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Abstract A molecular modeling study on 16 1-benzyl
tetrahydroisoquinolines (BTHIQs) acting as dopaminergic
ligands was carried out. By combining molecular dynamics
simulations with ab initio and density functional theory
(DFT) calculations, a simple and generally applicable
procedure to evaluate the binding energies of BTHIQs
interacting with the human dopamine D2 receptor (D2 DR)
is reported here, providing a clear picture of the binding
interactions of BTHIQs from both structural and energetic
viewpoints. Molecular aspects of the binding interactions
between BTHIQs and the D2 DR are discussed in detail. A
significant correlation between binding energies obtained
from DFT calculations and experimental pKi values was
obtained, predicting the potential dopaminergic effect of
non-synthesized BTHIQs.
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Introduction

The dopamine D2 receptor (D2 DR) has been implicated in
the mechanism of drugs used in the treatment of disorders
such as schizophrenia and Parkinson’s disease. For these
reasons, a great deal of research has focused on the
discovery of novel dopaminergic ligands as potential drug
candidates [1]. DR can be classified into two pharmaco-
logical families (D1 and D2-like) that are encoded by at
least five genes. Which receptor(s) needs to be activated to
obtain therapeutic effects in Parkinson’s disease has been
the subject of controversy [2]. The D2-like DR show high
affinities for drugs (antagonists) used in the treatment of
schizophrenia (antipsychotics) and those (agonists) utilized
to treat the Parkinson’s disease [3].
Tetrahydroisoquinolines (THIQs)—the most numerous
naturally occurring alkaloids—include 1-benzyl-THIQs and
aporphines, both of which have structural similarities to
dopamine and can interact with DR [4]. Previous results in
our group suggested that some natural and synthetic 1-
benzyl-THIQs alkaloids were able to bind to DR [5-7]. In
this way, we described the enantioselective syntheses of pairs
of dopaminergic (15)- and (1R)-benzyl-THIQs using (R)- and
(S)-phenylglycinol as the chiral source, and we observed
that, in these series of 1-benzyl-THIQs, (1S5)-enantiomers
were 5-15 times more effective at DI-like and D2-like
dopamine receptors than (1R)-enantiomers [8] (Fig. 1). On
the other hand, we described the preparation in a ‘one-pot’
sequence of 1-cyclohexylmethyl 7,8-dioxygenated-THIQ,
substituted and unsubstituted in the C ring by application of
the photo—Fries transposition, followed by a tandem reduction-
cyclization and further reduction. Indeed, we accomplished for
the first time a regioselective hydrogenation of the benzyl ring
in the THIQ system. All 1-cyclohexylmethyl THIQs studied in
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Fig. 1 a—d Structural features
of tetrahydroisoquinoline
(THIQ) compounds. a (1S)-1-
Benzyl-6,7-methylenedioxy-
1,2,3,4-THIQ. b (1R)-1-Benzyl-
6,7-methylenedioxy-1,2,3,4-
THIQ. ¢ (1S)-N-Propyl-1-
benzyl-6,7-dihydroxy-1,2,3,4-
THIQ. d (1R)-N-Propyl-1-
benzyl-6,7-dihydroxy-1,2,3,4-
THIQ (previously reported

in [8])

this work were able to displace the D2-like DR radioligand
from its specific binding sites in rat striatal membranes, while
the N-methylated derivatives also showed affinity for the D1-
like DR. Recently, we reported the influence of the
substitution at the I-position over a 7-chloro-6-hydroxy-
THIQ core [9, 10]. In previous works [8, 11-15], we
determined the role of certain structural requirements for
improving the affinity for D1 and D2-like DR. Thus, we are
able to postulate that the presence of a hydroxyl (OH) and a
halogen group (Cl) in the THIQ A-ring could lead to
obtaining molecules that can bind selectively to one of the
two groups of receptors mentioned above [13, 14]. Preserving
the chlorine and hydroxyl (or methoxyl) groups at the C-6
and C-7 positions of the THIQ A-ring, respectively, with a
secondary (NH) or a tertiary (NMe) amine, we explored the
impact of inclusion of aliphatic and aromatic groups such as
butyl-, phenyl-, benzyl-[8] as well as halogenated-1-
benzylbenzyl moieties at 1-position [9] to determine their
influence over dopaminergic activity. Thus, we have recently
reported five series of 1-substituted-THIQs: 1-butyl-THIQs
(compounds 1-3 in Fig. 2), 1-phenyl-THIQs (4-6), 1-benzyl-
THIQs (7-9), 2'-bromobenzyl-THIQs (11-13) and 2’,4'-
dichlorobenzyl-THIQs (14-16). Compound 10, which was
obtained from a fortuitous synthesis, was also included in
such a report [8]. During a Bischler-Napieralski cyclization,
we observed the same fact reported by Doi et al. in 1997 [16]
when preparing 1-butyl-THIQs. The need to add P,Os (and
POCl; at a molar ratio of 1:1) to the cyclodehydration
reaction, because of the difficulty of cyclizing the amide
when there is a chlorine in the structure (originally at the C-6
position of the A-ring), causes an aberrant cyclization, by
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means of formation of a nitrilium intermediate, which gives
two positional isomers, clearly identified after the reduction
step: 6-chloro-7-hydroxy-1-butyl-THIQ (compound 2), and 6-
hydroxy,7-chloro-1-butyl-THIQ (compound 10: unexpected
cyclization product), in a 1:2 ratio.

All these compounds were assayed in vitro for their
ability to displace selective radioligands of D1 and D2 DR
from their respective specific binding sites in rat striatal
membranes, and were tested for their ability to inhibit in
vitro *[H]-dopamine uptake in rat striatal synaptosomes.
Many of these compounds were able to displace both *[H]-
SCH 23390 and 3[H]—raclopride at nano or micromolar (nM
or M) concentration from their specific binding sites in rat
striatum, but all compounds had only low or no effect on
*[H]-dopamine uptake [8, 9]. The replacement at the C-1
position of THIQs, is an important factor modulating the
selectivity at DR. Compounds 1, 3, 10 and 11 (Table 1)
show a greater affinity towards D2 receptors when a butyl
or a benzyl moiety, respectively, is located in that position.
The different activities and selectivity obtained for these
compounds can be explained by the different spatial
orientations adopted by the varied hydrophobic portions
located at C-1, which could give different molecular
interactions with the D1 and D2 receptors. Since some
BTHIQs have shown a great affinity for the D2 DR,
considerable interest has developed in delineating the
portions of the BTHIQ molecular structure responsible for
its dopaminergic properties and interactions with the D2
DR. The process of drug design could be considerably

improved if receptors and their mode of interaction with
ligands were known in precise molecular detail. Such
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Fig. 2 Structural features of the
16 BTHIQs reported here,
showing the different torsional
angles

1: R1=CH3; R2= H
2: R{=CHj3; Ry=CHj3
3: Ry=H: Ry=H

10(isomero 3): Ry=H; Ry=H

information could then be used to design more defined
structures in which the pharmacophoric groups are oriented
in the appropriate spatial arrangement for optimal receptor
interaction.

In the present work, we report a molecular modeling study
performed on 16 BTHIQs acting as dopaminergic ligands.
Combined molecular dynamics (MD) simulations and quan-
tum mechanics (semiempirical, ab initio and DFT) calcu-
lations were employed in our study to evaluate the molecular

cl cl
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R,O 2 R0 2

X 01

7: Ry=CHa; R,= H
8: R1=CH3; R2= CH3

4: R1= CH3, R2= H
5: R1= CH3; R2= CH3

6: R1= H; R2= H 9: R1=H; R2= H
Cl Cl
R40 ‘ eNRz R0 ‘ ¢":R2
1
9, < §2
Br Cl Cl

11: R/|= CH3, R2= H
12: Ry= CHa; Ro= CHs
13: Ry= H; Ry= H

14: R1= CH3, R2= H
15: R1= CH3, R2= CH3
16: Ry= H; Ry= H

interactions between the BTHIQs and the D2 DR. An
excellent correlation between binding energies obtained from
DFT calculations and experimental pKi was obtained.

Materials and methods

Theoretical calculations were carried out in two steps. In a
first step, we performed MD simulations of the molecular

Table 1 Relative binding

energies obtained for the differ- Compound  Relative binding energy (BE) (kcal/mol) S3peciﬁc-D2‘ligand

ent complexes. Previously ["H]-raclopride

reported experimental pKi data

are shown in the last column EU AEU EU A EU pKi

(RHF/6-31G(d))  (RHF/6-31G(d))  (B3LYP/6-31G(dp))  (B3LYP/6-31G(d,p))

1 -98.91 22.16 -114.29 24.58 6.108+0.165 [9]
2 -80.00 41.07 -93.62 40.25 5.424+0.026 [9]
3 -111.92 9.15 -135.43 3.44 7.117+0.151 [9]
4 -75.46 45.61 -94.89 43.98 5.212+0.124 [9]
5 -83.02 38.05 -103.00 35.87 5.670+0.406 [9]
6 -90.48 30.59 -105.35 33.52 5.950+0.198 [9]
7 -99.94 21.13 -118.48 20.39 6.014+0.049 [9]
8 -84.29 36.78 -99.93 38.94 5.816+0.181 [9]
9 -116.35 4.72 -137.83 1.04 7.178+0.091 [9]
10 -114.03 7.04 -138.43 0.44 7.220+0.139 [9]
11 -100.47 20.6 -128.07 10.8 6.630+0.092 [10]
12 -81.59 39.48 -113.31 25.56 5.896+0.099 [10]
13 -121.07 0 -138.87 0 7.391+0.139 [10]
14 -74.61 46.46 -101.31 37.56 5.507+0.105 [10]
15 -77.31 43.76 -101.10 37.77 5.230+0.096 [10]
16 -102.79 18.28 -131.14 7.73 6.996+0.105 [10]
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interactions between compounds 1-16 and D2 DR. In the
second step, reduced model systems were optimized using
quantum mechanics calculations. Semiempirical (AM1)
combined with ab initio [RHF/6-31G(d)] and B3LYP [6-
31G(d,p)] calculations were employed in these optimizations.

Molecular dynamics simulations

It must be pointed out that the principal goal of the MD
simulations performed here was not to obtain a new D2 DR
by homology. Our aim in this study was less ambitious; we
wished to obtain a reasonable indication of the relationship
between the structures of compounds 5-7 and their
potential affinities for the binding pocket of D2 DR. Thus,
for this purpose, we considered it more appropriate to use a
previously reported and extensively tested model for D2
DR [17]. In fact, there are many molecular modeling
studies in the literature reporting D2 DRs obtained by
homology, all of them structurally closely related [18-20].
Thus, in the present study, we used the D2DR model
previously reported in reference [17]. The ligand topologies
were built using the mktop program [21]. For this purpose,
we used the previously optimized geometry at RHF/6-31G
(d) level of theory of the global minimum of each ligand. In
the present study, we used an approach where manual
docking was guided by information from site-directed
mutagenesis and short docking simulations, with both the
receptor and the ligand free to move. Structurally similar
parts of the ligands were oriented in similar positions in the
receptor model, which was described by Mansour et al. [22]
and Lan et al. [23]. Thus, receptor—ligand complexes were
prepared in order to obtain the input files for MD runs. Several
docking positions were considered and the strongest receptor
interactions were examined in detail.

The MD simulations and analysis were performed using
the GROMACS 3.2.1 simulation package [24, 25] with the
OPLS-AA force field [26-30] and the rigid SPC water
model [31, 32] in a cubic box with periodic boundary
conditions. Receptor—ligand complexes were embedded in
a box containing the SPC water model that extended to at
least 1 nm between the receptor and the edge of the box,
resulting in a box of 7.17 nm in side length. The total
number of water molecules was 11,330 for the different
simulations. Three Na" ions were then added to the systems
by replacing water in random positions, thus making the
whole system neutral. The time step for simulations was
0.001 ps for a complete simulation time of 5 ns. For long-
range interactions, the particle-mesh Ewald (PME) [33-35]
method was used with a 1 nm cut-off and a Fourier spacing
of 0.12 nm. The MD protocol consisted of several
preparatory steps: energy minimization using the conjugate
gradient model [36, 37] density stabilization (NPT con-
ditions), and finally production of the MD simulation
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trajectory. All production simulations were performed
under NVT conditions at 310 K, using Berendsen’s
coupling algorithm [38] for keeping the temperature
constant. The compressibility was 4.8x107> bar '. All
coordinates are saved every 5 ps. The SETTLE [24]
algorithm was used to keep water molecules rigid. The
LINCS [39] algorithm was also used to constrain all C-o
atom positions for the receptor in order to avoid unfolding
problems. The simulations were analyzed using the analysis
tools provided in the Gromacs package.

Histidine in the active site is a potential problem because
the state of His (neutral or protonated) is a controversial
topic. We were particularly interested in performing
simulations under physiological conditions (pH~7). Previ-
ous reports have indicated that, under physiological con-
ditions (pH=7), histidine located in a hydrophobic
environment (hydrophobic pocket without water molecules)
is in neutral form [40]. In addition, previous simulations
performed for D3DR by Micheli et al. [20] also considered
the histidine residue to be neutral. Thus, on the basis of
these results, we considered His in neutral form in our
calculations. This amino acid was calculated as follow:
protons were added using the program pdb2gmx, in the
GROMACS suite of programs, for optimization of the
hydrogen bond network. His protons were placed by
default; these selections were done automatically (His
was in neutral form). This is based on an optimal
hydrogen bonding conformation. Hydrogen bonds are
defined based on simple geometric criteria, specified by
the maximum hydrogen—donor—acceptor angle and donor—
acceptor distance.

It should be noted that the compounds reported here
possess one chiral center, and are therefore enantiomeric
with the possibility of two isomers (/-S and /-R). However,
we did not perform an enantiomeric resolution for previously
reported biological assays; thus, only one isomer of each
compound was evaluated in our MD simulations. To choose
the isomeric forms of each compound, we considered on the
one hand previously reported results [15] and, on the other,
preliminary and specially performed exploratory simulations
determining the spatially preferred form of each compound
(results not shown). Our previous experimental results on
structurally related compounds suggested that the S form
would be the preferred isomer for these compounds [15].
The preliminary and exploratory MD simulations are in
agreement with these experimental data, indicating that the
spatial ordering adopted by /-S forms gives adequate
orientation of the molecules to interact in the active site of
the dopamine D2 receptor.

The equilibrium state of the complexes was observed
from the onset of simulation until 5 ns. The temperature
was stabilized at 310+4 K for all complexes. The potential
energy stabilized in a short time period (around 0.5 ns), and
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the values obtained suggested that the system was well
equilibrated.

Considering the 5 ns of MD simulation, and from the time
profiles, it was concluded that some properties of the ligand—
receptor complexes reached stable average values at around
0.5 ns, whereas others take longer time periods. For this
reason, and to ensure full equilibration, only the last 4.5 ns
were taken into account for the analysis. After discarding the
first 0.5 ns of the trajectory, we followed the changes in spatial
ordering of the ligand-receptors complexes.

Quantum mechanics calculations

The binding pocket of the D2 L-R (ligand-receptor) was
defined according to Teeter et al. [41] and Neve et al. [42]. In
our reduced model system, only 13 amino acids were
included in molecular simulations. The size of the molecular
system simulated and the complexity of the structures under
investigation restricted the choice of the quantum mechanical
method to be used. Consequently, the semiempirical AM1
method was selected combined with ab initio calculations
(RHF/6-31G(d)). The torsional angles of the ligands and the
flexible side-chains of the amino acids as well as the bond
angles and bond lengths of the moieties involved in the
potential intermolecular interactions were optimized at the
semiempirical level. Next, the torsional angles of the ligands
and the flexible side-chains of the amino acids as well as the
potential intermolecular interactions were optimized at RHF/
6-31G(d) and DFT [B3LYP/6-31G(d,p)] levels of theory. In
contrast, the torsional angles of backbones as well as the
bond angles and bond lengths of non-interacting residues
were kept frozen during the calculations.

The binding energy of the complexes was calculated, with
the approximation neglecting the superimposition of error due
to the difference between the total energies of the complex
with the sum of the total energies of the components:

BEqm=EL p2pr — (Ep2pr + EL) (1)

where BEq)y is the binding energy, Eypopr is the complex
energy, Epopr the energy of the reduced receptor model
(binding pocket) and E; the energy of the ligand.

All the quantum mechanical calculations reported here
were carried out using the Gaussian 03 program [43].

Spatial views shown in Figs. 3, 9 and 10 were constructed
using the UCSF Chimera program [44] as the graphic
interface.

Results and discussion

Our molecular modeling study was carried out in two steps.
First, we performed MD simulations of the molecular

interactions between the compounds shown in Fig. 2 with
the human D2 DR (Fig. 3). In the second step, reduced
model systems (shown as a circle in Fig. 3) were optimized
using quantum mechanic calculations. Semiempirical
(AM1) combined with ab initio [RHF/6-31G(d)] and DFT
[B3LYP/6-31G(d,p)] calculations were employed for these
optimizations.

Molecular dynamic simulations

Comparing the results obtained for the different complexes
led to interesting general conclusions. Consistent with
previous experimental [22] and theoretical [45] results,
our simulations indicate the importance of the negatively
charged aspartate 86 for binding of these ligands. A highly
conserved aspartic acid (Asp 86) in trans-membrane helix 3
(TM3) is important for the binding of both agonists and
antagonists to the D2 receptor, [22, 46, 47], and its terminal
carboxyl group may function as an anchoring point for
ligands with a protonated amino group [23, 41, 42, 47]. In
the present study, all the compounds simulated were docked
into the receptor with the protonated amino group near Asp
86. After 5 ns of MD simulations, the ligands had moved
slightly but in a different form compared with the initial
position. However, the strong interaction with Asp 86 was
maintained for all complexes (see Fig. 4), supporting the
suggestion that Asp 86 functions as an anchoring point for
ligands with a protonated amino group.

Pharmacological data [22, 48] indicate that the hydroxyl
groups of dopaminergic ligands are of primary importance
in stabilizing binding, suggesting that the serine residues
(141 and 144) of the D2 receptor may not be equally
important for binding affinity. Individual mutation of
serines 141 and 144 in TMS5 to alanine produced asymmet-
rical effects on dopamine receptor binding. These results
indicated that Ser 141 might be differentially important for
dopamine binding. In addition, site-directed mutagenesis
studies have indicated that a cluster of serine residues in
TMS5 (Ser 141, Ser 144) and in TM4 (Ser 122 and Ser 118)
is important for agonist binding and receptor activation [45,
47-49]. It was suggested that the serine cluster and
dopamine form a hydrogen-bonding network. Such a
hydrogen-bonding network was reproduced by the MD
simulation of these complexes (Fig. 5). In these complexes,
the strongest contributor to the network was Ser 141, which
is consistent with the experimental observation that a Ser 141
Ala mutated receptor completely lost dopamine-induced
activation [22]. The 7-hydroxyl group of compound 3
displayed another significant hydrogen bond interaction with
Ser 122; however, this interaction is weaker with respect to
the hydrogen bond with Ser 141.

Figure 5 shows that compounds 3 and 9 display strong
hydrogen bond interactions with Ser141 during the entire
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Fig. 3 Spatial view obtained for
the dopamine D2 receptor (D2
DR) model. The plot was per-
formed using the UCSF
Chimera program [44] program
as a graphic interface. Confor-
mations used as starting geome-
tries for the molecular dynamics
(MD) simulations of compounds
3 (cyan), 6 (green) and 9
(yellow) are shown. The binding
pocket optimized from quantum
mechanics calculations is
denoted with a circle. The
numbers of the amino acids
included correspond to reference
[17] and not to those given in
the crystal data
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simulation period. Similar results were obtained for com-
pounds 6, 10, 13 and 16. However, for the rest of the
BTHIQs evaluated here, such interactions were slightly
weaker. It should be noted that in compounds 3, 6, 9, 10, 13
and 16, the hydroxyl group on the ring-A is acting as a
proton-donor; whereas the oxygen atom of the OH group of
Ser141 is the proton-acceptor counterpart. In contrast, in
the case of compounds 1, 2, 4, 5, 7, 8, 11, 12, 14 and 15,
the OH group of Ser 141 is the proton-donor and the
methoxyl group on the ring-A is the acceptor counterpart.
MD simulations predict that these interactions are weaker in
comparison to those observed for hydroxyl ligands on the
ring-A.

Aromatic side chains are bulky, have low barriers for
rotation, and are ideal for adjusting to the changing
conformation of the hydrophobic moiety of the ligand. In
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the dopamine D2 receptor, the binding site proved to be
aligned with aromatic side chains, and such residues can
adjust to the different shapes and flexibility of the ligands in
the binding site. Thus, Phe 82, Val 83 and Val 87(TM3);
Phe 145 (TM5); and Trp 182, Phe 185, Phe 186 and His
189 (TM6) form a mostly hydrophobic pocket for ligands
(Fig. 3).

It is interesting to note that the only structural differences
between compounds 3, 6, 9, 13 and 16 are the different
substituents at C-1. Whereas compound 6 has a relatively
rigidly held phenyl ring, the corresponding butyl, benzyl
and halogenated-benzyl substituents on compounds 3, 9, 13
and 16, respectively, are free to rotate, allowing better
accommodation of these hydrophobic moieties to interact
with the cluster of aromatic and non polar residues. These
results might be better appreciated by observing the
different conformational behaviors obtained for the torsional
angles of their respective hydrophobic portions during the
simulations (Figs. 5-8). The conformational behaviors
observed for the torsional angles 6; and 0, of compound 9
are shown in Fig. 4. Whereas 0, is maintained relatively
fixed at about 250° during the simulation (Fig. 6a), the
torsional angle 0, displayed a high molecular flexibility,
adopting conformations from 20° to 300° (Fig. 6b). Closely
related results were obtained for the torsional angles 0; and
0, of compounds 13 and 16. The hydrophobic portion of
compound 3, the butyl moiety, also displayed a high
molecular flexibility. Figure 6 gives the conformational
behaviors of torsional angles ¢;—¢3 of compound 3. The
torsional angle ¢; adopts a relatively rigid planar form close
to 170° (Fig. 7a) but the other two torsional angles ¢, and ¢3
displayed a high molecular flexibility (Fig. 7b and c,
respectively). Very similar results were obtained for the
butyl portion of compound 10. In contrast, the conforma-
tional behavior obtained for the phenyl ring of compounds
4-6 displayed a very restricted molecular flexibility, keeping
a spatial ordering almost perpendicular with respect to the
rest of the molecule during the entire simulation (Fig. 8). The
different affinities previously reported for compounds 6 and
9 suggest that the orientation of the substituent at C-1 may
be a more important factor in the different effects on receptor
affinity for the two ligands. This argument also applies to 3,
10, 13 and 16, where the orientations of the butyl and
halogenated-benzyl substituents are more favorable for
hydrophobic interactions. Thus, the different affinities and
selectivities obtained for these compounds might be
explained, at least in part, by the different spatial orientations
adopted by the varied hydrophobic portions located at C-1,
which give different molecular interactions with the D2
receptor. These aspects are discussed in detail in terms of
quantum mechanics calculations in the next section.

In the next step of our study, we evaluated the
binding energies (BE) obtained for the different com-
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Fig. 6 Evolution of the angles 0, (a) and 0, (b) of compound 9 with
time during the simulation

plexes. From the binding energies obtained in our MD
simulations, one can distinguish a very good binder
from a very weak binder (—441,217.42 kJ mol ' for
compound 9 vs —441,015.35 kJ mol™' for compound 4)
but cannot distinguish ligands with similar binding affinities
(—441,217.42 kJ mol ™! for compound 9 vs —441,004.26 kJ
mol ! for compound 3 and —441,015.35 kJ mol ' for
compound 4 vs —440,155.71 kJ mol ' for compound 1
among other examples). This is not an unexpected result; can
we realistically expect to make accurate and reliable
predictions with what are decidedly crude representations
of the molecular interactions involved in the binding
process? Any model that neglects or only poorly
approximates the terms that are playing determinant
roles, such as, e.g., lone pair directionality in hydrogen
bonds, explicit m-stacking polarization effects, hydrogen
bonding networks, induced fit, and conformational entropy,
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among others, cannot reasonably be expected to distinguish
between compounds possessing relatively similar binding
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energies. There are several works supporting this concept in
the literature [50, 51].

At this stage of our work, we considered the trend
predicted for the MD simulations as certainly significant
but, on the other hand, we might be reluctant to assign it a
quantitative significance, because of the approximations
involved in this mode of approach. It should be noted that
we are dealing with relatively weak interactions and
therefore MD simulations might underestimate such inter-
actions. Thus, in the next step, we optimized reduced model
systems using combined semiempirical, ab initio and DFT
calculations.

Quantum mechanics calculations

AMI calculations combined with RHF/6-31G(d) and DFT
[B3LYP/6-31G(d,p)] optimizations were performed by
considering all receptor amino acids that could interact
after initial positioning of the ligands against Asp 86 and
Ser 141 residues. The binding pocket designed in this way
(Fig. 3) provided data that matched experimental results
previously reported from binding assays [8, 9].

Figure 9a shows ligand 13 interactions with the D2 DR
optimized using quantum mechanical calculations. The salt
bridge between the protonated amino group and the
carboxyl group of Asp 86, as well as the hydrogen bond
between the 7-hydroxyl group with Ser 141 can be seen in
this figure. From Fig. 9a it is clear that a strong salt bridge
exists in this compound between the protonated amino
groups and the carboxyl group of Asp 86 (calculated
distance of 3.47A). The hydrogen bond between 13 and Ser
141 is a bifurcated interaction in which the oxygen atom of
the hydroxyl group and the oxygen of carbonyl group of
Ser 141 are the proton-acceptors, giving interatomic
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Fig. 9 Interactions of
compound 13 (a) and 11 (b)
with the binding pocket of D2
DR. Spatial view of two inter-
actions: salt bridge (Asp 86 with
protonated amino group) to the
right and hydrogen bond
between meta-hydroxyl group
with Ser 141to the left

distances of 2.28A and 2.40A, respectively. Figure 9b
shows ligand 11 interaction with the D2 DR. In this case,
the 7-methoxyl group acts as proton-acceptor while the
hydroxyl group of Ser 141 is the proton-donor, displaying
an interatomic distance of 2.32A.

Table 1 gives the BE calculated for the different
complexes using RHF/6-31 G(d) and B3LYP/ 6-31 G(d,p)

compound 13

calculations. All compounds possessing 7-methoxyl groups
displayed higher BE with respect to the 7- hydroxyl
homologues (cf. 1 with 3; 4 with 6; 7 with 9; 11 with 13,
and 14 with 16). Previously, we reported that a 7-hydroxyl
group acting as a proton-donor gives a stronger hydrogen
bond than those derivatives possessing a 7-methoxyl group
[16]. The present results are in agreement with previously

Fig. 10 Interactions of compound 9 (a), 13 (b), 16 (c), 3 (d), 6 (e) and 10 (f) with the binding pocket D2 DR. Different spatial views show the

hydrophobic interactions at the hydrophobic zone
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reported calculations for isolated and solvated molecules, as
well as with previously reported experimental binding
affinities [8, 9] (see Table 1).

Figure 10a shows ligand 9 interactions with the binding
pocket. In this case, a different spatial view with respect to
Fig. 9 is shown in order to better appreciate the hydropho-
bic interactions. From this figure, we can observe that the
benzyl group of 9 adopts an adequate conformation to
interact with Phe 186, Phe 82 and His 189. A similar spatial
ordering was obtained for compounds 13 and 16 (Fig. 10b
and c, respectively). For compounds 13 and 16, the halogen
substituent confers a higher polarizability on the benzyl
group, allowing a stronger hydrophobic interaction. In
should be noted that compound 13 displayed the highest
of pKi value in this series. These hydrophobic interactions
could explain, at least in part, the strongest affinity obtained
for this compound. The butyl group of 3 displays a spatial
ordering closely related to that of the benzyl group of 9, 13
and 16, also giving closely related hydrophobic interactions
with the same hydrophobic residues (Fig. 10d). In contrast,
the phenyl group of 6 displayed a different spatial ordering,
giving adequate distance to interact only with Phe 186
(Fig. 10e). Interestingly, the bonding energies obtained for
these complexes are: 13/D2 DR < 10/D2 DR < 9/D2 DR <
3/D2 DR < 16/D2 DR, which are in complete agreement
with their respective pKi values obtained from our previous
experimental results (see Table 1). Compound 10 adopts a
different spatial ordering at the binding site; thus, the butyl
portion of this compound interacts with three aromatic
residues: Trp 182, Phe 82 and Phe 186 (Fig. 10f).
Compounds 4-6 possess a phenyl ring perpendicular to
the rest of the ligand from the ring containing the
protonated nitrogen [52]. These compounds docked in the
D2 receptor model have few interactions in the binding
pocket because their 1-phenyl substituents extend toward
the extracellular surface of the receptor, parallel to the helix
axes. These results are in agreement with those previously
reported [23]. Thus, it appears that the shape and flexibility of
the side chain at the C-1 position affects the receptor subtype
selectivity of ligands to an extent that depends on the
geometry, flexibility and stacking potential of ligand sub-
stituents. Lan et al. [23], reported that the D1 selective ligand
SCH23390 contains a phenyl ring perpendicular to the rest
of the molecule and the membrane plane, and parallel to the
helix axes, which could explain its selectivity. Our results are
in agreement with those results. Compounds type 46 in this
series displayed a conformational behavior closely related to
that reported for SCH23390.

Regarding the general structure of BTHIQs reported
here, it is reasonable to think that the presence of a chlorine
atom at C6, and consequently halogen bonding interactions,
could be operative for the ligand—receptor complex forma-
tion. Thus, this chlorine possibly could be interacting
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through either a positive sigma hole with a negative site
in its vicinity or through its negative lateral ring of
electrostatic potential with a positive site in the vicinity. A
comprehensive study on electrostatically driven non-
covalent interactions has been reported recently by Politzer
et al. [53]. In this latter article, the possibility that halogen
and other o-hole interactions can be competitive with
hydrogen bonding has been clearly established. Unfortunately,
from the limited information obtained from our relatively low-
level theory calculations, it is not possible to properly
determine if the halogen bonding interactions could take place
here. It is clear that further, more accurate calculations, as well
as quantum atoms in molecules (QAIM) [54, 55] analysis are
necessary for a detailed description of these interactions.
Such calculations are now in progress in our laboratory and
will be reported later in a separate paper.

R=0.9557
R2=0.9134

5 T T T T T T T T T
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Fig. 11 Correlations obtained between the experimental pKi values
versus the binding energies (BE) calculated from a ab initio [RHF/
631G(d)] calculations, and b DFT (B3LYP/6-31G(d,p)) computations
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Figure 1la gives a graphical representation of the
calculated BEs obtained from RHF/6-31G(d) calculations
versus experimental pKi values, obtained in binding studies
in rat striatum [8, 9]. This figure has a correlation coefficient
R*=0.9134. Theisresult is very satisfactory when one
considers the type of approximations used. Figure 11b shows
the same correlations but in this case using BEs obtained
from DFT [B3LYP/6-31G(d,p)] calculations. In this draft,
the correlation coefficient is R*=0.9460 indicating that DFT
calculations give a better correlation with the experimental
data. Although both linear correlations are good enough to
predict the biological activity of BTHIQs, it is clear that DFT
calculations give a significantly better correlation with
respect to RHF computations. This is particularly evident
from the high squares of correlation coefficients, > obtained
using RHF and DFT calculations (0.9134 and 0.9460,
respectively). From our results, it is clear that the predicted
first-principles structure of the primary binding pocket of D2
DR leads to correct predictions of the critical residues for
binding THIQs, and gives relative binding affinities that
correlate fairly well with those obtained in experiments
performed in native tissue. This good correlation provides
additional validation for the predicted structure and function.

It should be noted that the AMI1 method it is not
adequate to describe the hydrogen bonds. In addition, the
ab initio and DFT calculations performed here probably do
not properly consider the dispersion interactions. Fortu-
nately, in this case it appears that such limitations are not
severe enough to prevent us obtaining our objectives. Such
an assumption appears to be reasonable, considering the
significant correlation obtained between the experimental
data and the theoretical calculations performed. However,
we cannot exclude that a kind of error-cancellation could
have taken place in this case. Thus, it must be pointed out
that the approaches used in this study could be operative
only for THIQs and structurally related compounds. To
extend these approaches to other compounds possessing
different structures would require additional validation and
more accurate calculations.

Conclusions

A molecular modeling study on 16 BTHIQs acting as
dopaminergic ligands was carried out. By combining MD
simulations with ab initio and DFT calculations, a simple
and generally applicable procedure to evaluate the binding
energies of BTHIQs interacting with the D2 DR is reported
here, providing a clear picture of the binding interactions of
BTHIQs from both structural and energetic viewpoints.
Thus, our results give interesting information that may be
helpful in obtaining a better understanding of the molecular
interactions between BTHIQs and the D2 DR.

A significant correlation between binding energies
obtained from DFT calculations and experimental pKi
values was obtained. These results could predict the
potential dopaminergic effect of non-synthesized BTHIQs
with an acceptable degree of accuracy. Such information
could be essential in determining a priori the putative
activity of new BTHIQ derivatives. It is prudent to remark that
the excellent correlation obtained here between experimental
data and the theoretical calculations performed here could be
limited to BTHIQs and structurally related compounds.
However, we believe our results may be helpful in the
structural identification and understanding of the mini-
mum structural requirements for these molecules, and can
provide a guide to the design of BTHIQs with this biological
activity.
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