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ABSTRACT: As the dopamine D3R receptor is a promising target for
schizophrenia treatment, an improved understanding of the binding of
existing antipsychotics to this receptor is crucial for the development of new
potent and more selective therapeutic agents. In this work, we have used X-
ray cocrystallization data of the antagonist eticlopride bound to D3R as a
template to predict, through docking essays, the placement of the typical
antipsychotic drug haloperidol at the D3R receptor binding site. Afterward,
classical and quantum mechanics/molecular mechanics (QM/MM)
computations were employed to improve the quality of the docking
calculations, with the QM part of the simulations being accomplished by
using the density functional theory (DFT) formalism. After docking, the
calculated QM improved total interaction energy EQMDI = −170.1 kcal/mol
was larger (in absolute value) than that obtained with classical molecular
mechanics improved (ECLDI = −156.3 kcal/mol) and crude docking (ECRDI = −137.6 kcal/mol) procedures. The QM/MM
computations reveal the pivotal role of the Asp110 amino acid residue in the D3R haloperidol binding, followed by Tyr365,
Phe345, Ile183, Phe346, Tyr373, and Cys114. Besides, it highlights the relevance of the haloperidol hydroxyl group axial
orientation, which interacts with the Tyr365 and Thr369 residues, enhancing its binding to dopamine receptors. Finally, our
computations indicate that functional substitutions in the 4-clorophenyl and in the 4-hydroxypiperidin-1-yl fragments (such as
C3H and C12H hydrogen replacement by OH or COOH) can lead to haloperidol derivatives with distinct dopamine
antagonism profiles. The results of our work are a first step using in silico quantum biochemical design as means to impact the
discovery of new medicines to treat schizophrenia.

KEYWORDS: Quantum biochemistry, dopamine receptor, haloperidol, D3 binding pocket, quantum mechanics, DFT, antipsychotic,
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Schizophrenia is a mental illness affecting about five per
thousand in population, varying across cultures and

countries, and being more prevalent among males.1 Symptoms
are classified as positive (e.g., hallucination, delusions, etc.),
negative (e.g., lack of pleasure, difficulties to begin and sustain
activities, etc.) and cognitive (e.g., problems with executive
functions, working memory, etc.).2,3 Schizophrenia is a severe
and disabling neurological disorder that typically begins in late
adolescence or early adulthood, having a large impact on the
patients and society. World Health Organization estimates of
schizophrenia-related economic costs in 2001, available only for
some industrialized countries, range between 1.6% and 2.6% of
the total health care expenditures.4 For England, it was
estimated a £6.7 billion schizophrenia-related societal cost in

2004−2005.5 In the United States, the cost of schizophrenia
was estimated to be $62.7 billion in 2002.6

Antipsychotics began to be introduced for the treatment of
schizophrenia in the 1950s. Many of them exert their
therapeutic effects through the blockage of the dopamine
receptors group.7−9 Binding profile, type of side effect events,
and mechanisms of action, among other characteristics, are
used to characterize antipsychotics as first- and second-
generation agents (also known as typical and atypical,
respectively).7,8,10 Typical antipsychotics (e.g., chlorpromazine,
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fluphenazine, and haloperidol) are known to block the D2R
dopamine receptor (see below) in the mesolimbic and
nigrostriatal pathway, leading to extrapyramidal symptoms
(EPS) and late dyskinesia. Atypical antipsychotics (e.g.,
clozapine, olanzapine, and risperidone) were introduced in
the last three decades, being believed to be more efficacious,
tolerable and associated with fewer EPS.11

A complete understanding of dopaminergic neurotransmis-
sion is highly important to enhance the treatment of
schizophrenic conditions. Dopamine regulates its pathway
through the coordinated activation of dopamine receptors:
D1-like (D1R and D5R) and D2-like (D2R, D3R and
D4R).12,13 These receptors are G-protein-coupled (GPCR)
(see the Nobel Prize in Chemistry lecture, 2012)14−16

characterized by the presence of seven highly conserved
transmembrane helices (TMH1-THM7), connected by extrac-
ellular (EC) and intracellular (IC) loops.17,18 Receptors
belonging to the D1-like family activate adenylyl cyclase
through the stimulatory G-protein alpha subunit, while
receptors of the D2-like family are coupled to the G-protein
alpha subunit, with inhibitory effects over adenylyl cyclase.19

Among the dopamine receptors, the D3R subtype has been
discovered as an important target for the treatment of
schizophrenia, Parkinson’s disease, and other neurological
diseases.20−22 In medicated schizophrenic patients, the D3R
level was similar to or less than that in control levels, but is
doubled in antipsychotics-free patients, suggesting that D3R is
related to the antipsychotic efficacy in the treatment, while the
D2R blockade is involved with exptrapyramidal side effects.23

Analysis of post-mortem tissues showed D2R distribution in
the dorsal putamen and the dorsal caudate nucleus, but not
D3R. In the ventral putamem, ventral caudate, and globus
pallidus, a D2R/D3R distribution in a 2:1 proportion was
observed.24 High D2R concentration in the striatum seems to
be a target for antipsychotics and is related to motor side effects
associated with the nigrostriatal region. In the mesolimbic
region, D3R has an important role in the dopamine system25

and its RNA encoding is abundant in the ventral area. Indeed,
the understanding of the anatomical distribution of dopamine
receptor subtypes in the central nervous system (CNS) is
crucial to the rational development of subtype-selective agents
in order to improve treatment efficacy, as well as to reduce side
effects.26−31 In this regard, it has been recognized that
antagonism in D3R may represent a novel and potent
antipsychotic mechanism devoid of EPS, making D3R a good
target for the improved drug treatment of schizophrenia.25,29

Haloperidol, 4-[4-(4-chlorophenyl)-4-hydroxypiperidin-1-
yl]-1-(4-fluorophenyl)butan-1-one, chemical formula
C21H23ClFNO2 (see Figure 1A), is a phenyl-piperidinyl-
butirophenone. It was synthesized in 1958 by Janssen
Pharmaceutical and can be considered a typical antipsychotic,32

being an effective clinic agent employed in the therapy of the
positive symptoms of schizophrenia, mania and neurological
disorders.33 It is argued that haloperidol acts through the
blockade of dopamine D2-like receptors in the mesocortex and
limbic systems of the brain.34,35 Additionally, according to
Malmberg and colleagues,36 haloperidol is a D2R antagonist
which also acts like an inverse agonist in D3R. Moreover,
haloperidol also has an ability of binding to a wide variety of
central nervous system receptors, such as the adrenergic and
muscarinic ones, among others.37

The high homology degree of dopamine receptors explains
the low specificity of haloperidol and other similar drugs. In

fact, it was highlighted that D2R and D3R share 46%
homology, with 78% being in the transmembrane helices
(TM).25,38 Chien and colleagues38 showed that, among 18
eticlopride contact residues in the binding pocket of D3R, 17
are identical to D2R residues, suggesting that such similarities
in the binding pocket give rise to closely related affinities, as
observed for many compounds. Although promoting the D2R
dopamine blockade in the nigrostriatal region, triggering
extrapyramidal symptoms (dyistonias, akathisia, late dyskinesia,
and pseudoparkinsonism),39 haloperidol is still widely used in
clinic as the newer atypical antipsychotics have high cost, also
being related to the development of important side effects,
unhappily.40−42

In this work, due to the haloperidol clinical relevance and its
ability to antagonize D3R, it was investigated its mode of
interaction with individual residues of its D3R binding pocket.
The results of this in silico research work are quite useful as a
guide to the design of haloperidol derivatives with stronger
D3R antagonism. The published crystallographic data of D3R
complexed with eticlopride38 was taken into account to
simulate the docking of haloperidol in D3R by ligand
replacement. Quantum mechanics/molecular mechanics
(QM/MM) computation procedures were carried out to
optimize molecular geometries within the density functional
theory (DFT) formalism. The haloperidol−D3R amino acid
residue interactions were evaluated using the divide-to-
conquer-like molecular fractionation with conjugate caps
(MFCC) technique.43 A binding pocket radius r was defined,
varying from 2.5 to 10.0 Å, being supposed to contain the most
important D3R residues interacting with haloperidol. The
interaction energies of haloperidol with individual amino acid

Figure 1. (A) Atom labels for haloperidol at physiological pH. Region
i has the 4-clorophenyl fragment; region ii has the 4-hydroxypiperidin-
1-yl fragment with the tertiary amine protonated; region iii has the
butan-1-one fragment; and region iv has the 4-fluorophenyl fragment.
(B) Electron density calculated using DFT projected onto an
electrostatic potential isosurface. Negatively charged regions are in
red, and positively charged regions are in blue, as depicted in the
charge scale.
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residues were estimated, providing a description of the
dependence of the total binding energy with the binding
pocket radius. Besides, functional substitutions in the 4-
chlorophenyl and in the 4-hydroxypiperidin-1-yl fragments
(such as C3H and C12H hydrogen replacement by OH, OOH,
or Cl groups) were discovered as routes to search for
haloperidol derivatives with distinct dopamine antagonism
profiles. Our results are a first step toward in silico quantum
biochemical design and probing of new medicines to treat
schizophrenia.

■ RESULTS AND DISCUSSION
In the dopaminergic neuroscience domain, it is remarkable the
recent publication of the D3R structure cocrystallized with
eticlopride.38 This work has motivated structure-based drug
research through in silico simulations of ligands interaction with
D3R. As a matter of fact, Feng and colleagues44 have used
molecular dynamics to refine docking results of selective
ligands, highlighting the importance of Thr369 to the selectivity
of R-22 with D3R. On the other hand, the D3R crystallographic
structure was used to generate D2R and D3R models which
were validated through the docking of distinct ligands, followed
by molecular dynamics procedures.45

Docking algorithms have become popular in the field of
computer-aided drug design because they are useful tools to
predict the binding of small molecules to a protein
structure.46−48 However, due to the low accuracy of the score
functions, it is often hard to find the best pose among docking
results. To deal with this problem, more robust approaches can
be employed. In this sense, QM methods,49 which have been
proving themselves to be of great importance in all phases of in
silico drug design,50 are becoming more popular due to their
high accuracy to estimate (relative) binding affinities.51

Nevertheless, the computational cost to simulate large systems
at the QM level is very high because of the huge number of
electrons involved. To overcome this difficulty, it is possible to
describe the system by using its electron density ρ(r), which
depends on three spatial coordinates only, instead of the full
electronic wave function, with 3N spatial coordinates (N being
the total number of electrons involved). This is the essential
feature of DFT, where the total energy of a multielectronic
system is expressed as a functional of the electron density,
leading to the so-called Kohn−Sham equations.52,53 Besides,
the divide-to-conquer-like MFCC scheme is most helpful to
reduce the computational cost and preserving, at the same time,
an accurate description of biological systems through quantum
calculations.43,54−57 In particular, our group has employed
previously the MFCC method to describe ligand−protein
interactions at the quantum level in other relevant biological
systems.58−62

Another important issue related to ligand−protein docking is
how to take into account the flexibility of the protein structure
to make the results more realistic.48,63 Among recent suggested
strategies, one find the use of hybrid QM/MM approaches to
carry out docking refinement.49,64 The use of a hybrid method
can be a good route for the study of large proteins, as it allows
the partition of the entire system into two regions: (1) a small
region of interest, which is described using QM methods, and
(2) the rest of the protein system, which is modeled using a
classical MM force field. Among the QM/MM methods, Own
N-layer Integrated molecular Orbital molecular Mechanics
(ONIOM) has been used with success to treat biological
systems due to its simplicity and high accuracy.65 By combining

docking and ONIOM techniques, it is possible to achieve a
reliable structure to investigate protein−ligand interactions at
the molecular level through quantum biochemistry ab initio
simulations; see the Nobel Prize in Chemistry lecture of
2013.66

In the work here presented, the X-ray data of eticlopride
cocrystallized with the dopamine receptor D3 at 3.15 Å of
resolution, PDB ID 3PBL,38 was adopted as a template for the
docking essays, with the purpose of replacing the etilclopride
molecule by haloperidol. As a matter of fact, the docking of
haloperidol in the rigid structure of the crystallographic D3R
was performed in the original eticlopride binding site, which
was followed by classical and QM/MM optimizations. Such
geometry optimizations allowed some degree of flexibility in
the binding pocket site of the receptor, which is fundamental
for its function and drug design,67 but is absent in the crude
docking procedure.47,68,69 Afterward, ligand−residue interac-
tion energies were calculated using DFT through the MFCC
scheme. The QM calculations were performed both in the
local-density approximation (LDA)70,71 and generalized gra-
dient approximation approach with an extra dispersion
correction scheme as proposed by Tkatchenko and Scheffler
(GGA+TS).72,73 These procedures enabled a better description
of the haloperidol in its human D3R receptor binding pocket.

Haloperidol and Receptor Preparation. The protona-
tion state of the ligand used in this study is in agreement with in
vitro experiments which demonstrated that, among the use of
charged and uncharged analogues of dopamine, the agonist
activity is optimal for charged species.74 Also, Chien and
Colleagues38 stated that the protonated ethyl-pyrrolidine ring
of eticlopride, at physiological pH, is fundamental for the
formation of a salt bridge with the carboxylate of Asp110, which
is structural and pharmacologically critical for high affinity
ligand binding to the aminergic subfamily of GPCRs. Such
reports give us support to follow experiments using a
protonation scheme reflecting the physiological pH, but
considering variation due to the local protein environment.
Calculations of haloperidol showed that in the 7.2−7.4 pH
range there is a prevalence (97.34−95.85%) of protonation at
the piperidine ring. Also, the protonation state of amino acid
residues, at the physiological pH, was adjusted according to
PROPKA tool results and the protonation tool in the Discovery
Studio package (see Methods for more details). In this way,
important residues within the radius of 10 Å from the centroid
of haloperidol had their protonation adjusted according to
results, such as Asp110 (pka 3.9) and His349 (pka 6.0), among
others. Also, in order to improve the docking input, the
protonated haloperidol molecule geometry was optimized
through classical and quantum energy minimization steps,
following the same protocol used to prepare the eticlopride for
redocking. The haloperidol protonation considered during the
docking runs is depicted in Figure 1, together with the electron
density distribution of the isolated haloperidol molecular
structure after DFT geometry optimization.

Docking Results and Selected Pose. Initially, the
docking parameters were set through the application of a
redocking protocol to the eticlopride−D3R system using
Autodock 4.0. Two essays of redocking were performed, the
simple one using the eticlopride structure as given by the
crystallographic data, and an improved one where it was
considered a quantum optimized built molecule (see Figure S1
in the Supporting Information). As no significant differences
were observed between the redocking essays, the initial
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structure of haloperidol was built and optimized using the same
approach applied to generate the molecule of eticlopride
through the redocking (see Methods) before being used for the
docking in the rigid pocket of D3R. The tuning of the docking
machinery for haloperidol was performed following the same
steps of the eticlopride−D3R redocking. Docking experiments
generated 1000 poses, which were clustered using a RMSD
tolerance of 1.0 Å2; the first pose of each cluster scored better
than the threshold of −10 kcal/mol, being evaluated in a
rescore procedure (see pose selection in Methods). This
approach allowed us to quickly evaluate the docking score of 13
poses in order to choose the most representative of them.
Probably because our calculation took into consideration all
hydrogen atoms in the system (differently from the Autodock
approach, which computes only the polar hydrogen atoms in
the protein), which makes the calculation more accurate by
allowing a more realistic spatial arrangement of the atoms
during geometry optimizations, it was obtained a slightly
different ranking of poses (see Table S1). Nevertheless, our
rescore calculation confirmed as the best representative pose
the same one indicated by the Autodock score (the first pose
from the cluster 1). From now on, such pose will be labeled
DOC. Moreover, during visual inspection it was observed that
DOC represents the haloperidol orientation with the fluorine
atom pointing toward Helix V, and the chlorine atom pointing
toward Helix II, agreeing with the haloperidol orientation in
D2R as indicated by Hjerde and colleagues.75 However, it
curiously differ from that obtained by Wang and colleagues,76

which have obtained that the para-fluorophenyl plane is
oriented along the Helix II in their modeling of D2 and D3
receptors. Also, it was observed that in DOC the haloperidol
piperidine ring assumes a chair conformation, as described in
the literature,77,78 and also that the phenyl ring was oriented in
the equatorial position while the hydroxyl group was oriented
axially.78

Some of the discrepancies observed in published docking
simulations can be due to methodological differences. As a
matter of fact, Wang et al.76 have used modeled structures in
their study (the crystallographic data of D3R had not yet been
published then), building the ligand haloperidol in situ and
carrying out energy minimization steps followed by molecular
dynamics (MD) calculations to refine the structures. As
advanced by Sousa et al.,47 MD is known to have several
pitfalls when used in attempts to replace docking algorithms in
ligand−protein systems, mainly due to difficulties in scanning
over the typically rugged energy hypersurface of biological
systems and in crossing high-energy barriers. Moreover, the
simulation time could not be large enough to adequately
sample the conformational space in such a way that a stabilized
binding is not achieved.
Docking Refinement Through QM/MM Calculations.

Considering that the side chains of proteins are supposed to
reorganize in a wide range of ways within the binding pocket
(backbone displacement is more rare),79 we performed three
distinct geometry optimization procedures for the sake of
comparison and to improve the quality of the results. In the
first procedure, hydrogen atoms were added to the DOC
structure and only their positions were classically optimized to
minimize the haloperidol−D3R total energy. From now on, this
new geometry will be referred as crude docking input (CRDI)
structure. In the second procedure, it was generated the
classical mechanics docking input (CLDI) structure through
the optimization of all hydrogen atoms and the entire molecule

of haloperidol through a classical mechanics energy mini-
mization approach. The third procedure of optimization was
carried out using the QM/MM scheme in the ONIOM picture
for docking improvement,65 in such a way that the haloperidol
was set as part of the QM layer, while the totality of the D3R
residues was set into the MM layer. The resulting structure is
referred as quantum mechanics docking input (QMDI) from
now on. During the optimization, all hydrogen atoms of the
complex, the haloperidol molecule inside the D3R binding
pocket with amino acid residues up to a radius of 10 Å from the
haloperidol centroid, were allowed to relax. Figure 2 shows the

haloperidol at the D3R binding pocket after QMDI
optimization. As a matter of fact, the QMDI structure showed
significant differences in regard to the conformation of the
haloperidol in the binding pocket as compared with the original
crude docking result (see Figure 3). The total electronic
interaction energy of the system followed the sequence (EQMDI
< ECLDI < ECRDI), showing that QMDI converged complex is
more stable than the CLDI and CRDI ones. Results indicating
the dependence of the total binding energy on the binding site
radius (measured from the haloperidol centroid) are shown in
Figure 4. After the QM/MM optimization, the calculated total
binding energy including all residues inside the 10 Å binding
radius was −269.5 (−170.1) kcal/mol at the LDA-OBS (GGA-
TS) level. For the largest radius, one obtains the total electronic
interaction energy, ET. For r < 4.0 Å, E(r) decreases (the
binding increases) strongly, the main contribution coming from
the Asp110-ii (N14)H interaction at 4.0 Å (see Figures 4−6).
In the 4.0 Å < r < 6.0 Å range, E(r) decreases more weakly,
evolving toward a constant value; the main contribution are the
His349-iv (C22)H and Tyr365-ii (O9)H at 5.0 Å. For r > 6 Å,
while E(r) decreases continuously and oscillates in the LDA
case, it oscillates around a mean constant value in the GGA
case. The differences obtained when using LDA or GGA is due
to the nature of each functional. While within the DFT-LDA
approach the long-range interactions are over valuated during
the exchange-correlation description, the use of the DFT-GGA-
TS functional80 allows the description of the Van der Walls and
hydrogen bonds through an improved description of long-range

Figure 2. QM/MM optimization after haloperidol docking in D3R.
(A) Haloperidol ligand at the binding pocket of D3R, with its atoms
depicted as spheres scaled according with the respective van der Waals
(VDW) radii. The binding region is enclosed by the dashed red circle.
(B) Orientation and structure of haloperidol in its D3R binding
pocket. The amino acid residue Asp110 in helix III, which is pivotal to
the D3R haloperidol binding, is indicated together with other
important residues.
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interactions, resulting in a E(r) stabilization for r > 6 Å. Besides,
the oscillations are due to the DFT difficulty to describe long-
range Coulomb interactions related do distant charged residues.

Note that for 6.0 Å < r < 10.0 Å, the most relevant interacting
residues are Cys181, Phe188, Val189, Leu89, Ser192, Thr368,
and Trp370.
The analysis of the final structures generated from the CRDI,

CLDI, and QMDI approaches shows the displacement of
haloperidol atoms from the original docking pose toward a
more stable conformation. For a detailed general perception of
this structural rearrangement, one can inspect in the Table S2
of the Supporting Information the interatomic distances of the
D3R amino acid residues in the binding pocket to the
haloperidol centroid after each optimization strategy. Atomic
charges and bond lengths of haloperidol in vacuum, after
docking and after classical and QM/MM optimizations were
also calculated (Tables S2 and S3, Supporting Information).
The charge partitioning methodology known as Hirshfeld
population analysis (HPA)66,81 was adopted as it minimizes the
loss of information related to the formation of chemical bonds
between atoms in a molecule,15,82 and produces improved
Fukui function indices83−85 capable of predicting reactivity
trends within a molecule better than traditional Mulliken
population analysis,86 natural bond orbital analysis,87 and fitted
electrostatic potentials.88 However, Hirshfeld charges tend to
be too small,89,90 as Hirshfeld atoms in general resemble the
neutral atoms.91,92 Such limitation, however, can be amended
using the iterative Hirshfeld charge technique,90 which has been
successfully applied to the solid state93 and the discussion of
Fukui functions.94

The GGA-TS calculated Hirshfeld charges of the individual
atoms of haloperidol for the molecular conformation obtained
after in vacuum/docking optimizations are depicted in Table
S3, and the bond distances of non-hydrogen atoms are show in
Table S4. The results are expressed in units of the fundamental
charge e, and were calculated using the HPA scheme available
in the DMol3 code.95 They point to O19 and O9(H) as the
most negatively charged atomic species (Hirshfeld charges of
−0.209e and −0.190e, respectively). The N14(H) nitrogen
atom belonging to the hydroxypiperidinyl group, responsible
for a large attractive interaction with Asp110 in the binding
pocket, is positively charged (0.080e).

Interaction Energy per Individual Amino Acid
Residue. DFT calculations52,53 were employed to assess the
relative contribution of each amino acid residue at the binding
pocket to the D3R-haloperidol interaction. As the size of the
complete protein structure does prevent the use of quantum
calculations for the full system, a fragmentation (divide to
conquer) approximation was employed. Commonly, fragmen-
tation techniques take into account only the ligand and a given
residue with some sort of capping for the dangling bonds, so
that the resulting interaction directly reflects the local electronic
structure. To improve the accuracy of the method, especially
when residues at large distances are included, shielding effects
due to neighbor amino acid residues were considered following
a procedure established in previous works we published.58,59,61

Assessments with and without shielding effects included
exhibited smaller interaction energy differences for the residues
closest to haloperidol, such as Phe345 (3.5 Å), with interaction
energy of −11.10 (−12.30) kcal/mol (not) considering
shielding, but significant differences for residues at larger
distances, such as Cys114 (7.5 Å), which has an interaction
energy with (without) shielding effect of 8.80 (−4.00) kcal/mol
using the GGA- TS functional. Thus, in order to improve the
accuracy of our study, shielding corrections were included in all
simulation runs.

Figure 3. Different superposed views of the D3R-haloperidol
geometry before (CRDI) and after (QMDI) QM/MM optimization.
(A) Hydrogen bonds of haloperidol with Asp110 and Tyr365 are
almost unaffected by QM/MM optimization. (B) Rearrangement of
haloperidol and the side chain Ile183 is depicted. (C) Large
displacement of haloperidol region I (4-clorophenyl fragment). (D)
QM/MM optimization promotes a decrease of the mean distance
from haloperidol atoms to Leu89 and Cys181, increasing their
attractive interaction with haloperidol.

Figure 4. Behavior of the haloperidol−D3R total interaction energy as
a function of the binding pocket radius. Computations were performed
within the DFT formalism using the (A) LDA-OBS and (B) the GGA-
TS functional.
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The interaction energies of haloperidol with 43 amino acid
residues of the D3R binding pocket were calculated, with the
results being presented in Table 1. The sum of the individual
contribution of residues from the QM/MM optimized structure
indicate that the interaction energy does not vary much when
the residues located more than 6.0 Å distant from the

haloperidol centroid are accounted for. We have closely
investigated the interaction of haloperidol with the Cys114
residue, which is located close to Asp110 (Figure 2B), in TMH
III, and is part of an important domain for ligand interactions in
the D3R binding pocket.17 The Cys114 amino acid residue is
involved in the binding of ligands with, at least, one N-propyl

Table 1. Individual Amino Acid Residue Contributions to the Total Haloperidol−D3R Interaction Energy Calculated at the
LDA-OBS and GGA+TS Levelsa

CRDI CLDI QMDI

receptor segment residue LDA GGA r (Å) LDA GGA r (Å) LDA GGA r (Å)

TMH1 Tyr36 −11.00 1.00 10.5 −5.00 −6.00 10.0 2.00 2.40 10.0

TMH2 Val78 −1.00 −2.00 9.5 −2.00 0.00 9.5 −1.00 0.00 9.5
Val82 5.00 10.00 7.5 4.00 8.00 7.5 2.00 3.00 7.5
Met83 5.00 5.00 10.5 2.00 5.00 10.0 6.00 5.00 6.5
Val86 −6.80 4.00 8.0 0.80 0.10 7.5 −0.90 2.90 6.5
Leu89 −4.90 0.80 9.5 −0.70 6.00 9.0 −8.00 −7.00 9.0

TMH3 Phe106 −7.00 −1.00 7.5 −2.00 −2.00 7.0 −2.00 −1.00 6.0
Val107 −4.00 −3.00 5.5 −5.00 −5.00 5.5 −1.00 −3.00 5.5
Thr108 −1.00 −1.00 9.0 0.00 1.00 9.0 1.00 1.00 9.0
Leu109 −1.00 −1.00 9.0 −1.00 −1.00 9.0 −1.20 −1.30 9.5
Asp110 −112.10 −100.90 4.0 −123.10 −109.00 3.5 −117.20 −107.00 4.0
Val111 −8.90 1.10 5.0 −7.80 −1.00 5.5 −8.90 5.10 5.5
Met112 2.00 1.00 9.0 1.00 1.00 9.0 1.00 0.00 9.0
Met113 2.00 2.00 9.5 2.00 2.00 10.0 1.00 1.00 10.0
Cys114 8.20 9.00 7.0 4.30 9.00 7.0 5.80 8.80 7.5
Thr115 1.00 1.00 9.5 0.00 1.00 10.0 1.00 1.00 10.0

TMH4 Leu168 4.00 3.00 7.5 0.00 1.00 8.0 −2.00 1.00 8.0

ECL2 Asn173 0.00 1.00 10.5 0.00 −1.00 10.0 0.00 −2.00 10.0
Cys181 −3.20 −3.70 9.0 −5.20 −6.70 8.5 −6.60 −6.10 8.0
Ser182 4.00 5.90 7.0 1.40 3.70 6.5 −2.50 2.90 6.0
Ile183 −9.50 −5.20 4.0 −8.40 −5.10 4.5 −15.80 −9.70 3.5
Ser184 1.00 1.00 9.0 0.00 1.00 9.0 1.00 0.00 9.0
Asn185 −5.00 −4.00 10.0 −1.00 −3.00 10.5 −5.00 −3.00 10.0

TMH5 Phe188 −4.00 −4.70 8.0 −2.00 −3.70 8.5 −2.00 −3.00 8.0
Val189 −10.00 −6.00 7.5 −8.00 −6.00 7.5 −6.00 −4.00 8.0
Ser192 −7.30 −4.20 8.5 −7.00 −4.50 9.0 −6.10 −4.90 9.0
Ser193 −5.50 1.10 9.5 −2.70 0.20 10.0 −1.20 −1.00 10.5
Ser196 −0.60 −0.90 9.0 −1.70 −0.90 9.5 0.00 0.00 10.0

TMH6 Trp342 −8.90 −4.00 5.0 −10.00 −6.00 5.0 −10.00 −1.00 5.0
Phe345 −29.00 −8.00 2.5 −23.60 −8.90 3.0 −24.60 −11.10 3.5
Phe346 −14.30 −9.80 7.0 −11.00 −9.00 7.5 −12.10 −8.30 7.5
Thr348 −1.00 1.00 9.5 −1.00 0.00 10.0 1.00 1.00 9.5
His349 −8.50 −2.30 4.5 −5.50 −0.30 4.5 −4.50 −1.30 5.0
Val350 −3.00 −1.00 9.5 0.00 −2.00 10.0 0.00 −1.00 9.5
Asn352 2.00 2.00 10.0 2.70 3.30 10.0 2.00 1.00 10.0
Thr353 0.00 0.00 9.5 0.00 2.00 9.5 1.00 0.00 9.0

TMH7 Tyr365 −11.00 −13.00 5.0 −14.00 −11.00 5.0 −28.00 −16.00 5.0
Ser366 −2.00 1.00 10.0 −2.00 −3.00 9.5 −2.00 −3.00 9.5
Thr368 −1.00 −2.00 8.5 −1.00 −3.00 8.5 −1.00 −2.00 9.0
Thr369 −13.20 −2.80 5.0 −13.30 −0.90 4.5 −12.00 −2.90 4.5
Trp370 1.00 0.00 9.5 1.00 0.00 9.5 2.00 2.00 9.0
Gly372 0.00 2.00 8.0 0.00 1.00 8.5 1.00 2.00 8.5
Tyr373 −10.00 −4.00 6.0 −11.10 −5.60 5.5 −10.90 −6.60 5.5

aEnergies are given in kcal/mol and the radial distance of each residue do the haloperidol centroid in Å.
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group in its structure. When compared with the wild type, in a
competition binding experiment with [3H]-spiperone, the
mutated Cys114S receptor showed 272- and 102-fold increases
in the ki value for two aminotetralin antagonists, UH-232 and
AJ-76, respectively.96 On the other hand, our results show a
repulsive interaction of Cys114 (8.80 kcal/mol) with
haloperidol obtained within the GGA-TS approach.72,73

There are 23 residues with relevant contributions to the
binding, the sum of their individual interaction energies being
very close to the value of the total binding energy. We were
able to identify attractive and repulsive amino acid residues, as
one can see from the BIRD panels shown in Figure 5, the
former obtained through the LDA exchange-correlation
functional with OBS dispersion correction, and the latter
through the GGA exchange-correlation functional with TS
dispersion correction (see Methods for details of the BIRD
panel representation).
It was argued that typical antipsychotics induce a smaller

displacement in the transmembrane helix TMH5 of the
dopamine D2 receptor in comparison with the other TMHs,
while haloperidol nonbonded interactions were larger with helix
3, followed by interactions with helices 6, 7, 2, and 5.75 In our
crude docking simulations, a similar ranking of interactions was
obtained: TMH3 > TMH6 > TMH7 > TMH5 > ECL2 ≫
TMH2. In contrast, after the QM/MM geometry optimization,
this ranking changed to TMH3 > TMH7 > TMH6 > ECL2 >
TMH5 ≫ TMH2. This result suggests that in D3R haloperidol
has stronger interaction with helix 5 (GGA-TS calculated
interaction energy of −12.90 kcal/mol) than with helix 2
(GGA-TS calculated interaction energy of 3.90 kcal/mol), but
weaker interactions with helices 7, 6 and ECL2, which is
agreement with the smaller displacement in helix 5 observed for
typical antipsychotics. These results also show that haloperidol

interacts more strongly with helix 3 where Asp110 is located.
This residue is commonly acknowledged as responsible for a
strong interaction with the tertiary amine of the ligand.58,97−101

The value of the Asp110 interaction energy is −117.00
(−107.00) kcal/mol at the LDA-OBS (GGA-TS) level, slightly
smaller than that observed in our previous work for eticlopride
(−112.21 kcal/mol using GGA-TS).58 Among the residues in
helix 7, Tyr373 and Tyr365 have interaction energies of −10.90
(−6.60) and −28.00 (−16.00) kcal/mol according with the
LDA-OBS (GGA-TS) calculations, respectively.
In previous studies, it was suggested that the axial orientation

of the haloperidol’s hydroxyl group is not essential for binding,
but important to the enhancement of the binding at D2R.102

Our results point that such orientation is also important during
the interaction with D3R, responding for the formation of a
hydrogen bond with the residue Tyr365 and stabilizing the
binding in this region of the binding site. The hydrogen bond
between Tyr365 and the alcohol functional group ii(O9)H in
haloperidol can be observed before the QM/MM geometry
optimization, and after that its length decreases from 2.240
to1.748 Å, which is in agreement with the increase of the
interaction energy from −13.00 kcal/mol to −16.00 kcal/mol
at the GGA-TS level.
Distances of important D3R residues in the binding pocket

to haloperidol after the QM/MM optimization are shown in
Figure 6, with it being observed that (i) in helix 6, Phe345 has a
π−cation interaction with region ii (N14) with energy of
−24.60 (−11.10) kcal/mol at the LDA-OBS (GGA-TS)
approximation; (ii) in region iv (C22)H, Phe346 has an
interaction energy of −12.10 (−8.30) kcal/mol and His349 has
a π−σ interaction energy of −4.50 (−1.30) kcal/mol at the
LDA-OBS (GGA-TS) level; (iii) the GGA-TS repulsive effect
of Ser182 was slighted reduced from 5.90 (CRDI) to 2.90 kcal/

Figure 5. (Left) BIRD panel showing the interaction energy for each amino acid residue in the D3R binding pocket evaluated considering the LDA
exchange-correlation functional with OBS dispersion correction. (Right) BIRD panel showing the interaction energy for each amino acid residue in
the D3R binding pocket evaluated considering the GGA exchange-correlation functional with TS dispersion correction.
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mol (QMDI), while the LDA-OBS repulsive energy of 4.00
kcal/mol at the CRDI level became an attractive interaction
with −2.50 kcal/mol interaction energy in the QMDI picture;
(iv) the chlorine atom attached to C2 enhances the QMDI
GGA-TS interaction strength with Cys181 (from −3.70 CRDI
to −6.10 kcal/mol QMDI) and Tyr365 (from −16.00 to
−15.00 kcal/mol); (v) the observed change in the interaction
with Leu89 was significant (from 0.80 kcal/mol GGA-TS CRDI
to −7.00 kcal/mol GGA-TS QMDI), while the repulsive effect
of Ser182 decreased by more than 50% (from 5.90 GGA-TS
CRDI to 2.90 kcal/mol GGA-TS QMDI).
These results indicate that, for an improved understanding of

the mechanism of interaction of haloperidol with D3R, simple
docking calculations are not enough, and further QM/MM
optimizations of the drug-binding site system are required.
The extracellular loop 2 is the home of important

contributions to the haloperidol−D3R binding, mainly the
residues Ile183 and Cys181, both with attractive interaction.
Ser182 (Ile183, in D2R), which is close to haloperidol region
i(C3)H, in contrast, is repulsive. After the QM/MM geometry
optimization, the relative attraction of haloperidol to ECL2
almost doubled as the distance to Ile183 and Cys181 was
reduced (Figure 3) in comparison with that within CRDI;
interaction with Ser182 may also occur through its interaction
with region i of haloperidol.
The residue Ser192 in helix 5, whose replacement by Ala

(S192A) decreased the affinity of D3R agonists,103 has a LDA-
OBS (GGA-TS) interaction energy of −6.10 (−4.90) kcal/mol.
A similar figure was observed for Val189, with −6.00 (−4.00)
kcal/mol of attractive interaction within the LDA-OBS (GGA-
TS) picture. Ser193, while showing a repulsive GGA-TS
interaction with energy 1.10 kcal/mol in the CRDI picture,
changed its interaction state to attractive with GGA-TS
interaction energy of −1.00 kcal/mol in the QMDI picture.
When the interaction energies of amino acid residues

belonging to the TMH2 region were calculated at the CRDI
picture, it was observed a strong repulsive interaction. After
QM/MM optimization, however, this repulsive effect was
significantly reduced, mainly due to the approximation of
haloperidol to the residue Leu89, which showed GGA-TS
interaction energy of −7.00 kcal/mol after the QM/MM
optimization in comparison with the 0.80 kcal/mol obtained

within the CRDI picture. The electron density distribution in
the binding cleft of the GGA-TS optimized structure within the
QM/MM picture can be observed in Figure 7, where a high
(low) electron density is represented in red (blue) color on an
electrostatic potential isosurface, with color scales given at the
right side.

As described in Table S5, 37 out the 43 residues included in
our calculations using D3R are conserved in D2R. This
similarity in the binding pocket probably accounts for the
ability of haloperidol to interact with both receptors, while the
six nonconserved residues may be responsible for its greater
affinity for D2R. The six D3R nonconserved residues Tyr36,
Ser182, Ser184, Val350, Thr353, and Thr368 correspond to
residues Leu41, Ile183, Ala185, Ile365, Ile368, and Phe382 in
the D2R, respectively. These residues may be involved in the
binding through the direct interaction with haloperidol or by
promoting changes in the spatial arrangement during the
packing of both receptors. In fact, it was observed by Chien et
al. that different residues in the extracellular loops give rise to
different D2R and D3R electrostatic surfaces in the second
binding pocket,38 which is formed by ECL1/ECL2 and the
junction of helices I, II, and VII. Interestingly, it was observed
that haloperidol interacts strongly with Tyr373, a conserved
residue that forms the second binding pocket (Figure S2).
Tyr36 (Leu41 in D2R) is spatially positioned between Tyr373
and Glu95 in D3R and is arranged in the binding pocket closely

Figure 6. Spatial arrangement of some D3R amino acid residues
interacting with haloperidol. Their interaction energies rank among
the largest GGA-TS calculated contributions to the total haloperidol−
D3R binding energy. Residue−haloperidol distances are depicted by
yellow dashed lines.

Figure 7. Electrostatic potential isosurfaces of the haloperidol−DR3
binding pocket after the GGA-TS QM/MM optimization. (A)
Projected electron densities for the main interacting residues in the
D3R binding pocket, highlighting negative charge concentrations at
Asp110, Tyr373, and His349. (B) Interacting residues of TMH5 and
ECL2 are depicted at the top, while the repulsive residues Met83 and
Val86 from TMH2 are also represented right-below. Electrostatic
potentials were calculated without taking into account the haloperidol
molecule, which was inserted only to visualize which haloperidol
regions interact with the residues.
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to the 4-cloropheny fragment, showing a repulsive interaction
with haloperidol. Moreover, Tyr36 is located at the extracellular
end of TMH1 in a stretch of five nonconserved residues, which
should contribute to the differences in the packing between
D2R and D3R. Also, the replacement of serines in the ELC2
(Ser182 and Ser184) of D3R, which are amino acids with
uncharged side chains, for isoleucine (Ser182-Ile183) and
alanine (Ser184-Ala185) in D2R, both with hydrophobic side
chains contributing to the explanation of the higher affinity of
haloperidol for D2R. In such a scenario, the replacement of
Ser182, which is facing the aromatic ring of haloperidol’s 4-
clorophenyl fragment (region i), by isoleucine would improve
the hydrophobic effect in the cavity, increasing the interaction
with aromatic ring of the 4-clorophenyl fragment in a similar
manner to that observed in the interaction of Ile183 (D3R) and
the aromatic ring of the 4-fluorophenyl fragment of haloperidol.
The difference between D2R and D3R at the region of the six
nonconserved residues (without taking into account spatial
arrangement modifications during the packing of helices and
loops of D2R) can be observed in Figure S3.
In order to demonstrate the feasibility of designing new

haloperidol derivatives using the BIRD panel results as a
guideline, we have performed haloperidol modifications in situ
(meaning that the haloperidol molecule was modified while
docked to the D3R binding site) through the addition of OH or
COOH functional groups. Almost all substitutions suggested
here for the molecule of haloperidol were investigated in
previous studies and their synthesis was described in the
literature.104−109 In order to obtain the derivative with the
COOH group at C3, the synthesis may be guided by the route
of haloperidol synthesis105 and the adamantine derivative
synthesis (example 52 of patent no WO 00/61569).104 In this
approach, the addition of an amide group at carbon C3 would
be followed by hydrolysis with the formation of a carboxylic
acid after the condensation of intermediate structures
corresponding to regions iii and iv of Figure 1A. These in
silico modifications were performed on the structure obtained
after the QM/MM optimization procedure (as described
above), followed by a classical optimization of haloperidol
derivatives and all hydrogen atoms of the D3R receptor.
It is worth to note that the use of the information gathered in

this study for the development of derivative/novel compounds
through computations performed at the GGA-TS level showed
that the insertion of a hydroxyl group (in the equatorial
orientation) of C12 of haloperidol (see Figure 1A) enhances
the attractive interaction with Asp110 from −107.00 to
−121.80 kcal/mol, decreases the repulsive effect of Val86
from 2.90 to 0.50 kcal/mol, and enhances the Met83 repulsion
from 5.00 to 8.00 kcal/mol. When a hydroxyl group was added
to C24 (in the equatorial orientation), small changes were
observed in the haloperidol interaction with Phe188 (from
−3.00 to −4.00 kcal/mol) and Ser193 (from −1.00 to −1.50
kcal/mol).
On the other hand, the addition of a hydroxyl group at C3

(in the equatorial orientation) reduced significantly the
derivative haloperidol interaction energy with Tyr365, located
at the opposite site of the aromatic ring, with reduction of the
binding energy from −16.00 to −6.00 kcal/mol. Interaction
with Leu89, which is close to C3, was not affected by the
hydroxyl substitution, while Cys181 interacted more strongly
(interaction energy changing from −6.10 to −10.70 kcal/mol),
and Ser182 exhibited a reduction in its repulsive effect (from
2.90 to 0.60 kcal/mol). The COOH group addition at C3 (in

the equatorial orientation) reduced the attractive effect of
Leu89 (from −7.00 to −3.00 kcal/mol).
As stated above, the use of the per residue interaction’s

information generated in this study can be a useful guide for the
development of derivative and/or novel compounds. Moreover,
the methodology here employed can be useful in further
experiments for the in silico D3R binding energy evaluation of
candidate compounds. Due to the need of consistency,
computational cost and to ensure the quality of the results, a
comparison of the experimental geometry of D3R with a purely
theoretical geometry for D2R was not carried out, as the latter
can be significantly different from the real structure. Therefore,
this work focused just on the description of haloperidol
interactions with D3R, which is the only dopamine receptor
with a crystal structure published to the present day.
Nevertheless, the approaches described in our work will allow
calculating the D2R−ligand interactions when cocrystallized
data for this receptor becomes available. The authors highlight
that the methodology employed in this study is a powerful tool
for theoretical analysis during the prospection of compounds,
reducing time and costs in the process. Nevertheless, any
results obtained through this approach must be exhaustively
tested through in vitro and in vivo assays in order to obtain the
pharmacological features and evaluate the clinical effects of the
novel/derivative compounds. The authors hope the present
work will stimulate efforts to turn our theoretical findings in
new improved schizophrenia medicines.

■ CONCLUSIONS
The lack of information on the detailed mechanism
surrounding the binding interaction of small molecules in the
dopamine receptor D3 motivated us to use computer
simulations at the quantum level to investigate the relative
energy contribution of individual amino acid residues to the
binding of distinct antipsychotic agents. Our aim is to obtain
data from typical and atypical agent coupled to D3 in order to
map the relevant binding patterns, which will be crucial for the
development of new, more potent, and more selective
antipsychotic agents. With such perspective, this work is the
second of a series of studies to be carried out (ref 58 is the first
one), and the next to follow briefly is about the antipsychotic
risperidone. Here, by taking advantage of the crystallographic
structure of the D3R binding site, we performed docking
simulations of haloperidol, a typical antipsychotic agent,
followed by the application of a QM/MM energy minimization
strategy to improve the quality of the docking result.
The variation of the binding pocket radius r was taken into

account to obtain a more accurate estimate of the haloperidol−
D3R interaction energy, its value varying from 2.5 to10 Å.
Individual interaction energies with haloperidol for each amino
acid residue in the binding pocket were thus estimated, showing
the pivotal role of Asp110 followed by Tyr365, Phe345, Ile183,
Phe346, Tyr373 and Cys114, among others. Conformation
analysis pointed out the important role of the axial orientation
of the haloperidol’s hydroxyl, which has a significant attractive
interaction with Tyr365. The haloperidol attractiveness
strength to the D3R helices after the GGA-TS QM/MM
calculations follows the sequence TMH3 > TMH7 > TMH6 >
ECL2 > TMH5 ≫ TMH2, with the interaction with the
TMH2 region being a repulsive one. Our results, therefore, are
helpful to elucidate, at the molecular level, the binding features
of the classical antipsychotic haloperidol with respect to the
dopamine D3 receptor, highlighting hot spots to be acted upon
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on D3R with the purpose to develop better therapeutic atypical
antipsychotics with the ability to blockade this dopamine
receptor. Finally, our state of the art simulations indicate that
functional substitutions in the 4-clorophenyl and in the 4-
hydroxypiperidin-1-yl fragments (such as C3H and C12H
hydrogen replacement by OH, OOH, or Cl groups) can lead to
haloperidol derivatives with distinct dopamine antagonism
profiles. Our results are a first step toward in silico quantum
biochemical design and probing of new medications to treat
schizophrenia.

■ METHODS
Structural Data. The calculations performed in this study have

taken full advantage of the X-ray crystal structure of human dopamine
D3 receptor in complex with eticlopride (PDB ID: 3PBL) at 3.15 Å of
resolution.38 The D3R crystal asymmetric unit cell contains two
receptors (A and B) in an antiparallel orientation exhibiting slight
shape differences. We arbitrarily chose receptor A to prepare the
docking input, replacing the eticlopride molecule by haloperidol in
D3R. The preparation of the molecular structure and the protonation
state set up at physiological pH of haloperidol were accomplished
using the Marvin Sketch code version 5.5.0.1 (Marvin Beans Suite,
ChemAxon). To adjust the molecular structure to the protonation
state at physiological pH, a single hydrogen atom was added to the
amine group of haloperidol, and its charge was adjusted to +1
(electron charge −1). The protonation state of the receptor was
adjusted according to results obtained from the PROPKA 3.1 web
server tool (http://propka.ki.ku.dk/) and from the Protonation tool in
Discovery Studio package.
Molecular Docking. Molecular docking was performed using

Autodock4.63,110,111 To validate the docking protocol adopted in this
work, we performed the redocking of eticlopride in the D3 receptor, as
described elsewhere.41,112 Two distinct eticlopride conformations were
selected: (i) the ligand in its crystallographic conformation; (ii) the
ligand at the minimum energy configuration obtained after classical
annealing and quantum DFT geometry optimization. For the docking
of haloperidol, the molecule was built up and geometry improved
using classical annealing followed by classical and quantum DFT
(GGA-TS functional) energy minimization approaches. During the
docking of haloperidol, the Lamarckian genetic algorithm (GA) was
employed. Docking was performed 20 times using the optimized
structure of haloperidol as the input file, a GA with 25 000 000 energy
evaluations per run, population size set to 150, and a maximum of 27
000 generations per run. At the end, a thousand poses were obtained
(50 poses per output) and clustered using a RMSD tolerance of 1.0 Å2

using Autodock Tools.63,113

Construction of the Haloperidol−D3R Complexes. An
isolated haloperidol molecule was first DFT optimized, after which it
was docked (as described above) into its D3R binding pocket within a
rigid-protein protocol. Among the clusters formed under a RMSD
tolerance of 1.0 Å2, the first pose (of those scored better than the
threshold of −10 kcal/mol) were analyzed in order to choose the best
representative pose. The haloperidol−D3R complexes were prepared
using the dopamine D3 receptor structure after the removal of
eticlopride. Every complex was first classically optimized in two
consecutive steps: (i) only hydrogen atoms were free to move during
optimization; (ii) hydrogen atoms and the haloperidol molecule were
free to move during optimization. The classical optimization procedure
was performed using the Forcite code with the force field CVFF, the
convergence tolerances set to 2.0 × 10−5 kcal/mol (total energy
variation), 0.001 kcal/mol·Å (maximum force per atom), and 1.0 ×
10−5 Å (maximum atomic displacement).
Pose Selection. The score of the selected poses was revalidated, in

order to ensure the accuracy of the method, through a classical binding
energy calculation (Eb) of the best poses from the clusters scored
better than the threshold, as described below:

= − ++E E E E( )b D3R L D3R L (1)

At the right side of eq 1, the first term ED3R+L is the total energy of the
system formed by haloperidol binding in the D3R; ED3R is the total
energy of the D3 receptor alone, while the third term EL is the total
energy of the haloperidol molecule alone.

ONIOM (QM/MM) Optimization. The preparation of the inputs
was performed through the TAO package.114 QM/MM optimization
was performed within the two-layer ONIOM framework115 available in
the Gaussian code,116 employing the hybrid meta exchange-correlation
functional M06-2X117,118 and the 6-311G(d,p) basis set to expand the
electronic orbitals for the QM layer. The AMBER force field was used
to carry out the MM calculations within an electronic embedding
scheme. Ligand charges were assigned using the AMBER force field,
and all amino acid residues inside a 10.0 Å radius from the haloperidol
centroid were allowed to move freely during the geometry
optimization. Haloperidol was considered as belonging to the QM
layer, while the entire D3 receptor was treated as belonging to the MM
layer.

Classical and DFT Calculations. Hydrogen atoms were inserted
into the D3R X-ray structure to fill any dangling bonds, and their
positions were optimized classically keeping the other atoms frozen.
The classical optimization procedure was performed using the Forcite
code with convergence tolerances set to 2.0 × 10−5 kcal/mol (total
energy variation), 0.001 kcal/mol.Å (maximum force per atom) and
1.0 × 10−5 Å (maximum atomic displacement).

Calculations at the DFT level were carried out using the DMol3
code95,119 to find out the interaction energies of haloperidol with the
amino acid residues of D3R inside the binding pocket. The following
exchange correlation functionals were employed: (i) local density
approximation (LDA-OBS) with PWC parametrization70 and the OBS
dispersion correction scheme,71 and (ii) the generalized gradient
approximation (GGA-TS) with PBE parametrization72 and TS
dispersion correction.73 A double numerical plus polarization (DNP)
basis set was chosen to expand the Kohn−Sham orbitals for all
electrons. The orbital cutoff was adjusted to ensure a good balance
between accuracy and computational time. The self-consistent field
(SCF) convergence threshold was set to 10−6 Ha, which is more than
enough to reach a well converged electronic structure.

Molecular Fractionation with Conjugate Caps (MFCC) and
Shielding Effects. The MFCC scheme is a very useful approach to be
achieved an accurate description of biological systems through
quantum calculations43,54−57 without a very high computational cost.
In order to avoid missing important interactions, all amino acid
residues within an increasing radius from the centroid of haloperidol
were taken into account until total energy convergence has occurred.
For each amino acid residue, individual sets of capping fragments were
formed, including disulfide concaps when necessary. The haloperidol
molecule M and the ith amino acid residue Ri interact, with Ri being
capped by Ci−1 and Ci+1, the first being the residue covalently bound to
the Ri amine group, and the second being the residue covalently bound
to the Ri carboxyl group. Hydrogen atoms were added to passivate all
dangling bonds.

The electrostatic shielding effect due to the presence of neighbor
residues Rb placed between haloperidol and Ri may contribute
significantly to affect the M−Ri interaction (see Figure S4 in the
Supporting Information). In such a situation, the interaction (binding)
energy EI[M−Ri] is calculated at the DFT level95,119 in three steps.
First, the energy taking into account both the Rb and Ri contributions
(Figure S5), EI[M−RbRi] is evaluated according to

− = + +

− + − +

+ + +

− + − +

− + − + − +

− + − + − +

E E

E E

E

[M R R ] [M C R C C R C ]

[C R C C R C ] [M C C

C C ] [C C C C ]

i i i i

i i i

i i i i

I b b 1 b b 1 1 1

b 1 b b 1 1 1 b 1 b 1

1 1 b 1 b 1 1 1 (2)

At the right side of eq 2, the first term E[M+Cb‑1RbCb+1+Ci‑1RiCi+1] is
the total energy of the system formed by haloperidol, shielding
r e s i d u e s a n d t h e r e s i d u e o f i n t e r e s t w i t h c a p s ;
E[Cb‑1RbCb+1+Ci‑1RiCi+1] gives the total energy of the capped residues
alone, while the third term E[M+Cb‑1Cb+1+Ci‑1Ci+1] is the total energy
of the system formed by the set of caps only and M; finally,
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E[Cb‑1Cb+1+Ci‑1Ci+1] is the total energy of the system formed by the
isolated caps.
After obtaining EI[M−RbRi], we calculate the interaction energy

EI[M−Rb] between M and the shielding residues Rb (Figure S6)
according to

− = + −

− + +
− + − +

− + − +

E E E

E E

[M R ] [M C R C ] [C R C ]

[M C C ] [C C ]
I b b 1 b b 1 b 1 b b 1

b 1 b 1 b 1 b 1 (3)

Here, each term in the second member is obtained from eq 2 by
simply removing each occurrence of Ri, Ci−1RiCi+1, and Ci−1Ci+1. At
last, the corresponding interaction energy EI[M-Ri] of M with Ri is
calculated as follows:

− = − − −E E E[M R ] [M R R ] [M R ]i iI I b I b (4)

Energy Stabilization versus Residue Distance to the
Centroid. To avoid using an arbitrary binding pocket size which
could risk missing residues with important contributions to the
binding energy (this always occurs in general), the binding pocket
radius was varied until the total binding energy change was sufficiently
small. The total binding energy as a function of the binding site radius
was obtained for a 2.5−10 Å radius range with increasing steps of 0.5
Å. Only residues with at least one atom inside an imaginary sphere
centered at the drug centroid were taken into account to compute the
total binding energy at a chosen radius.
The BIRD Panel. Interaction energies of D3R individual amino

acid residues with haloperidol within a given set of approximations
were plotted in a panel labeled BIRD (acronym for Binding site,
Interaction energy, and Residues Domain) depicting the following: (i)
The binding energy (in kcal/mol) of the drug to each amino acid
residue at the binding site employing horizontal bars; in this way, one
can assess visually the relevance of each residue and the nature of its
interaction with the ligand, whether attractive or repulsive; (ii) the
most important residues contributing to the binding interaction, which
are shown in a column of residues at the left panel side; (iii) the
corresponding region of the ligand, i, ii, iii, iv, and so forth which is
closer to each residue; and (iv) the distance of each residue to the
centroid of the ligand molecule, provided at the right side of the panel.
Molecule Drawing and Images Acquisition. Marvin Sketch

code version 5.5.0.1-2011, ChemAxon (http://www.chemaxon.com),
was used to draw the 2D haloperidol structure and to predict its
protonation state at physiological pH. The images of the resulting
poses were obtained using PyMOL 1.3.120
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