Available online at www.sciencedirect.com

sc.ENCE@D.“m

EURO.PEAN JOURNAL OF
ME INAL
CHEMISTRY

ELSEVIER European Journal of Medicinal Chemistry 40 (2005) 185-194
www.elsevier.com/locate/ejmech
Original article
Atypical and typical antipsychotic drug interactions
with the dopamine D2 receptor
Erik Hjerde, Svein G. Dahl, Ingebrigt Sylte *
Department of Pharmacology, Institute of Medical Biology, University of Tromsp, N-9037 Tromsg, Norway
Received 1 April 2004; received in revised form 27 September 2004; accepted 15 October 2004
Available online 07 January 2005

Abstract

A model of the dopamine D2 receptor was used to study the receptor interactions of dopamine, the typical antipsychotics haloperidol and
loxapine, and the atypical antipsychotics clozapine and melperone. The atypical antipsychotics interacted with the halogen atom of the ring
system in the direction of the transmembrane helices (TMHSs) 2, 3 and 7, while the typical had the corresponding halogen atom in the direction
of TMHS. Molecular dynamics simulations indicated that the average helical displacement upon binding increased in the order: typical
< atypical < dopamine. Upon binding, the atypical induced larger displacements into TMHS than did the typical. The typical had stronger
non-bonded interactions with the receptor than had the atypical, which is in agreement with the experimental observation that the atypical
antipsychotic drugs dissociate faster from the receptor than the typical antipsychotic drugs.

© 2004 Elsevier SAS. All rights reserved.
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1. Introduction

G-protein-coupled receptors (GPCRs) are characterised by
seven highly conserved transmembrane helices (TMHs), con-
nected to by intracellular (IC) and extracellular (EC) loops.
There are five different subtypes of dopamine receptors (D1—
D5), which all belong to the rhodopsin family of GPCRs [1].
The binding site of dopamine is within a water accessible
crevice extending from the EC surface of the receptors into
the transmembrane domain between the TMHs. The surface
of this crevice is formed by amino acids contributing to recep-
tor specific ligand recognition and binding.

Schizophrenia is a complex and heterogeneous group of
diseases for which the aetiology and pathogenesis are incom-
pletely understood. Schizophrenia is associated with increased
activity at dopaminergic receptor sites [2,3], and the thera-
peutic effect of antipsychotic drugs is, at least in part, con-
nected to antagonist action at dopamine receptors in the brain.
Certain antipsychotic drugs are also potent 5-HT, receptor
antagonists. Positron emission tomographic (PET) data have
demonstrated that certain antipsychotics drugs at subthera-
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peutic doses saturate 5-HT, receptor binding, indicating that
5-HT, occupancy alone is not enough for mediating the antip-
sychotic effects [4].

It has been demonstrated that a “threshold” of D2 occu-
pancy is required to induce the antipsychotic response [5].
The incidence of extrapyramidal side effects (EPS) also
increases with a D2 occupancy above 80% [5]. The atypical
antipsychotic drug clozapine, has a lower incidence of EPS,
and has a lower degree of D2 receptor occupancy at therapeu-
tic doses than the typical antipsychotic drugs. The lower
D2 occupancy appears to be driven by a faster dissociation
from the receptor [4,6,7].

Detailed knowledge about the molecular mechanisms of
action of atypical and typical antipsychotic drugs is impor-
tant for understanding of the pathophysiology of schizophre-
nia and for design of new drugs with improved efficacy and
fewer side effects than the existing ones. The crystal struc-
ture of bovine rhodopsin [8] was the first reported three-
dimensional (3D) structure of a GPCR at atomic resolution.
This structure provides a possibility of using a traditional
homology modelling approach to predict the structures of
other GPCRs of the rhodopsin family. In the present study, a
3D model of the human dopamine D2 receptor was con-
structed, using the crystal structure of rhodopsin as template.
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The D2 receptor model was used to study the receptor inter-
actions of dopamine, the typical antipsychotic drugs, halo-
peridol and loxapine, and the atypical antipsychotic drugs,
clozapine and melperone [9-11].

2. Results

The root mean square (RMS) difference between the back-
bone atoms of the TMHs in the initial energy refined dopam-
ine D2 model and the X-ray structure of rhodopsin was 0.4 A.
After 750 ps of MD of the receptor model, the RMS differ-
ence between the rhodopsin structure and the average struc-
ture from the simulation was 3.1 A, with largest RMS differ-
ences in TMHS and TMHG6. The electrostatic potentials
outside the water accessible surface of the receptor model
showed a dipolar structure with the EC regions more nega-
tive than the IC regions (Fig. 1).

2.1. Ligand docking

Ligand-receptor interaction energies, complementarity
between the ligand and the receptor and the results of site-

Fig. 1. Distribution of relative electrostatic potentials outside the water acces-
sible surface of the dopamine D2 receptor model, calculated with the Grasp
program. The EC side is up in the figure. The electrostatic potential distri-
bution shows a dipol, with the synaptic side mainly negative (red) and the
cytoplasmic side mainly positive (blue).
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Fig. 2. Molecular structures of dopamine, haloperidol, melperone, cloza-
pine and loxapine.

directed mutagenesis were used as controls of the tested ligand
interaction modes. The docking procedure indicated that the
structurally similar drugs clozapine and loxapine (Fig. 2) bind
the receptor with the chlorine atom in different orientations.
The most favourable interaction mode of clozapine was with
the chlorine atom in the direction of TMH3 and TMH7 while
the chlorine atom of loxapine was in the direction of
TMHS and TMHG6 (Fig. 3). The docking procedure also indi-
cated that haloperidol and melperone bind the D2 receptor
with the fluorine atom of the ring system (Fig. 2) differently
oriented in the binding pocket. Haloperidol had the fluorine
atom in the direction of TMHS, while melperone had the fluo-
rine atom in the direction of amino acids in TMH2 and TMH7
(Fig. 3).

2.2. Receptor-ligand interactions after 750 ps MD

Residues having van der Waals contact with the ligands in
the average complexes after 750 ps MD simulations are listed
in Table 1. All ligands had strong interactions with the highly
conserved Aspl14 in TMH3, which has been suggested to be
important for ligand binding to the dopamine D2 receptor
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Table 1

Non-bonded interaction energies between the ligands and amino acids within the heptahelical bundle after energy minimisation of the average complexes from
the MD simulations. Amino acids with van der Waals contacts with the ligands, or within 20% increased van der Waals radii of contacting atoms (*) are included

Receptor segment Residue Ligand interaction energy (kcal/mol)
Dopamine Clozapine Melperone Haloperidol Loxapine
TMH2 Val87 -1.0
Val91l -1.1 -3.3
Leu%4 -0.8 -1.6
Glu95 -1.8%
TMH3 Cys107 -0.8 -1.8 -1.3*%
Phel10 =59 -5.8 -2.8 —4.1
Vallll -0.9% -2.8 2.8 -3.6 —4.7
Aspl14 7.6 -10.5 -8.1 -11.0 -9.9
Valll5 -3.6 -3.1 -1.9 -33
Metl17 —-0.3*
Cys118 -1.0 -0.8
TMHS Phe189 -14
Val190 -0.8
Ser193 -1.7
Ser194 24 —-1.1* —-0.9%
TMH6 Trp386 2.7 —0.7*
Phe389 -3.2 -3.0 -1.3*% 2.0
Phe390 2.6 -1.4 -2.0 24
His393 -2.8 —4.6 2.7 -5.6 3.1
1le394 -1.0%* -1.8 -1.4 -3.0
11e397 -2.5 —-1.8% -3.6 -17.1
His398 -1.2
TMH7 Tyr408 3.1 24 4.4
Thr412 -3.3 -1.5 —3.2%
Trp413 -1.0 —1.4%
Gly415 -0.2
Tyr416 2.6 -1.9 -1.0*

[12,13]. The carboxyl group of the aspartic acid residue was
oriented directly towards the protonated nitrogen atom of the
ligand in all the complexes (Fig. 3). The ligands also inter-
acted strongly with other amino acids in TMH3, and with
amino acids in TMH6 and TMH7 (Table 1). The ligands did
not have van der Waals contacts with amino acids in
TMH1 and TMH4.

The typical antipsychotic drugs, haloperidol and loxap-
ine, had stronger interactions with TMHG6 than had the atypi-
cal antipsychotic drugs, clozapine and melperone (Table 1).
The typical antipsychotics also had stronger interactions with
TMHS than the atypical. Haloperidol had van der Waals con-
tacts with Ser193, Ser194, and Phe189, while loxapine had
van der Waals contact with Vall90. The atypical antipsy-
chotic drugs showed stronger interaction with Phel10, and
weaker interactions with Vall11 in TMH3, than did the typi-
cal antipsychotic drugs (Table 1).

Dopamine interacted strongly with Ser194 in TMHS5
(Table 1). Site-directed mutagenesis has shown that Ser194 is

Table 2

important for binding of dopamine to the D2 receptor [14,15].
This serine is highly conserved among GPCRs, and is impor-
tant for binding of catecholamines to GPCRs [13].

As shown in Table 2 the typical antipsychotic drugs had
stronger non-bonded interaction with the receptor than had
the atypical antipsychotic drugs. The non-bonded interaction
energies of haloperidol and loxapine were —74.0 and
—67.8 kcal/mol, respectively, while the non-bonded interac-
tion energies of clozapine and melperone were —63.6 and
—60.5 kcal/mol, respectively.

2.3. Ligand induced conformational changes
of the receptor

The average structures provide information about the most
populated receptor states during the MD simulations. Com-
parison of receptor structures after MD of the free receptor
and MD of receptor-ligand complexes (Table 3), gives an
indication of the structural displacements of specific receptor

Potential energy (kcal/mol) of the receptor structure, receptor complexes and non-bonded receptor—ligand interactions, in the energy minimised average struc-

tures from MD simulations

Potential energy (kcal/mol)

Dopamine Clozapine Melperone Haloperidol Loxapine
Receptor alone -737.7 -834.1 -708.9 -787.9 -734.9
Total -769.3 -857.6 -751.3 —836.1 —766.6
Receptor-ligand interaction -41.4 —63.6 —60.5 -74.0 —67.8
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Table 3

RMS difference of receptor domains (backbone atoms) between energy mini-
mised average receptor structure of the free (unbound receptor) and receptor
in complex with a ligand, during MD simulations. Avg.: the average RMS
difference from the free receptor

Complex compared to unbound receptor

Dopamine Clozapine Melperone Haloperidol Loxapine

TMH1 1.20 0.76 0.89 0.74 0.63
TMH2 0.88 0.58 0.70 0.51 0.68
TMH3 1.09 0.73 0.72 0.88 0.61
TMH4 0.86 1.01 0.75 0.76 0.45
TMHS 1.17 1.60 1.31 0.94 1.16
TMH6 1.35 1.12 1.61 1.12 1.87
TMH7 1.08 1.24 1.13 0.97 1.29
Avg. 1.09 1.00 1.01 0.84 0.95

domains induced by ligand binding. The agonist dopamine
induced larger displacements into the helical bundle than did
the antagonists. The average helical displacement upon ligand
binding increased in the order: typical < atypical < dopamine
(Table 3). After MD, the largest RMS differences from the
unbound receptor for the antagonists were in TMHS,
TMHG6 and TMH7, while largest difference between the free
receptor and the dopamine-bound receptor structure was in
TMHI1, TMHS and TMH6. Compared with the free receptor,
the atypical antipsychotic drugs, clozapine and melperone,
induced larger structural displacements into TMHS than did
the typical antipsychotic drugs, haloperidol and loxapine.

3. Discussion

The success of structural predictions by a homology mod-
elling approach depends strongly upon how closely the mod-
elled structure fits the chosen template. Until recently, an exact
3D structure of any GPCR at an atomic level was not known,
and GPCR modelling was based on structural data of bacte-
riorhodpsin [16] or an electron density projection map of
rhodopsin [17,18], both with relatively limited accuracy. The
present D2 receptor model should therefore give a more pre-
cise prediction of ligand binding than previous D2 receptor
models based on bacteriorhodopsin or the electron density
projection map of rhodopsin. The amino acid identity between
backbone atoms in the TMHs of bovine rhodopsin and the
human D2 receptor is about 20%. Structural analysis and
visual inspection indicated large similarities between the
D2 receptor model and the experimental rhodopsin structure:
1. The RMS differences between the backbone atoms within
TMHs were 0.4 A before and 3.1 A after MD simulation of
the free receptor. 2. Highly conserved amino acids in the
rhodopsin family of G-protein coupled receptors were located
in similar positions and in similar conformations. 3. Large
similarities in fragments known to be crucial for activation
and ligand binding. Further, the amino acids constituting the

interior polar cavity of the receptor model are in agreement
with suggestions from experimental studies using the cys-
teine accessibility method (SCAM) [19-21]. Altogether, this
suggests that the present D2 receptor model is a valuable tool
for studying the ligand interactions with the D2 receptor. Still,
the present model must be considered as an approximation of
the functional protein.

Site-directed substitutions of single amino acids, com-
bined with experimental results from structure—affinity rela-
tionship studies of ligands, allows mapping of structurally
and functionally important amino acids in the receptor, and
may be used to validate the present D2 receptor model. A
ligand at the D2 receptor binding site may be shielded or sta-
bilised by several highly conserved aromatic and hydropho-
bic residues located in TMH3 (Ile109, Phel10, Vallll),
TMHG6 (Val378, Phe382, Trp386, Phe389, Phe390, 11394,
11e397), and TMH7 (Leu407, Tyr408, Phe411, Trp413,
Tyr416, Tyrd26) [12,22]. Agonist binding was also affected
when serine residues in TMHS of the D2 receptor were
mutated [12,23]. In the present model, Phel10, Vallll,
Ser193, Ser194, Phe389, Phe390, 11e394, 11397, Tyr408,
Trp413 and Tyr416 were all directly involved in ligand bind-
ing (Table 1). Ile109, Val378, Phe382, Trp386, Leud07,
Phe411 and Tyr426 were facing the interior of the central
core involved in aromatic or hydrophobic interactions within
the receptor, suggesting that these amino acids are important
for maintaining of a proper structure of the binding site.
Ile109 interacted with Leu86 and Trp90 in TMH2. Val378 in-
teracted with Ile73 (TMH2), [1e425 (TMH7) and Tyr426
(TMH?7). Phe382 was facing Phe198 (TMHS) and Phe202
(TMHS), while Trp386 interacted with Phe198 (TMHS) and
Phe411 (TMH7). Leu407 interacted with Leu395 (TMH6),
while Tyr426 interacted with Val55 (TMH]1), [le73 (TMH?2)
and Val378 (TMH6). The present model suggests that muta-
tion of these amino acids will affect the binding pocket.

It has been proposed that D2 receptor antagonists interact
with an aromatic microdomain within the second, third, and
seventh membrane-spanning segments [24]. Val91 (TMH?2),
Phel110 (TMH3), Vall11 (TMH3) and Tyr408 (TMH7) have
been suggested to be in close spatial proximity and form a
part of the microdomain [24,25]. The present model posi-
tioned these amino acids in close proximity to each other,
and directly involved in antagonist binding (Table 1). Mod-
elling and mutational studies have suggested that Asn52
(TMH1), Asp80 (TMH?2), Ser121 (TMH3), Asn 419 (TMH?7),
Serd20 (TMH7) and Asn423 (TMH7) form a putative sodium-
binding pocket in the D2 receptor [26]. In the present model,
these amino acids are in close proximity to each other, and
capable of forming such a binding pocket.

3.1. Electrostatic potentials of the dopamine D2 receptor

Membrane-spanning proteins generally follow a “positive-
inside rule” with an overall dipolar distribution of charges

Fig. 3. Average receptor—ligand complexes after 750 ps of MD simulation. Left: viewed from the EC side. Right: closer view of the binding site. The ligands and
the most important amino acids for ligand binding are indicated in the figure. Colour coding of atoms: red; oxygen and fluorine, blue; nitrogen, grey; chlorine
and carbon. Colour coding of receptor segments: a-helices; red, loop regions; yellow.
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[27]. A dipolar distribution of electrostatic potentials was also
observed in the D2 receptor model, where the cytoplasmic
regions were more positively charged than the synaptic
regions (Fig. 1). Similar charge distributions have also been
observed in previous GPCR models based on bactherior-
hodopsin [28] or the electron density projection maps of
rhodopsin [29].

Most ligands that bind to the dopamine D2 receptor con-
tain an amino group with pK, > 7, indicating that the ligands
will be partly or fully positively charged at a physiological
pH of 7.4. Evidence for that the protonated form of the ligands
is pharmacologically active has emerged from studies on per-
manently uncharged D2 receptor antagonists that bind very
poorly to the receptor compared to the corresponding charged
species [30]. It has, therefore, generally been assumed that
the binding of these ligands to the receptor includes an elec-
trostatic interaction with a negatively charged receptor
domain.

A highly conserved aspartic acid (Aspl14) in TMH3 is
important for the binding of both agonists and antagonists to
the D2 receptor [12,13], and its terminal carboxyl group may
function as an anchoring point for ligands with a protonated
amino group [31]. In the present study, the ligands were
docked into the receptor with the protonated amino group
near Aspl14. After 750 ps of MD simulations, the ligands
had moved slightly compared with the initial position. How-
ever, the strong interaction with Asp114 was maintained for
all complexes, supporting the suggestion that Asp114 func-
tions as an anchoring point for ligands with a protonated
amino group.

Javitch et al. [19-21,24,25,32-34] used site-directed
mutagenesis studies to map the amino acids exposed to the
water accessible surface in the helical core of the dopamine
D2 receptor. The present model has a water accessible cen-
tral core extending from the EC side to about 10 A below
Asp114 towards the IC side. From this, a mechanism of ligand
translocation from the EC fluid to the binding site may be
proposed, by which the positively charged ligand is drawn
towards the synaptic parts of the receptor by its negative elec-
trostatic potentials (Fig. 1). Some of the solvated ligand mol-
ecules may migrate down the water filled core and make con-
tacts with the negatively charged Aspl14, leading to an
exchange process whereby the ligand and the receptor adapt
to each other and release water molecules. Asp114 may thus
be a common anchorage point for the positively charge amino
group, whereas other parts of various ligands, which may have
quite diverse molecular structures, may interact with differ-
ent parts of the receptor. In order to understand these interac-
tions in more detail, it is necessary to obtain more exact infor-
mation on the 3D structure of the different GPCRs.

3.2. D2 receptor-ligand interactions

A previous study analysing the receptor-ligand interac-
tions of 22 GPCRs with 23 different ligands using proteoch-

emometrics modelling [35] indicated that amino acids within
TMHs 2, 3, 5-7 were positive contributors to ligand affinity.
These observations support the present calculations suggest-
ing that amino acids in TMHs 2, 3, 5-7 of the receptor model
were directly involved in receptor—ligand interactions
(Table 1).

Site-directed mutagenesis studies have indicated that a
cluster of serine residues in TMHS (Ser193, Ser194 and
Ser197) is important for agonist binding and receptor activa-
tion [14,15,23]. It was suggested that the serine cluster and
dopamine form a hydrogen-bonding network with the para-
hydroxyl substituent of dopamine interacting with Ser194
(Fig. 2). Such a hydrogen-bonding network was reproduced
by the MD simulation of the receptor—-dopamine complex
(Fig. 3). In the complex the strongest contributor to the net-
work was Ser194 (Fig. 3), which is consistent with the experi-
mental observation that a Ser194Ala mutated receptor com-
pletely lost dopamine induced activation [14]. In the average
complex after MD, the meta-hydroxyl group of dopamine
formed a strong hydrogen bond with Ser194 (atomic dis-
tance 1.8 A), and a weaker hydrogen bond with Ser193
(atomic distance 3.5 A). The para-hydroxyl group formed
hydrogen bonds with Ser194 (atomic distance 3.5 A) and
Ser197 (atomic distance 3.5 A). The D2 receptor-dopamine
complex suggests that a mutation of one of these serine resi-
dues will affect the dopamine position and thereby the dopam-
ine affinity.

The fluorine atom of haloperidol and the chlorine atom of
loxapine (Fig. 2) were located relatively close to Ser194, but
were not close enough for direct van der Waals contacts
(Table 1). However, the fluorine of haloperidol had van der
Waals contacts with Ser193. The binding modes of the ligands
after MD may suggest that strong interactions with
Ser194 together with a hydrogen-bonding network involving
Ser193, Ser194 and Ser197 and the ligand is important for a
proper receptor activation. Despite both clozapine and loxap-
ine interacting with the region outside Ser194, none of the
antipsychotics were able to form a hydrogen-bonding net-
work as observed for dopamine.

In the X-ray structure of rhodopsin EC2 penetrates into
the ligand binding pocket, and site-directed mutagenesis stud-
ies have shown that EC2 is important for ligand binding to
several GPCRs (http://www-grap.fagmed.uit.no/GRAP/
homepage.html). In the present model EC2 was constructed
based on available loop structures in the PDB-database, and
the loop structure must be regarded as relatively uncertain.
The presence of a disulphide bridge between Cys 107 (EC1)
and Cys 182 (EC2) constrains the loop close to the ligand
binding site. In all ligand-receptor complexes, the region
outside Glul81 (EC2) had electrostatic interactions with
the ligand, with an interaction energy varying between
—8.1 kcal/mol (Melperone) and —4.0 kcal/mol (Loxapine).
However, direct van der Waals contacts between the ligands
and amino acid residues in EC2 were not seen.

Unlike the antagonists, dopamine did not interact with
residues in TMH7. This observation is supported by the
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results of site-directed mutagenesis studies (http://www-
grap.fagmed.uit.no/GRAP/homepage.html), where mutation
of residues in TMH?7 did not influence the binding of dopam-
ine. Dopamine had relatively strong interactions with Trp386,
Phe389 and Phe390 in TMHG6 (Table 1), in agreement with
site-directed mutagenesis studies where mutations of these
residues reduced the affinity of dopamine more than 10,000-
fold [12].

The main differences in binding mode between the typical
and atypical antipsychotics were that the typical drugs lox-
apine and haloperidol bound the receptor with the halogen
atom at the ring system (Fig. 2) in the direction of Ser194 in
TMHS, while the atypical loxapine analogue clozapine, and
the atypical haloperidol analogue melperone, both had the
corresponding halogen atom in the direction of residues in
TMH2, TMH3 and TMH?7. A position of haloperidol similar
to that of the most favourable melperone position seemed
unrealistic. Haloperidol is larger and more bulky than melp-
erone, and in such a position, haloperidol had sterical con-
flicts with amino acids in TMHS, indicating that large con-
formational changes of the receptor would be necessary in
order to adopt the haloperidol structure in such a docking
position. The position of the piperazine ring relative to the
ring system is different between the structure of loxapine and
clozapine (Fig. 2). A binding mode of loxapine with the chlo-
rine atom in a position corresponding to the chlorine of cloza-
pine (Fig. 3), would have the protonated piperazine ring fur-
ther from Asp1 14 than clozapine. Therefore, in order to obtain
strong interactions between the protonated piperazine ring
and Asp114, the chlorine atom of loxapine must be in another
orientation than the chlorine atom of clozapine.

The template for the D2 receptor model represents an inac-
tive conformation of rhodopsin [8], which may suggest that
also the initial D2 model represents an inactive conforma-
tion. The helical displacements averaged over the TMHs
(Table 3) showed that the agonist dopamine induced larger
helical displacements upon binding than did the antagonists.
Upon binding to an inactive receptor conformation, dopam-
ine stabilises the receptor in an active receptor conformation
resulting in large helical displacements compared with the
initial inactive conformation. Upon binding of an antagonist,
the antagonist stabilises the receptor in an inactive receptor
conformation resulting in less helical displacements from the
initial inactive conformation than with the agonist.

The typical antipsychotics obtained direct van der Waals
contacts with TMHS (Table 1), while the atypical only inter-
acted with TMHS via long range forces. Table 3 shows that
upon binding of an atypical antipsychotic drug, TMHS is more
displaced from its position in the free receptor than after bind-
ing of the typical antipsychotic drugs. This indicates that the
van der Waals contacts of the typical antipsychotic drugs with
residues in TMHS constrain its position relative to the other
TMHs. TMHS is connected to IC3, which is very important
for G-protein interactions. The differences in structural dis-
placements of TMHS upon binding of atypical and typical
antipsychotic drugs (Table 3) indicate that they are inducing

different conformations of IC3, which may affect G-protein
interactions.

Both the typical and atypical antipsychotic drugs inter-
acted directly with amino acids in TMH6. However, the typi-
cal antipsychotic drugs interacted more strongly with amino
acids in TMHG6 than did the atypical ones (Table 1). Interac-
tion with TMHS5 and TMHS6 partly explains the stronger non-
bonded interaction with the receptor of the typical than of the
atypical drugs (Table 2). Although the present calculations of
interaction energies are not directly related to ligand binding
affinities and receptor occupation [36], the stronger interac-
tion energy of the typical drugs with TMHS and TMH6 may
reflect the strength of receptor binding. Therefore, this obser-
vation supports the experimental observation that the lower
dopamine D2 receptor occupancy of atypical than of typical
drugs may be driven by a faster dissociation from the recep-
tor [4,6,7]. Thermodynamic measurements of receptor—
ligand binding showed that binding of agonist and antago-
nists to some GPCRs gave thermodynamic agonist—antagonist
discrimination [37]. When the agonist binding to a given
receptor was entropy-driven, the binding of its antagonists
was enthalpy-driven, or vice versa. However, this was not
observed for the D2 receptor [37]. Non-bonded interactions
such as hydrogen-bonding interactions are mainly related to
the enthalpic term, while solvent reorganisation upon bind-
ing is mainly related to the entropic term. The stronger non-
bonded receptor-ligand interactions of the typical drugs
(Table 2) may therefore indicate that the higher D2 receptor
occupancy of the typical than of the atypical drugs may be
related to a stronger enthalpic contribution to receptor bind-
ing.

4. Conclusions

MD simulations indicated that the agonist dopamine
induced larger displacements into the heptahelical bundle than
did the antagonists. Further, the atypical antipsychotic drugs
induced larger conformational displacements into TMHS than
did the typical antipsychotic drugs (Table 3). This observa-
tion was explained by direct van der Waals contacts between
the typical antipsychotic drugs and residues in TMHS5 that
stabilised the position of TMHS relative to the other TMHs.
The typical antipsychotics, loxapine and haloperidol, were
both oriented with the halogen atom of the ring system in the
direction of TMHS, while the atypical had the corresponding
halogen atom in the direction of TMHs 2, 3 and 7 (Fig. 3).
The typical antipsychotics also had stronger non-bonded inter-
actions with TMHG6 (Table 1), and a stronger non-bonded
interaction with the receptor than the atypical drugs (Table 2).
These interactions support the hypothesis that lower receptor
occupancy of the atypical drugs is driven by a faster disso-
ciation from the receptor [4,6,7].

5. Experimental

Molecular graphics was done with the MIDAS plus soft-
ware, and molecular mechanics and molecular dynamics
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(MD) calculations were performed with the AMBER 5.0 pro-
grams [38]. A distance-dependent dielectric function with a
dielectric constant of 4 (e = 4ry, r; = interatomic distance)
was used in the calculations. Explicit water molecules were
not included. The cut off radius for non-bonded interactions
during energy minimisation was 15 A. Energy minimisation
of the receptor model, and of receptor-ligand complexes was
performed by 500 steps of steepest descent followed by
2000 steps of conjugate gradient minimisation.

MD was performed with a 12 A cut off radius for non-
bonded interactions, and a secondary cut off radius of 15 A.
All bonds involving hydrogen atoms were constrained using
the SHAKE option. The MD simulations were performed at
300 K. In order to preserve the helical conformation of TMHs
during MD extra hydrogen-bonding forces (5 kcal/mol) were
applied between the backbone oxygen atom of residue n and
the backbone nitrogen atom of residues n + 4, excluding pro-
lines. Extra hydrogen-bonding forces of 5 kcal/mol have been
shown to reproduce the experimentally observed rigid body
movements of TMHs [39,40], and have previously been used
for MD of receptor models [41,42].

5.1. Construction of the receptor model

A 3D model of the human dopamine D2 receptor was con-
structed, based on the X-ray structure of bovine rhodopsin
(PDB acquisition code: 1F88). A multiple sequence alignment
including the mammalian dopamine receptor subtypes (D1—
D5), and bovine rhodopsin was performed using the Clustal W
1.7 program [43]. All amino acid sequences were obtained
from the Swiss Prot database (http://www.expasy.ch/sprot/).
The sequence alignment, X-ray structure of bovine rhodop-
sin [8] and information about amino acid conservation among
the GPCR families (http://www-grap.fagmed.uit.no) were
used to define the start and end positions of the seven TMHs
of the D2 receptor. The start and end positions of TMHs
were; TMHI1: Arg31-Arg61l, TMH2: Thr68-Val97, TMH3:
Argl04-Alal35, TMH4: Lys198-Gly173, TMHS: Asn186—
Val215, TMH6: Glu368—Cys399, TMH7: Pro405-Phe429.

An initial structure of IC1, EC1, EC3 and the N-terminal
were taken directly from the bovine rhodopsin structure and
constructed by changing the rhodopsin side chains into the
corresponding side chains of the dopamine D2 receptor. Mod-
elling non-conserved regions of certain length is a challenge.
In the present study a combination of secondary structure pre-
diction and available loop structures in the Brookhaven PDB-
database (http://www.rcsb.org/pdb/) were used to construct
initial models of the non-conserved regions. The C-terminal,
IC2 and EC2 were constructed based on available loop struc-
tures. The loop conformations in the database having highest
amino acid sequence homology with each of these receptor
segments were inspected visually for possible steric interac-
tions with its local environment on the receptor. The loop
conformations providing best fit to the helical end positions
and other extramembrane domains were selected, and initial
structures of the receptor segments were constructed by

changing the side chains into those of the corresponding
D2  receptor segment. PDB  acquisition codes:
C-terminal—1ALA; IC2—1TDY; EC2—1CG]J. IC3 of the
dopamine D2 receptor contains 152 amino acids, and no ini-
tial loop structure for the entire loop was found in the PDB-
database. The Predict Protein server (http://www.embl-
heidelberg.de/predictprotein/) indicated four stretches of
[-sheet conformation in the loop, while no clear secondary
structure was indicated for the segments between the
[B-stretches. These segments were constructed from available
PDB structures in the PDB-database. The PDB acquisition
code for loop fragments used to construct IC3 were: 3PMG,
2HIP, 1JMF, 1FCD and 1PLF. The B-sheets and these frag-
ments were linked together to form an initial model of IC3.

The loops and terminals were connected to the helical
bundle, and a disulphide bridge was introduced between
Cys107 and Cys182. This disulphide bridge was maintained
during all calculations with the receptor model. The model
was energy refined by the following steps:

1. Five hundred steps of steepest descent and 1500 of conju-
gate gradient energy minimisation of the loops and termi-
nals keeping the helices at fixed positions.

2. Five hundred steps of steepest descent and 1500 of conju-
gate gradient energy minimisation of all the side chains in
the model keeping the backbone atoms fixed.

3. Fifty ps of MD simulation on the loops and terminals, keep-
ing the helices fixed.

4. Fifty ps of MD simulations of all the side chains, keeping
the backbone atom fixed.

5. Five hundred steps of steepest descent and 1500 steps of
conjugate gradient minimisation of the entire receptor
model.

The refined model was used for ligand docking and MD
simulations of receptor—ligand interactions. The GRASP pro-
gram was used to calculate the water accessible surface and
the relative electrostatic potential outside the surface of the
dopamine D2 receptor.

5.2. Modelling of ligands

The ligand structures are shown in Fig. 2. Molecular
mechanical parameters were obtained by analogy with stan-
dard AMBER force field parameters [38] using the web ser-
vice “Amber parameters by analogy” [44]. A RMS differ-
ence for the norm of the energy gradient between successive
steps of 0.02 kcal/mol per A was used as convergence criteria
for energy minimisation of ligand molecules. Atomic re-
strained electrostatic potential (RESP) charges [45] were cal-
culated for the ligand molecules using a 6-31G* basis set.

The crystal structures of haloperidol [46] and clozapine
[47] were obtained from the Cambridge structural database.
An initial model of melperone was constructed from the crys-
tal structure of haloperidol, while the initial structure of lox-
apine was constructed from the crystal structure of clozap-
ine. The coordinates and RESP charges for dopamine were
obtained from a previous study [48].
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5.3. Ligand docking and MD simulations
of receptor-ligand interactions

The typical antipsychotic drugs, haloperidol and loxap-
ine, the atypical antipsychotic drugs, clozapine and melper-
one, and the agonist dopamine were docked at putative bind-
ing sites in the receptor. For amine GPCRs the binding site of
small molecules is within the transmembrane helical bundle.
The sequence homology with rhodopsin is quite low also for
this part of the receptor, and ligand binding predictions based
only upon the rhodopsin template are relatively uncertain.
Therefore, ligand docking into amine GPCR models must be
performed very carefully with as many controls as possible.
Automatic docking and scoring functions derived from
empirical fits to an array of simplified energy terms capturing
the key contribution to ligand—protein binding are extremely
fast for screening of ligand binding modes to high resolution
protein structures. Due to a compromise between accuracy
and computational speed such docking methods also have
limitations, and especially when the protein structure is not
at a detailed level. A large amount of information about ligand
binding to family A of GPCRs is derived from site-directed
mutagenesis studies available in a searchable form at the
tGRAP database (http://www-grap.fagmed.uit.no). In the
present study, we have therefore used an approach where
manual docking was guided by information from site-
directed mutagenesis studies and short docking simulations
with both the receptor and the ligand free to move.

Structurally similar parts of the ligands where oriented in
similar positions in the receptor model. Several docking posi-
tions were considered, and the three positions of each ligand
(four of dopamine) giving strongest receptor interactions were
examined in detail.

These receptor—ligand complexes were energy mini-
mised, and refined by 30 ps of MD simulation. The tempera-
ture was gradually heated from O to 300 K during the MD.
After 30 ps, the following criteria were used to select among
the complexes for further MD simulations: 1. Interaction
energy between the ligand and receptor. 2. Complementarity
in shape and electrostatic potentials between the ligand and
the receptor. 3. Results of experimental site-directed mutagen-
esis experiments.

The molecular system obtained after 30 ps of heating was
equilibrated by 120 ps of MD followed by a 600 ps simula-
tion where coordinates were sampled every 5Sth ps, giving a
total simulation time of 750 ps. An average structure was cal-
culated from all coordinates collected during the final 600 ps
of each simulation. For comparison, a corresponding simula-
tion was also performed for the receptor without a ligand.

The average receptor structures were refined by 500 steps
of steepest descent energy minimisation followed by
2000 steps of conjugate gradient minimisation, and the RMS
deviation of specific receptor domains from the average struc-
ture during the final 600 ps of MD was calculated. The inter-
action energy between the ligands and the receptor, the poten-
tial energy of the ligand-receptor complex, and the potential

energy of the receptor alone, were calculated for each of the
energy minimised complexes.
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