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1 Introduction

In the past the potential clinical usefulness of centrally
acting dopamine receptor (DR) agonists has stimulated in-
tense research on new dopaminergic agents. Thus, in gen-
eral, different efforts in medicinal chemistry and neurophar-
macology have yield substantial numbers of compounds
with activity and selectivity at each of the major DRs.[1–6]

Particularly noteworthy is the work of Reutlinger, et al. who
have recently reported the development and application of
a computational molecular design method for obtaining
bioactive compounds with desired on- and off target bind-
ing.[7] The authors used the molecular algorithm (MAntA)[8]

which effectively transfers a nature-inspired optimization
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principle to chemistry-driven molecular design; and they
successfully designed antagonist compounds for the dopa-
mine D4 receptor demonstrating the successful application
of MAntA to dopamine receptors. However, despite the ef-
forts of these authors, in general the design and develop-
ment of DR-selective ligands remains largely empirical,
quite conservative in following molecular precedents,
somewhat unpredictable and not ready for routine applica-
tions of computer-aided drug design techniques. The com-
putational limitations and/or errors can arise in many ways
depending on the methodology: some possibilities include
errors in the structure of the host, choice of ionization
state, structure of the complex, inadequate sampling of in-
ternal degrees of freedom and the so called “ligand-recep-
tor stereo-electronic problem.

In order to obtain new dopaminergic agonists, The dopa-
mine molecule (compound 1 in Figure 1) has been modi-
fied on the amino group, on the ethylamine chain, and on
the catechol moiety as well.[9–17] Claudi et al. reported the
synthesis and binding affinity for D1 and D2 subtypes of
DRs of 2-(4-fluoro-3-hydroxyphenyl)ethylamine (compound
7, Figure 1).[16] This compound showed about two-fold
lower affinity than dopamine for both binding sites. Previ-
ously Cardinelli et al reported low activity for other fluorine
derivatives of dopamine including 2-(3-fluoro-4-hydroxy-
phenyl)ethylamine (compound 6).[15] Studies on aminotetra-
lins showed that 2-amino-6-chloro-7-hydroxytetralins (com-
pound 8) are weakly effective in the binding assays.[18] In

addition Claudi et al. reported that 2-chlorothyramine (com-
pound 2) is not able to discriminate between the two sub-
types of dopamine receptors (D1 and D2), and has seven-
fold lower affinity than dopamine for both sites.[17]

It must be pointed out that although 3-chlorotyramine
(2-(3-chloro-4-hydroxyphenyl)ethanaminium chloride) (com-
pound 3) has been previously reported by Fuller[19] in 1971
and Stark and Fuller[20] in 1972; however, according to our
bibliographic information, the dopaminergic effect of com-
pound 3 has not been analyzed yet as a D2-DR ligand. One
possible explanation for this is that due to the low activity
obtained for the analogues of this compound, compound 3
has been directly discarded as a potential ligand of interest
for the D2-DR.

The replacement of OH group by halogen introduces sig-
nificant changes in the biological response of these ligands.
For example it is interesting to note that in the series of
benzazepines the 2,3,4,5-tetrahydro-7,8-dihidro-3-methyl-1-
phenyl-1H-3-benzazepine (compound 9) had only micromo-
lar affinity at D1 and D2 receptors.[21] However 2,3,4,5-tetra-
hydro-7-chloro-8-hydroxy-3-methyl-1-phenyl-1H-3-benzaze-
pine (compound 10), obtained by replacing the 7-OH of 9
with a chlorine, has nanomolar affinity possessing a high
selectivity by D1 receptors. In the same way our own stud-
ies performed on a series of benzyl-tetrahydroisoquinolines
(BTHIQs) indicated that the presence of a chlorine group at
C7 is very important for the adrenergic effect of such deriv-
atives (compounds 11–14).[22–24] In fact such BTHIQs pos-
sessing a chlorine group at C7 displayed the strongest af-
finity for both D1 and D2 DRs in this series.[23] It should be
noted that the inductive effect of chlorine could influence
the acidity of the phenolic group and produce different in-
teractions at the binding pocket altering the affinity for D2-
DR. One question which arises is if compound 3, which has
not been previously studied as a D2-DR ligand, have low or
high affinity for this receptor and in either case try to find
an explanation at sub-molecular level for such behavior.
Another question which might arise is why to evaluate
compound 3 and why now? There are different reasons to
analyze this molecule with the computational approaches
now available. On one hand it is possible to exploit recent
information obtained for dopamine with respect to its bio-
logically relevant conformation.[25] On the other hand is
also now possible to study with some accuracy the elec-
tronic effects introduced to the ligand when replacing an
OH by Cl and the effects of such change when the ligand is
interacting with its biological receptor. Recently we report-
ed a comprehensive conformational study of dopamine in-
teracting with the D2-DR, using a combination of molecular
dynamics (MD) simulations, semiempirical and DFT calcula-
tions.[25] In addition, a detailed electronic analysis using
Quantum Theory of Atoms in Molecules (QTAIM)[26–28] tech-
nique was also carried out. By using this approach it is pos-
sible to evaluate with some details the conformational and
electronic behaviours of dopamine and its halogenated de-
rivatives.Figure 1. Structural feature of dopamine and derivatives.
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Halogens, especially the lighter fluorine and chlorine, are
widely used substituents in medicinal chemistry. Until re-
cently, they were merely perceived as hydrophobic moiet-
ies and Lewis bases in accordance with their electronega-
tivities. Much in contrast to this perception, compounds
containing chlorine can also form directed close contacts of
the type R�X · Y�R’, where the halogen X acts as a Lewis
acid and Y can be any electron donor moiety. This interac-
tion, referred to as “halogen bonding” since 1978[29] is
driven by the s-hole, a positively charged region on the
hind side of X along the R�X bond axis that is caused by
an anisotropy of electron density on the halogen.[30,31] The
intriguing formal similarity between halogen bonding, R�
X—B, and hydrogen bonding, R–H—B, has been noted and
discussed in detail by Legon.[32,33] However, he also does
point out that the hydrogen bond is more likely to be non-
linear. In turn a halogen bond is a highly directional, elec-
trostatically-driven non-covalent interaction between
a region of positive electrostatic potential on the outer side
of the halogen X in a molecule R�X and a negative site B,
such as a lone pair of a Lewis base or the p-electrons of an
unsaturated system. In a very elegant paper Politzer et al.
have introduced the “s-hole concept” allowing to explain
the empirically-observed characteristics of halogen bond-
ing: its marked directionality, its dependence upon the po-
larizability and electronegativity of the halogen atom, and
the role of the electron-withdrawing power of the R por-
tion of any molecule.[34]

In a recent review on different types of protein�ligand
interactions relevant to medicinal chemistry,[35] the authors
conclude that halogen bonds are a useful addition to the
arsenal of favorable interactions in molecular recognition
and can lead to significant affinity gains in some cases.
There are a number of experimental studies where the
effect of halogen substitution on binding affinity has been
systematically evaluated.[36–38] The strengths of halogen
bonds can be evaluated theoretically through quantum
chemical model calculations. It is evident that halogen
bonding is best described theoretically using high-level
quantum chemical methods such as coupled cluster[39]

(CCSD-(T)) and perturbation theory[40,41] (MP2) calculations;
yet using these methods greatly limits the size of the
model systems amenable to computational studies. Thus,
much larger systems (like those studied here) can be treat-
ed using QM/MM calculations,[42,43] semiempirical studies[44]

or using reduced model systems.[25]

Regarding the structural aspects of the D2-DR it is well
known that the binding of DA to the receptor is substan-
tially affected by multiple serine/alanine mutations. The
multiple mutations including a S193 susbstitution produce
the greatest effect.[45,46] It has been previously reported that
the effects of the multiple mutations were not additive,
with the single serine mutation having relatively larger ef-
fects, which is indicative of a very precise network of hydro-
gen bonds between the TMV (transmembrane spanning
region) serine residues and the catechol hydroxyls of the

DA molecule.[47] A further interesting finding was that addi-
tion of a 4-hydroxyl group (p-tyramine) to beta-phenyle-
thylamine (compound 4) does not enhance affinity, but ad-
dition of a 3-hydroxyl group (m-tyramine) (compound 5) is
favorable. When the 3-and 4- hydroxyls are present (the
case of dopamine), the affinity is enhanced over the effects
of the individual hydroxyl groups. These results are consis-
tent with a productive and specific interaction of the two
hydroxyl groups of DA with a network of serine residues.
Our previous results[25] suggested that the region near
these serine residues may be rather mobile which is consis-
tent with a model of receptor function where the binding
of DA locks the receptor into a relatively rigid conformation
with precise interactions between ligand and receptor.

On the other hand it is well-known that the non covalent
interactions generally are weaker than the covalent ones;
such interactions are more difficult to describe properly.
However, recent advances in computational calculation of
the electron charge density make possible the proper de-
scription of the three-dimensional network of bonding and
non bonding interactions in biological systems[27,48–50] in the
context of the quantum theory of atoms in molecules
(QTAIM).[51] Starting with strong and moderated hydrogen
bonds or halogen bonds, moving on to weaker polar inter-
actions and ending with stacking and T-shape interactions
between aromatic rings, all of them can be evaluated by
QTAIM analysis.[52] In fact, nowadays it is well know that the
stacking amino acids aromatic rings in proteins is evidently
much more important than it has been previously believed
and, indeed, can form one of the dominant stabilizing con-
tributions.[28] Our previous results show that the interac-
tions of the catechol OH groups of the ligand, in the differ-
ent conformations of the dopamine/D2-DR complex, deter-
mine the decrease or increase of the electron density on
the aromatic ring of dopamine. In turn, the electronic pop-
ulation of the aromatic ring of dopamine defines its orien-
tation within the binding site and the type of interactions
that are established with the aromatic rings of the receptor.
It is evident that a description non quantum mechanical of
the problem would overlook these electronic effects that
are crucial to understand the binding modes of the ligand
within the receptor binding site.

We were particularly intrigued to know which is the affin-
ity of compound 3 by the D2-DR and whether it was possi-
ble to explain such behavior through computational simu-
lations. Thus, first we synthesized and tested compound 3
as a D2-DR ligand. Whereas this compound showed an af-
finity comparable to that reported for dopamine in
a second stage of our study we performed MD simulations
for the complexes of compounds 1–5 with the D2-DR. It
should be noted that these compounds were carefully se-
lected in function of their substituents at the catecholic
portion. The selected compounds were: compounds 4 and
5 possessing only one hydroxyl group at para and meta po-
sition, respectively and compounds 2 and 3 possessing
chlorine and hydroxyl groups at para and meta positions,
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respectively. We also include in our comparative study dop-
amine (compound 1), possessing the catecholic ring. The
next step was to construct a reduced model for the binding
site which allowed us to perform more accurate quantum
mechanical calculations. The fourth step was to simulate
the molecular interactions between the different ligands
and the D2-DR using a QTAIM analysis ; being the principal
goal of such calculations try to obtain a detailed descrip-
tion of the molecular interactions which stabilize and desta-
bilize the different complexes. It is clear that a detailed
analysis of the such interactions would be of paramount
importance to determine the intricacies of the network of
serine residues located at the binding pocket of the D2-DR.
Finally, we performed a comparative analysis among the
different complexes and the conclusions are put forward in
the last section.

2 Methods

2.1 Chromatographic and Spectroscopic Analysis

The reaction was monitored by analytical TLC with silicagel
60 F254 (Merck 5554). The residue was purified through
silica gel C�18 (SPE, Alltech, 100 mg/1.5 mL) column chro-
matography. Isolation and purification was carried out by
a Waters HPLC system with a 600 pump and both a 2996
Photodiode Array Detector (PDA) and ELSD 2420 Detector
(Milford, MA). 1H, NMR spectra was recorded on a Bruker AV
300 MHz instrument (Rheinstetten, Germany). Chemical
shifts (d) are reported in ppm for a solution of the com-
pound in CDCl3 and the coupling constants (J) values are
given in Hz. High resolution ESIMS (electrospray) data were
carried out on a Micromass Q-TOF Micro coupled with
a HPLC Waters Alliance 2695 (Milford, MA). The instrument
was calibrated by using a PEG mixture from 200 to 1000
MW (resolution specification 5000 FWHM, deviation
<5 ppm RMS in the presence of a known lock mass). The
HCl salts of the synthesized compounds were prepared
from the corresponding base with 5 % HCl in MeOH. N-(4-
benzyloxy)-3-chlorophenethyl)benzamide was prepared by
standard methods from 3-chloro-4-methoxybenzaldehyde
and benzoyl chloride.[22]

2.2 Synthesis of 3-Chlorothyramine (3)

A solution of the N-(4-benzyloxy)-3-chlorophenethyl)benza-
mide (1, 20 mg, 0.055 mmol) in a mixture of 2.5 N HCl/
HOAc (4 : 1 mL) was heated for 42 h at 100 8C. Then, the sol-
vent was removed under reduced pressure and the residue
partitioned between H2O/EtOAc. The phases were separat-
ed and the acid aqueous layer evaporated under reduced
pressure to give a residue which was purified by column
chromatography C�18 (SPE, Alltech, 100 mg/1.5 mL) and
eluted in a gradient from 100 % H2O to 100 % MeOH. The
first fraction eluted with H2O/MeOH (9 : 1) was evaporated
and purified by semi-preparative HPLC using a Tracer Excel

120 ODS-B C18 column, 5 mm (25.0 � 1 cm), and MeOH/H2O
in 1 % HOAc (20 : 80) as mobile phase with a flow of 2 mL/
min. The 3-chloro-4-hydroxy-b-fenilethylamine (7 mg,
0.041 mmol, 75 % yield) was isolated with a retention time
(Rt) of 14.5 min as a white solid. 1H NMR* (300 MHz, CDCl3)
d 7.20 (s, 1H, H-2), 6.9 (s, 1H, H-6), 6.8 (s, 1H, H-5), 3.2 (m,
2H, CH2-a), 2.8 (m, 2H, CH2-b) ; ESMS m/z (%) 172 [M + 1]+

(39), 155 (100).

2.3 Binding Experiments

These experiments were performed on striatal membranes.
Each striatum was homogenized in 2 mL ice-cold Tris-HCl
buffer (50 mM, pH 7.4 at 22 8C) with a Polytron (4 s, maxi-
mal scale) and immediately diluted with Tris buffer. The ho-
mogenate was centrifuged on four times at 20000g for
10 min at 4 8C with resuspension in the same volume of
Tris buffer between centrifugations. The final pellet was re-
suspended in Tris buffer containing 120 mM NaCl, 5 mM
KCl, 1 mM CaCl2, 1 mM MgCl2 and 0.1 % ascorbic acid (Tris-
ions buffer), and the suspension was treated as described
above. A 200 mL aliquot of freshly prepared membrane sus-
pension (200 mg of striatal protein) was incubated for 1 h
at 25 8C with 200 mL of Tris buffer containing [3H] raclopr-
ide (0.5 nM, final concentration) and 400 mL of Tris-ions
buffer containing the drug under investigation. Non-specif-
ic binding was determined in the presence of 50 mM apo-
morphine and represented around 5–7 % of the total bind-
ing. 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. Tubes were rinsed with 3 mL of ice-cold buffer,
and filters were washed with 3 � 3 mL ice-cold buffer. After
the filters had been dried, radioactivity was counted in
4 mL BCS scintillation liquid at an efficiency of 45 %. Filter
blanks corresponded to approximately 0.5 % of total bind-
ing and were not modified by drugs.

2.4 Molecular Modeling

A 3D model of the human D2-DR was used for the MD sim-
ulations. This model is based on the homology model from
the crystallized D3-DR, b2 adrenoreceptor and A2a adeno-
sine receptor as templates.[49,53,54]

Molecular docking simulations were performed with Au-
toDock4 program[55] using rotatable bonds in the ligands
and flexible side chains in selected amino acids of the fifth
transmembrane domain due to its implication in the forma-
tion of binding pocket.[47] Assignation of atomic partial
charges (Gasteiger), rotable bonds as well as merging of
non-polar hydrogens were performed with AutoDock Tools
1.5.2.[55] The ligands were then docked inside a cubic GRID
box (70 � 70 � 70 �, grid points separated by 0.375 �) cen-
tered at the midpoint between the D114 and S194 alfa car-
bons (both residues conserved at the D2-DR putative bind-
ing site). This docking simulation was achieved under the
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hybrid Lamarckian genetic algorithm with an initial popula-
tion of 100 randomly placed individuals and a maximum
number of energy evaluations set at 1 � 107. All of the other
parameters were maintained at their default settings.[55] The
resulting docked orientations within a root mean square
deviation (RMSD) of 0.5 � were clustered together. From
the lowest energy cluster, the best ranked conformation for
each compound was then soaked in boxes of explicit water
using the TIP3P model[56] and subjected to MD simulation.
All MD simulations were performed with the Amber soft-
ware package (All-atoms force field FF99SB)[57,58] using peri-
odic boundary conditions and cubic simulation cells. The
particle mesh Ewald method (PME)[59,60] was applied using
a grid spacing of 1.2 � , a spline interpolation order of 4
and a real space direct sum cutoff of 10 �. The SHAKE algo-
rithm was applied allowing for an integration time step of
2 fs. MD simulations were carried out at 300 K target tem-
perature and extended to 10 ns overall simulation time. Po-
sitional restraints were applied to all the backbone alpha
carbons of the receptor except those of the transmem-
brane 5 (TM5) domain that were left free. The NPT ensem-
ble was employed using Berendsen coupling to a baro/
thermostat (target pressure 1 atm, relaxation time 0.1 ps).
Post MD analysis was carried out with program PTRAJ.[57]

2.5 MM-GBSA Free Energy and Per-Reside Decomposition
Analysis

The MM-GBSA protocol was applied to calculate the rela-
tive binding energies of the complexes by taking snapshots
at 10 ps time intervals from the last 1000 ps of the MD tra-
jectory.

In order to determine the residues involved in the com-
plexes intermolecular interactions, a per-reside free energy
decomposition analysis using the mm_pbsa program in
AMBER[61,62] was performed.

2.6 Quantum Mechanics Calculations and Topological Study
of the Electron Charge Density Distribution

Reduced 3D models systems representing the D2-DR bind-
ing pocket in the five molecular complexes 1/D2-DR, 2/D2-
DR, 3/D2-DR, 4/D2-DR and 5/D2-DR were constructed from
the coordinates of the potential energy minimum during
the molecular dynamics simulation trajectory. Then, geo-
metrical optimizations of the reduced model systems were
carried out at semiempirical level employing a PM6
method with halogen bonding correction (PM6-D2X)[63] in-
cluded in the MOPAC program.[64] The optimized models
were then used as input for the calculation of the electron
charge density topological analysis. Single point calcula-
tions were computed with Gaussian 03[65] employing
a hybrid PBE functional and 6-31G(d) as basis set.

The topological properties of a scalar field such as 1(r)
are summarized in terms of their critical points, i.e. , the
points rc where D1(r) = 0. Critical points are classified ac-

cording to their type (w,s) by stating their rank, w, and sig-
nature, s. The rank is equal to the number of nonzero ei-
genvalues of the Hessian matrix of 1(r) at rc, while the sig-
nature is the algebraic sum of the signs of the eigenvalues
of this matrix. Critical points of (3, �1) and (3, + 1) type de-
scribe saddle points, while the (3, �3) is a maximum and
(3, + 3) is a minimum in the field. Among these critical
points, the (3, �1) or bond critical points are the most rele-
vant ones since they are found between any two atoms
linked by a chemical bond. The determination of all the
bond critical points and the corresponding bond paths
connecting these point with bonded nuclei, were per-
formed with the AIMAII software.[66]

3 Results and Discussion

As was pointed out in the introduction it is curious that
until now it has not been reported the affinity for the D2-
DR of compound 3 which is relatively a simple molecule, at
least from a structural point of view. One possible reason is
that in that moment when the structurally related com-
pounds were studied, this compound was discarded with-
out an exhaustive analysis. It is also fair to note that at the
time in which the analogues of compound 3 were reported
it was not possible to perform theoretical calculations with
a relatively detailed electronic analysis as has been done in
this work. Anyway, the first thing we did was to synthesize
compound 3 and then test its affinity for the D2-DR.

3.1 Synthesis and Binding Affinity of 3-Chlorotyramine
(Compound 3)

Compound 3 has been previously obtained by the Chung’s
method,[67] which consists in the oxidative chlorination of
phenols with HCl and m-chloro perbenzoic acid (m-CPBA)
in N,N-dimethyl formamide, and also using an enzymatic
procedure.[68] In the course of our work on the synthesis of
1-substituted-1,2,3,4-tetrahydroisoquinolines,[22] the availa-
bility of the N-(4-(benzyloxy)-3-chlorophenethyl)benzamide
(1) allowed us to obtain compound 3 by hydrolysis of the
benzamide bond. Initially and unsuccessfully, various basic
and acid conditions excessively strong for the hydrolysis of
the benzamide (1) were assayed. Finally, we used a hydroly-
sis reaction in milder conditions,[69] a mixture of 2.5 N HCl/
HOAc (4 : 1) at reflux for 42 h, which afforded the 3-chlori-
nated dopamine analogue (compound 3) in good yield
(Scheme 1).

In order to minimize the experimental errors due to the
methodology employed we used a very similar experimen-
tal protocol to that reported in reference.[70] Our experi-
mental measurements indicated that compounds 3 possess
a Ki value of 0.146 mM. It should be noted that this com-
pound displayed a significant affinity by the D2-DR; In fact
this compound displayed an affinity very similar to that re-
ported for the endogen ligand DA (Ki = 0.52 mM).[70] This
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result was somewhat surprising to us since we expected
a lower affinity for compound 3 relative to dopamine. After
all the affinity reported for compound 2 is significantly
lower than that of dopamine.[17] From these results we per-
formed a molecular modeling study in which we analyzed
exhaustively the molecular interactions in order to better
understand these experimental results.

3.2 Molecular Dynamic Simulations

Comparing the MD trajectories obtained for the different
complexes, interesting general conclusions might be ob-
tained. Consistent with previous experimental[45–47] and the-
oretical[24,25] results, our simulations indicate the importance
of the negatively charged aspartate 114 for the binding of
these ligands. It is well-known that a highly conserved as-
partic acid (D114) in transmembrane 3 (TM3) is important
for the binding of both agonists and antagonists to the D2-
DR.[24,71,72] In the present study, all the compounds simulat-
ed were docked into the receptor with the protonated
amino group near D114. After 10 ns of MD simulations, the
ligands had moved slightly but in a different form com-
pared with the initial position. However, the strong interac-
tion with D114 was maintained for all the complexes (see
figures 2–5) which support that D114 is the anchoring
point for ligands with a protonated amino group.

In the next step of our study we evaluated the relative
free energy (D(DGbind)) obtained for the different complexes
(table 1, second column). The results obtained for com-
pounds 4 and 5 were as expected since both compounds
showed a lower affinity for the D2-DR than compound 1.
Regarding compounds 2 and 3 and from the relative bind-
ing energies obtained in our MD simulations, one can ap-
preciate that replacing the OH in meta (m-OH) by a chlorine
atom increases the affinity for the D2-DR in comparison to
compound 1, indicated by the lowest value of the relative
free energy obtained for compound 3. In contrast replacing
the OH in para position (p-OH) displays the opposite effect,
ie decreases the affinity for the receptor (5.57 kcal/mol
above the value obtained for 3). These results are at least
qualitatively in agreement with the experimental results
previously reported for compounds 1, 2, 4 and 5[17,70,73] as
well as with the experimental results reported here for
compound 3. To try to better understand these results we

compared the results obtained for 1/D2-DR complex with
those complexes obtained for compounds 2–5.

Figures 2 and 3 show the complexes obtained for com-
pounds 3 and 2, respectively, superimposed to complex 1/
D2-DR for comparison. Figures 1S and 2S (electronic sup-
porting material) show complexes 5/D2-DR and 4/D2-DR, re-
spectively.

The superposition of the complexes 1/D2-DR and 3/D2-
DR (see Figure 2) shows that both structures are very simi-
lar of the orientation of the ligand in the receptor binding
site. In both complexes the ligand adopts extended confor-
mation (torsional angle f1 = 1718 and 1778 respectively;
see Figure 1 for f1 definition) and the aromatic ring of
compound 3 overlaps almost perfectly with the catecholic
ring of 1, with the difference that the first one is rotated
1808 with respect to dopamine ring. In contrast, the super-
imposition of complexes 2/D2-DR and 1/D2-DR (see
Figure 3) reveals a marked deviation of compound 2 orien-
tation with respect to DA, with the first one displaying
a smaller value of the f1 torsional angle (f1 = 978).

Moreover, by comparison of chlorine atom binding mode
in both chlorinated analogues one can see that in complex
of compound 2 the chlorine atom is located in an hydro-
phobic environment composed of residues I184, F389,
V190 and C�H bonds from H393 whereas in complex of
compound 3 the same atom establishes interactions with
the more polar residues S193 and S194.

3.3 Conformational Change in the Transmembrane 5 (TM5)
Domain

Figures 4A and 4B give a different spatial view of the same
complexes shown in Figures 2 and 3. One can see in these
figures that in complexes 1/D2-DR and 3/D2-DR (see Fig-
ure 4A) the side-chain of S197 from transmembrane 5
(TM5) domain interacts with T119 from transmembrane 3
(TM3) domain. In contrast, in 2/D2-DR complex (see Fig-
ure 4B) this interaction has been disrupted during the MD
simulation and the side chain of S197 associates with the
backbone of residue S193 from the same TM5, causing dis-
tortion of the backbone interactions of TM5 and therefore
the change in the structure of this transmembrane domain.
It is worth noting that the change experienced by TM5
domain the complex 2/D2-DR reflects the importance of

Scheme 1. Scheme of synthesis of compound 3.
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preserving the flexibility of the backbone of TM5 during
the simulation, as suggested by other authors.[53,74]

3.4 Possible Role of the Aromatic Residues of the Binding
Site

From Figures 4A and 4B one also can see how the spatial
distribution of the aromatic residues of the binding pocket
of complexes 2/D2-DR and 3/D2-DR differs from that of
complex 1/D2-DR. Figure 4A shows that the side chains of
F389, F390 and F198 overlap almost perfectly in complexes
1/D2-DR and 3/D2-DR. These three residues are linked to-
gether by C�H · p interaction type (some of these interac-

tions are shown in the molecular graphs later) forming
a conserved structure that has been observed also in D2-DR
complexes with alkaloids possessing a tetrahidroprotober-
berine structure.[49] This conserved structure forms specific
interactions with the ligand, contributing, together with
the principal interaction D114 to its anchoring in the
proper orientation within the binding site. On the other
hand, in complex 2/D2-DR the side chains of the phenylala-
nine triad show a marked deviation in its rings spatial distri-
bution relative to 1/D2-DR (see Figure 4B). This alteration in
the phenylalanine triad structure is a consequence of the
distortion that TM5 undergoes in the 2/D2-DR complex,
which produces a displacement of the F198 (residue that

Figure 3. Spatial view of complex 2/D2-DR (orange). Complex 1/D2-DR (in gray) is overimposed for comparison.

Figure 2. Spatial view of complex 3/D2-DR (cyan). Complex 1/D2-DR (in gray) is overimposed for comparison.
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belongs to TM5) so that it can no longer be associated
with F190. Since phenylalanine triad produces specific in-
teractions with the ligand, the alteration of its structure
necessarily affects the binding mode of the ligand into the
binding site, being this another factor that helps to explain
the change in orientation of compound 2 within the bind-
ing site with respect to compounds 1 and 3.

At this stage of our work we consider the trend predict-
ed for the MD simulations as certainly significant but, on
the other hand the approximations involved in this ap-
proach compels us to go beyond the classical treatment of
the interactions to confirm our results. 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 of our study we constructed

reduced model systems using combined semiempirical and
DFT calculations.

3.5 Constructing the Reduced Models for the Binding Site

Figure 5 shows the ligand-residue interaction spectra calcu-
lated by the per residue free energy decomposition, which
suggests that the interaction spectra of compounds 1–5
with D2-DR are closely related and reflects their similar
binding modes. As shown in Figure 5, the residues D114
and V115 are those with the greatest contribution to the in-
teraction energy, this is true not only for compounds 1–5,
but also for other compounds with dopaminergic activity
previously reported.[49]

Since the salt bridge with D114 is the strongest interac-
tion established in the binding site it is considered a guide-

Figure 4. Similar spatial view to that shown in Figure 2 (4A) and 3 (4B) but in this case displaying the spatial distribution of the aromatic
residues of the binding site.
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line interaction for ligand anchoring into the D2-DR binding
site. With respect to V115, this amino acid forms several C�
H·p interactions with the aromatic ring of dopamine. These
interactions are not shown in the molecular graphs dis-
played below for easy viewing of the molecular interactions
of meta-OH/Cl and para-OH/Cl. Moreover, among the serine
residues of the binding site, S197 is the residue that has
the largest contribution to the interaction energy in com-
plexes 1/D2-DR and 2/D2-DR, being higher in the first one,
while S193 presents the most important contribution in the
complex 3/D2-DR. Finally, the residue decomposition analy-
sis also shows a significant contribution of one of the resi-
dues of the phenylalanine triad, F389, its contribution
being greater in 1/D2-DR and 3/D2-DR than in 2/D2-DR.

From these results we considered prudent to include in
the reduced model not just those amino acids involved in
the most relevant molecular interactions displayed in the
different spectra, but also all the residues involved in stabi-

lizing and destabilizing interactions showing non negligible
contribution in the per residue energy decomposition spec-
tra. Thus, residues D114, V115, M116, C118, T119, I184, F189,
V190, V191, Y192, S193, S194, I195, V196, S197, F198, W386,
F389, F390, H393, Y408, T412 and Y416 were included in
the reduced model for the binding pocket of D2-DR and
therefore a final number of 23 amino acids were included
in our model. A spatial view of this reduced model is
shown in Figure 6.

3.6 Quantum Mechanics Calculations and Topological
Analysis of the Electron Density

The starting geometries for each complex were obtained
from the coordinates of the potential energy minimum
during the simulation time. PM6-D2X optimizations were
performed by considering the mentioned 23 residues from
the receptor binding pocket. Next, DFT (PBE/6-31G(d)

Figure 5. Histograms of interaction energies partitioned for D2-DR amino acids when complexed with compound 1 (a), compound 3 (b),
compound 2 (c), compound 5 (d) and compound 4 (e). The x-axis denotes the residue number of D2-DR, and the y-axis shows the interac-
tion energy between the compound and the specific residue. Negative and positive values represent favorable or unfavorable binding, re-
spectively.
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single point calculations were carried out for each of the
PM6-D2X optimized complexes.

3.7 Evaluating the Molecular Interactions for the Different
Complexes

On the basis of the results obtained from the MD simula-
tions we focused the quantum mechanical analysis on dop-
amine (compound 1) and its two chlorinated analogues
(compounds 2 and 3).

Figure 7 gives the values of 1b summation (S1b) corre-
sponding to all the intermolecular interactions (Figure 7A)
and only those interactions involving substituent in the
meta (m-OH/Cl) and para positions (p-OH/Cl) (Figure 7B) of
compounds 1–3 at the D2-DR binding site.

In accordance with the relative free energy data (see
Table 1) the S1b values corresponding to all the intermolec-
ular interactions (Figure 7A) shows that compounds 3 and
2 are more strongly and more weakly anchored to the D2-
DR binding site than compound 1, respectively.

Figures 8, 9 and 10 show the molecular graph of electron
density obtained for compounds 1, 3 and 2 in the D2-DR
binding site, respectively.

3.8 Catechol Interactions

The molecular graph of Figure 8 shows the most important
interactions of compound 1 with the residues of the bind-
ing site. In particular, it is observed that OH in the meta po-
sition (m-OH) establishes a strong O�H · S hydrogen bond
(HB) with C118 (1b = 0.0202 au), other weaker HBs of the
type C�H · O with F390 (1b =0.0023 au), S197 (1b =0.0065 au)
and V115 (1b = 0.0032 au) and two O · O contacts with T119
(1b = 0.0061 au) and S197 (1b = 0.0072 au). While in position
para the OH behaves as a proton donor against S197 (1b =
0.0212 au), and as proton acceptor against C�H bonds of
F390 (1b = 0.0034 au). Furthermore, like m-OH, p-OH also
establishes a contact of the type O · O with backbone of
S193 (1b = 0.0027 au).

It is important to highlight the three O · O interactions in
the 1/D2-DR complex. Even more interesting, the oxygen
atoms of S197 and T119 that are engaged to the oxygen in
meta position (m-O) are connected each other through
a strong OH · O hydrogen bond. Thus, the three oxygen
atoms are connected directly or indirectly by bond paths to
give a topological ring (see Figure 7). This kind of O · O con-
tacts has been already described in previous reports[25,49]

and in such sense we believe they could be involved in the
ligand/receptor recognition process.

Figure 6. Spatial view of compound 3 (magenta)/D2-DR interaction. Magnification of the receptor active site at the right. The names of the
residues involved in the main interactions are written in the figure.

Table 1. Relative free energy (D(DGbind)) obtained in kcal/mol for
the five complexes studied here. IC50 experimental values are given
in the second column.

Complex D(DGbind) IC50 (mM) Reference

1/D2-DR 3.10 0.52 [41]
2/D2-DR 5.57 26.31 [9]
3/D2-DR 0.00 0.15 This work
4/D2-DR 4.84 >300 [42]
5/D2-DR 4.00 26.5 [42]
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3.9 Interactions of the Chlorine Atom

As can be seen in Figure 9, the chlorine atom of compound
3 (in meta position, m-Cl) establishes six interactions with
the binding site of D2-DR. Three C�H · Cl interactions with
residues I184, V190 and H393 (S1b = 0.0149 au), two inter-
actions of the O · Cl type with S193 (1b = 0.0128 au) and
S194 (1b = 0.0013 au) and a strong intramolecular (O�)H · Cl
HB interaction with the OH in para position (1b =
0.0240 au).

Moreover, in complex of compound 2, the chlorine atom
is more “buried” in the hydrophobic region (see Figure 10)
forming only C�H · Cl interactions (a total of six interactions
with residues I184, F189, V190 and H393 (S1b = 0.0326 au)).
Note that in this complex the chlorine atom is not forming
an intramolecular HB with m-OH as in the case of com-
pound 3.

The two Cl · O interactions that are only established in
complex 3/D2-DR could explain the favorable binding be-
havior observed for compound 3. In other words, the Cl · O
in complex 3/D2-DR might be mimicking the behavior of

the dopamine O · O interactions with carbonyl and hydroxyl
groups of the biological receptor.

Going back to Figure 7B, the 1b summation (S1b) corre-
sponding to interactions of m-Cl and p-Cl shows that the
chlorine atom in compound 2 is more strongly anchored to
the D2-DR binding pocket than the same atom in com-
pound 3. Thus, based in these results, it is fair to say that
the chlorine atom prefers to be in an hydrophobic environ-
ment as in complex 2/D2-DR where only C–H · Cl interac-
tions are formed rather than a more polar one, as in com-
plex 3/D2-DR where two Cl · O interactions are established.

On the basis of this results, the next question one might
ask is what then makes compound 3 be more strongly
anchored to the D2-DR binding site than compound 2? This
issue is explored in the next section.

3.10 Effects of the Chlorine Substitutions on the Interactions
of the OH Groups

Figure 7B shows that when the OH in meta position of
compound 1 is replaced by a chlorine atom as in com-

Figure 7. S1b values obtained for all the intermolecular interactions (7A) and only those involving substituents in meta (m-OH/Cl) and posi-
tion (p-OH/Cl) (7B) of compounds 1–3 at the D2-DR binding site.
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pound 3, it cannot be anchored to the binding site with
the same force as the m-OH of compound 1. However, the
introduction of Cl at meta position improves the interac-

tions of p-OH with respect to the same group in 1. Thus,
both groups together, m-Cl and p-OH are anchored to the
binding site with almost the same strength as the corre-

Figure 8. Molecular graph of compound 1 at the D2-DR binding site. Large spheres represent attractors or nuclear critical points (3, �3) at-
tributed to the atomic nuclei. Lines connecting the nuclei are bond paths and small spheres on them are bond critical points (3, �1).

Figure 9. Molecular graph of compound 3 at the D2-DR binding site. Large spheres represent attractors or nuclear critical points (3, �3) at-
tributed to the atomic nuclei. Lines connecting the nuclei are bond paths and small spheres on them are bond critical points (3, �1).
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sponding catecholic hydroxyls of 1. Thus, the presence of
the chlorine atom in the meta position modifies the bind-
ing site (throught the Cl · O interactions with serine resi-
dues) in order to strengthen interaction of p-OH.

On the other hand, when p-OH of compound 1 is re-
placed by chlorine as in compound 2, the halogen provides
stronger interactions than the corresponding OH group.
However, the introduction of chlorine significantly weakens
the interactions of m-OH in comparison to the same group
in 1/D2-DR complex, so that both groups together bind
much more weakly to the binding site that the correspond-
ing OH groups of compound 1.

As discussed above, in complex 2/D2-DR the chlorine
atom is more “buried” in the hydrophobic pocket formed
by residues I48, F154 and V190 that in the 3/D2-DR com-
plex. This determines that m-OH be poorly positioned to in-
teract with the serines of the binding site.

Summarizing the results of the molecular modeling sec-
tion, it was shown that the binding mode of compound 3
in the D2-DR binding pocket resemble the DA binding
mode (see Figure 2) whereas in compound 2, the anchor-
ing of the chorine atom in an hydrophobic pocket deter-
mines a different binding mode for this compound (see
Figure 3). While the chlorine atom in compound 2 is more
strongly anchored in the D2-DR binding pocket than the
same atom in compound 3 (Figure 7B), the overall binding
of the last compound is stronger than the first one (Table 1
and Figure 7A) in part due to the better placement of the

hydroxyl group to interact with the serine residues from
the receptor binding pocket. Furthermore, it was shown
that the binding mode of compound 2 to D2-DR deter-
mines a distortion of TM5 that in turn disturbs specific in-
teractions between phenylalanine resides of the binding
pocket and the ligand (Figures 4A,B).

3.11 Scope and Limitations of the Methodology Used Here

Let us now make some comments on the scope and limita-
tions that might have the application of calculations used
in this work.

With respect to the applicability to other biological sys-
tems, It is important to note that studies using molecular
techniques QTAIM applied to large systems of biological in-
terest are relatively new and therefore there are few studies
previously reported in the literature. However, it is impor-
tant to note that these simulations have been used suc-
cessfully in inhibitors of dihydrofolate reductase (DHFR)[48]

as well as with BACE 1 inhibitors.[75,76] Although the types of
receptors studied so far are very few, at least it is interest-
ing to note that it is possible to do this kind of simulations
successfully in different types of receptors. Now we are
doing studies on different types of ligand-receptor com-
plexes with different types of interactions (from very strong
to very weak ones). It is clear that the results obtained in
such study will give us a better picture about the scope of
applicability of the simulations used here.

Figure 10. Molecular graph of compound 2 at the D2-DR binding site. Large spheres represent attractors or nuclear critical points (3, �3)
attributed to the atomic nuclei. Lines connecting the nuclei are bond paths and small spheres on them are bond critical points (3, �1).
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With respect to the applicability of these simulations to
structurally unrelated chemotypes. We have recently re-
ported some works in which we have studied compounds
structurally different with this type of approach.[25,49,50] In
a study of DHFR inhibitors it was possible to include in the
correlation two new series of compounds possessing signif-
icant structural differences with respect to the known clas-
sical and non-classical inhibitors.[48] In the particular case of
D2-DR in previous works we have reported the analysis of
BTHIQs compounds[24] as well as of protoberberine deriva-
tives[49] by using this type of simulations. While the structur-
al variability is still very meager, the results obtained so far
are very promising for this kind of approach using reduced
models and QTAIM calculations. Thus, it appears very rea-
sonable that these simulations might be successfully ap-
plied to compounds with different structural chemotypes.
Importantly, in all the above cases, these studies including
quantum mechanical calculations and QTAIM studies have
significantly improved correlations between experimental
and theoretical results in a quantitative mode which indi-
cates how valuable is this protocol for prioritizing certain
chemotypes.

A somewhat negative aspect also needs to be highlight-
ed. The protocol used is far from to be considered a post-
docking routine method in its current form. However, con-
sidering that the type of calculations performed are not
particularly sophisticated, it would be possible to design
a protocol developing the various steps in a more system-
atic and friendly way. We are working on it.

4 Conclusions

In this paper we performed a molecular modeling study of
3-chlorotyramine and analogues. The theoretical and exper-
imental results reported here allowed us to reach at least
two interesting conclusions. On one side we are reporting
that 3-chlorotyramine has a D2 receptor affinity that it is
comparable to that of the endogenous ligand (dopamine).
This result is very interesting because until now it has been
reported that all halogenated dopamine derivatives have
a significantly lower affinity for both D1 and D2 receptors.
On the other hand it should be noted that our theoretical
study (including a comprehensive analysis of the molecular
interactions) has been able to explain such a significant af-
finity of 3-chlorotyramine for the D2 receptor. However, it is
important to note that in order to evaluate in detail the
various molecular interactions of ligands at its site of
action, it is necessary to use reduced models systems
which allow to perform quantum mechanical calculations
and QTAIM type studies. While these calculations require
more time than traditional or standard simulations, appa-
rently this effort is justified because it allows a deeper and
more appropriate description of the ligand-receptor inter-
actions.

By combining MD simulations with semiempirical and
DFT calculations, a simple and generally applicable proce-
dure to evaluate the binding energies of ligands interacting
with the D2-DR has been reported here. Thus, our theoreti-
cal and experimental results contribute to the understand-
ing of the non covalent interactions in the context of the
ligand - receptor binding event in a two-way manner, by
providing a detailed topological description of the interac-
tion network of the ligand in the receptor binding pocket
and by showing the convenience of going beyond the con-
cept of pair-wise interactions in order to “see” the electron-
ic effects within the intricate biological environment. Un-
doubtedly the results presented here show the importance
of performing these studies as comprehensive as possible
when hydrogen bonds are involved and even more if there
are halogen atoms involved in these interactions. Thus, we
believe our results may be helpful in the structural identifi-
cation and understanding of the minimum structural re-
quirements for these molecules and can provide a guide in
the design of new ligands for the D2 receptor of dopamine.

List of the Abbreviations

QTAIM Quantum theory of atoms in molecules
DR Dopamine receptor
DA Dopamine
MD Molecular dynamics
BTHIQs Benzyl-tetrahydroisoquinolines
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