 and 1, the pharmacophore is the one
with the greatest contribution to the overall anchoring strength
in both D1DR and D2DR. Moreover, in both compounds the
pharmacophore contributes in about the same magnitude to
the overall anchoring in both receptor subtypes. This finding
is in line with previous experimental evidence that show that
dopamine binds with almost the same affinity to both receptor
subtypes (Kipjpr 0.550 uM versus Kipopr 0.560 uM, see
reference Parraga et al. [22]).

The overall binding modes of compounds 3 and 1 in both
receptors sub-types are shown in Figs. 5 and 6, respectively. In
these figures, clusters representative of structures of the com-
pound in both receptor sub-types were superposed by their
backbone atoms. Only some structural elements in the super-
position are shown for easy viewing. Since we used the
Ballesteros-Weinstein numbering scheme any residue occupy-
ing an equivalent position along the trans-membrane segments
bears the same numbering in both receptor sub-types so that
they can be directly compared.

Note in Figs. 5a and 6a that pharmacophore of compounds
3 and 1 respectively adopts the same binding mode within
each receptor sub-type (i.e., in the three cluster representative
structures). However, when binding modes of pharmacophore
in D2DR is compared with that of D1DR strong differences
can be observed.

W carbamate M pharmacophore

b

0.400
0.350
0.300
0.250
& 0.200
0.150
0.100

0.050

0.000

D2DR D1DR

obtained by averaging the charge density sum for each contribution
(i.e., pharmacophore, linker and carbamate) over the three cluster
representative structures extracted from the MD trajectories
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Fig. 5 Backbone superposition
of the three representative
structures selected from MD
simulations of compound 3 in
DI1DR (green) and D2DR
(purple). Only some structural
elements in the superposition are
shown for easy viewing. In top
panel the key structural elements
that determine the different
binding mode of compound 3 in
both receptor sub-types are shown
(a). In bottom panels the
conformations of compound 3 on
molecular surfaces of DIDR (b)
and D2DR (¢), are shown
separately. Pharmacophore
binding sub-pocket is depicted in
yellow. Carbamate binding
sub-pockets are depicted in
orange, cyan, and pink. Surface
over D3.32 is depicted in red

Figures 7 and 8 shows the network of interactions of com- Consistent with previous experimental and theoretical data
pounds 3 and 1, in both receptor sub-types. The molecular  [22], the simulations indicated the relevance of negatively
graphs were constructed from one of the cluster representative ~ charged aspartate 3.32 for D2DR and D1DR ligand binding.
structures shown in Figs. 5 and 6. As can be seen in Figs. 5 and 6, the pharmacophore protonated

Fig. 6 Backbone superposition
of the three representative
structures selected from MD
simulations of compound 1 in
DI1DR (green) and D2DR
(purple). Only some structural
elements in the superposition are
shown for easy viewing. In the
top panel the key structural
elements that determine the
different binding mode of
compound 1 in both receptor
sub-types are shown (a). In
bottom panels the conformations
of compound 1 on molecular
surfaces of D1DR (b) and D2DR
(c), are shown separately.
Pharmacophore binding
sub-pocket is depicted in yellow.
Carbamate binding sub-pockets
are depicted in cyan and pink.
Surface over D3.32 is depicted in
red

@ Springer
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Fig.7 Spatial view of complexes
of compound 3 with DRDI (a)
and DRD2 (b) constructed from a
cluster representative structure.
Topological elements of the
charge density as well as
structural elements are depicted.
Yellow lines connecting the
nuclei are the bond paths, and the
small red spheres on them are the
bond critical points (BCPs).
Ligand atoms are depicted in gray

amine group of compounds 3 and 1 is in close position to
interact with D3 35, in both DIDR and D2DR receptor sub-
types. However, the molecular graphs in Figs. 7 and 8 reveal
that direct strong interactions between ammonium proton and
highly conserved D3 3, only occurs in D2DR. In D1DR the N-
methyl substituent prevents the direct interaction of the amine
proton with Ds 3,. In consequence, ligand anchoring to D5 3,
is much weaker in DIDR (Xp3 = 0.0248 a.u.,
Yp; = 0.0283 a.u.) than in D2DR (Xp3 = 0.0866 a.u.,
Yp; = 0.0800 a.u.).

Moreover, in D2DR the catecholic ring of 3 and 1 is
stacked vertically between residues V333 and Fgs,. Bond
paths connecting hydrogen atoms of V333 and Fg 5, to the
pharmacophore ring carbon atoms can be observed. As a con-
sequence of this interaction pattern the plane of the catecholic
ring is oriented parallel to the central axis of the transmem-
brane helices bundle. On the other hand in D1DR the same
ring of 3 and | orients perpendicularly to the central axis of the

@ Springer

receptor. This is in part due to the substitution of V333 by a
bulkier isoleucine (I5 33V) which does not leave enough room
between I 33 and F 5, and so the catecholic ring in D1DR lies
over I3 33. In the superposition shown in Figs. 5a and 6a, it can
be seen that the 1533 side chain from D1DR (green) would
crash with the pharmacophore catecholic ring if it were to
anchor in D1DR as it actually does in D2DR (purple).
Another determinant for the differential binding mode of
pharmacophore in D2DR and D1DR is the extracellular loop 2
(ECL2) which is on top of the receptor binding pocket. In D2DR
the segment of ECL2 between TMS and the conserved cysteine
that usually form a disulfide bond with TM3 extends further
inside/down the binding pocket not leaving enough space for
the pharmacophore to adopt a D1DR-like binding mode. This
is evidenced in Figs. 5a and 6a that show how the ECL2 residues
from D2DR (purple) would prevent compounds 3 and 1 to adopt
the conformations they have in DIDR (green) due to steric
clashes with pharmacophore as well as carbamate atoms.
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Fig. 8 Spatial view of complexes
of compound 3 with DRDI (a)
and DRD2 (b) constructed from a
cluster representative structure.
Topological elements of the
charge density as well as
structural elements are depicted.
Yellow lines connecting the
nuclei are the bond paths, and the
small red spheres on them are the
bond critical points (BCPs).
Ligand atoms are depicted in gray

As a consequence of the distinct binding mode of the
pharmacophore in both receptor subtypes, a different interac-
tion pattern of the catecholic OH groups is also observed.

In D1DR the meta and para hydroxyl hydrogen atoms of 3,
i.e., meta-H and para-H, are hydrogen bonded to Ss4, and
Ss 43, respectively. While the oxygen atoms of the catecholic
OH groups are connected through bond paths to F¢ 51, Fg 5o,
Ne.ss, Co.56: Ss.42, and Ss 43 (see Fig. 7).

On the other hand, in D2DR the meta-H and para-H atoms of
3 are hydrogen bonded to carbonyl and hydroxyl oxygen atoms
of Ss 4, respectively but not direct interaction with Ss 43 is ob-
served. Instead, a new oxygen-oxygen interaction between meta-
O and the hydroxyl oxygen atom of Ss 44 that is one turn below
Ss 42, 1s established (see Fig. 4). In addition, meta-O and para-O
atoms also form interactions with residues Vs 33, I5 33, Fg 50, and
Hg.ss. Similar interaction pattern can be observed in Fig. 8 for
pharmacophore of compound 1 in both receptor sub-types.

Added together, the interactions of the meta-OH and para-
OH groups of 3 and 1 are stronger in D1DR (¥p; =0.1062 a.u.,
3p; = 0.1192 a.u.) than in D2DR (¥p; = 0.0851 a.u.,
Yp; = 0.1118 a.u.). This compensates the weaker interactions
with D3 3, in the first receptor subtype so that the
pharmacophore is anchored to both receptor binding pockets
with almost the same strength.

Since the pharmacophore is anchored with equal strength
to both receptor subtypes it does not explain by itself the
difference in binding strength of 3 and 1 to DIDR and
D2DR. However, as discussed above, this is the part of com-
pounds that binds most strongly to receptor binding pocket
and so it controls the binding mode of the entire ligand.
Given that the binding mode of the pharmacophore is mark-
edly different in both receptor subtypes, it might explain at
least in part why the placement of the carbamate moiety into
the receptor binding site is also very different in both cases.

@ Springer
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As shown in Fig. 4, the carbamate as well as the linker of 3
and 1 binds more strongly to the binding pocket of D2DR than
DI1DR, which explains the overall stronger binding of these
compounds to D2DR.

Unlike pharmacophore binding, there are marked differ-
ences in the binding mode and interaction networks of carba-
mate of compounds 3 and 1 in both receptor sub-types.
Therefore, they are discussed separately.

Compound 3

Figure 5 gives some clues about the origin of the stronger
anchoring of carbamate in D2DR. Note in Fig. 5a that in
D2DR the carbamate adopts a unique binding mode in the
three cluster representative structures where it is firmly an-
chored to the negatively charged Dj; 3, residue. On the other
hand, in DIDR the carbamate anchoring to D53, does not
occur, instead it moves almost freely inside DI1DR binding
pocket.

By comparing Fig. 5b, c it can be seen that in complex 3
with D2DR the carbamate phenyl ring lies in a sub-pocket (in
orange) that is absent in complex 3 with D1DR. At the bottom
of that D2DR sub-pocket there is a phenylalanine in position
3.28 that in D1DR is occupied by a bulkier tryptophan. As a
consequence of that substitution the sub-pocket is occluded in
DI1DR and therefore the carbamate cannot be anchored to it, in
the way it does in D2DR. Also note in the superposition of
Fig. 5a that the presence of the bulkier W3 5 in DIDR (green)
would cause steric clashes with the carbamate moiety if it
were anchored to Ds 3», as it actually does in D2DR (purple).

Thus, the W; gF substitution together with a different
pharmacophore anchoring might explain why the carbamate
cannot interact with D5 3, in DIDR.

Figure 7 shows the network of interactions of the carba-
mate moiety from compound 3 in both DIDR and D2DR
binding pockets. Some of the topological elements that
connect carbamate to binding site were removed for easy
viewing. As seen in Fig. 7, in complex 3 with D2DR the
carbamate amide proton as well as the pharmacophore am-
monium proton is connected through bond paths to the
carboxyl oxygen atoms of D3 3,. On the other hand, in
DI1DR no interactions between ligand atoms and Dj 3,
are formed, except for the weak contacts with the methyl
group substituting the pharmacophore nitrogen atom. The
lack of interactions of the carbamate with D5 3, explains in
part why this group is poorly anchored to the binding pock-
et of DIDR. Another reason for a weaker carbamate link-
age in DIDR than in D2DR is related to distinct topogra-
phy of the binding pocket in each case. In D2DR the car-
bamate phenyl ring occupies a hydrophobic binding sub-
pocket that is buried in the TMs bundle (Fig. 5¢) and so, it
forms several interactions with surrounding hydrophobic
residues. On the other hand, in D1DR the carbamate
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moiety lies over an extended solvent exposed surface
depicted in pink in Fig. 5b where the intermolecular inter-
actions can be formed only with one of the faces of the
carbamate. Figure S1 in Supporting information shows
the entire set of bond critical points (BCPs) and bond paths
that connect the carbamate to receptor binding pocket. As
can be seen in that figure, the network of interactions is
quite more intricate in D2DR than in D1DR.

Compound 1

Similarly to compound 3, the carbamate moiety of compound
1 binds to DIDR in the flat solvent exposed surface depicted
in pink in Fig. 3b. However, unlike compound 3, when 1 binds
to D2DR the carbamate does not form any interaction with
D3 3,. This could be due to the longer carbamate N-phenyl
ethyl group of compound 1 which would not fit into the bind-
ing sub-pocket that is otherwise occupied by the N-phenyl
group of compound 3 (note that this binding sub-pocket is
absent in complex of compound 1 with D2DR since the
F5,5 at the bottom of the sub-pocket tends to interact with
the nearby D3 3, when it is empty, thus occluding its entrance
(Figs. 5c and 6¢)).

Instead, carbamate moiety of 1 is anchored in a deep
Sub-pOCket limited by residues Y1'35, L]'39, Vz'(,], L2.64a
Ez65, S736, T7.39, W7.40, and Y743 which is depicted in
cyan in Fig. 6¢. This sub-pocket is not formed in D1IDR
because residues V, ¢; and S 34 are substituted in D1IDR
by lysine and aspartate respectively, which form a salt
bridge that occlude the sub-pocket entrance (see Fig. 6¢).
Also note in the superposition of Fig. 6a that the presence
of this salt bridge would cause steric clashes with the car-
bamate moiety if it were anchored as it is in D2DR (in
purple). Instead, in DIDR the carbamate group (in green)
is anchored on top of the salt bridge.

The molecular graph in Fig. S2 shows the entire set of
intermolecular interactions established by the carbamate
moiety of compound 1 in both receptor sub-types. As ev-
idenced in that figure the network of interactions is more
intricate in D2DR than in D1DR which is in line with the
fact that in D2DR the carbamate is anchored in a deep
binding sub-pocket in the transmembrane helices bundle
as opposed to the flat solvent exposed surface on which it
is anchored to DIDR. As a result of the more intricate
network in D2DR the carbamate moiety is more strongly
anchored to this receptor sub-type than to D1DR.
Moreover, the substitution of V539 in D1IDR by the more
polar threonine in D2DR also contributes to the stronger
anchoring of the carbamate in this last receptor sub-type.
Note in Figs. 5 and S2 that in D2DR the T3¢ hydroxyl
oxygen atom forms a hydrogen bond with carbamate amide
proton which cannot be formed by V539 in DIDR.
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Fig. 9 Sum of the charge density
values (in atomic units) at the
intermolecular bond critical
points (BCPs) for complexes of
compounds 1, 2, 3, 4, and 5 with
D2DR. The expressed values
were obtained by averaging the
charge density sum for each
contribution (i.e.,
pharmacophore, linker, and IEI- 0.200
carbamate) over the three cluster
representative structures extracted
from the MD trajectories
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Affinity determinants for D2DR binding

Figure 9 shows in stacked bars the sum of charge density
values at the intermolecular bond critical points (BCPs) for
complexes of D2DR with compounds 1 and 3 and their meth-
ylated counterparts 2 and 4, respectively. Also the charge den-
sity sum for complex 5/D2DR is shown, in which compound
5 lacks the carbamate group.

By comparing compounds 1 and 3 with their counterparts 2
and 4, respectively, it becomes evident that OH methylation at
the catecholic OH groups decreases the overall binding
strength of these compounds to D2DR which is in line with
the experimental observations (Table 1).

Figure 10 shows the backbone superposition of complexes of
compounds 3 and 4 with D2DR. Similar differences are observed
in the superposition of compounds 1 and 2 (not shown).

Fig. 10 Backbone superposition
of complexes of compounds 3
(light blue) and 4 (gray) with
D2DR

M carbamate M linker M pharmacophore

compound

As seen in Fig. 10, the pharmacophore adopts the same
binding mode in both hydroxylated and methoxylated com-
plexes. However, as evidenced in Fig. 9 the pharmacophore
interactions weaken on going from complex of compounds 1,
3 to those of the methylated analogs 2, 4, respectively. The
weakening is mostly due to the interactions of the catecholic
hydroxyl groups with conserved serine residues at TMS which
are lost (or weakened) after OH methylation.

One of the key interactions that are lost due to OH
methylation involves the backbone oxygen of Ss4, and
catecholic hydroxyl hydrogen atom in meta position of
compounds 1, 3 (see Figs. 7b, 8b). Besides its contribu-
tion to ligand anchoring, this interaction also modifies the
architecture of TMS5 because it causes the rupture of an
intra-TMS5 hydrogen bond in which Ss4, carbonyl oxy-
gen is involved. This is reflected in the secondary
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structure of TMS5 that is locally deformed around Ss 4, in
complex 3/D2DR but remains intact in complex 4/D2DR
(see Fig. 10).

It has already been argued that ligand interaction with back-
bone of Ss 4, influences the folding of the outer (extracellular)
segment of TM5 and adjacent ECL2 loop [51]. In line with
this arguing, note in Fig. 10 how ECL2 in complex 4/D2DR
extends further down the binding pocket entrance as com-
pared with ECL2 of complex 3/D2DR. Moreover, note in
Fig. 10 that ECL2 residues mostly interact with the linker part
of compounds.

In order for both pharmacophore and linker to be hydrogen
bonded to the same negatively charged residue Dj 35, the link-
er has to adopt the curved up conformation it has in complex
3/D2DR. However, this “curved up” conformation of linker is
not allowed in complex 4/D2DR because it would crash with
ECL2 that protrudes into the binding pocket to a greater ex-
tend in this complex. As a result, carbamate group is no longer
hydrogen bonded to D5 3, in complex 4/D2DR (Fig. 10). The
loss of this interaction explains at least in part the lower con-
tribution of carbamate to total anchoring strength due to OH
methylation (see Fig. 9).

Conclusions

We report here a new series of highly selective ligands on the
D2DR. Our molecular modeling study predicted that a series
of THIQs functionalized with carbamates could be selective
ligands on the D2DR receptors with respect to DIDR. Our
experimental results confirmed the predictions of the model-
ing studies, showing the importance of this type of exploratory
analysis before performing the syntheses and bioassays.

To complete our study, we performed a QTAIM study for
the five compounds of this series in order to evaluate the
molecular interactions stabilizing the different complexes.
This study made it possible to explain clearly why these com-
pounds are highly selective on the D2DR. Our results indicate
that the relatively long portion formed by the connecting chain
and carbamate group can be accommodated spatially much
better in the D2DR than in the D1DR.

On the other hand the QTAIM study also allowed us to
explain why the methoxylated derivatives (compounds 2 and
4) have much less affinity for both receptors than the hydrox-
ylated compounds (compounds 1 and 3). In this case the im-
portant hydrogen bond network of the pharmacophoric group
is affected by the replacement of OH function by OCHj.

Our results show that the adequate use of combined
simple techniques is a very useful tool to predict the po-
tential affinity of new ligands at dopamine D1 and D2
receptors. On the other hand, the QTAIM studies prove
once more how useful they are to evaluate in detail the
molecular interactions that stabilize the different ligand-
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receptor complexes. This information is crucial as an ele-
ment for the design of new ligands on this type of
receptors.
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