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Summary

A pharmacophore model for dopaming Bntagonists has been developed on the basis of a previously reported
dopamine D model. By using exhaustive conformational analyses (MNt8ce field and the GB/SA hydration
model) and least-squares molecular superimposition studies, a set of eighteen structurally diverse high affinity
D4 antagonists have successfully been accommodated in4lph&macophore model. Enantioselectivities may

be rationalized by conformational energies required for the enantiomers to adopt their proposed bioactive confor-
mations. The pharmacophore models for antagonists at srenB D, receptor subtypes have been compared in
order to get insight into molecular properties of importance fell3 receptor selectivity. It is concluded that the
bioactive conformations of antagonists at the two receptor subtypes are essentially identical. Receptor essential
volumes previously identified for theJreceptor are shown to be present also in the&eptor. In addition, a

novel receptor essential volume in the E2ceptor, not present in thesPeceptor, has been identified. This feature

may be exploited for the design ofy;Belective antagonists. However, it is concluded that the major determinant
for D2/D4 selectivity is the nature of the interactions between the receptor and aromatic ring systems. The effects
of the electronic properties of these ring systems on the affinities for the two receptor subtypes differ substantially.

Introduction ceptors than for the Psubtype [5]. Thus, selective,D
receptor antagonists may have a potential as effective
Many of the symptoms of schizophrenia are consid- antipsychotics without the undesired extrapyramidal
ered to be caused by an excess of dopamine (DA) side effects displayed by the classical neuroleptics.
activity in the brain. The antipsychotic effects of neu- Unfortunately, clozapine induces agranulocytosis in
roleptic drugs are presumed to be due to inhibition of some patients and is therefore of limited therapeutical
DA receptors [1]. The classical neuroleptic drugs used use. Therefore, recent years have seen a large activity
in the treatment of schizophrenia generally induce ma- in the development of new pPselective antagonists
jor movementdisorders, also known as extrapyramidal [6].
side effects, and it has been proposed that these side The DA receptors belong to the large superfamily
effects are due to blockade of DAcDeceptorsinthe  of G-protein coupled receptors, which are all pre-
striatum [2]. Distribution studies indicate thattha D  sumed to have a seven transmembrane helices struc-
subtype of DA receptors is more abundant in the lim- ture. The dopamine receptors can be classified into
bic and the cortical brain areas than in the striatum D;-like and D»-like subfamilies. The B-like subfam-
[3]. A highly favorable antipsychotic profile without ily includes the Q and Ds receptors while the R
extrapyramidal side effects is displayed by the atypical D3 and Dy receptors belong to thezElike subfamily
neuroleptic clozapine [4]. Clozapine has beenreported [6]. The D, and Dy receptors display very high se-
to display higher affinity for the Psubtype of DAre-  quence identity [5] and it may therefore be expected
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that ligands for these receptors have similar binding Conformational analysis and identification of
modes. bioactive conformations

We have previously reported a pharmacophore
model for DA D receptor antagonists [7]. The de- Conformational space was explored by using the
velopment of this model was based on comprehen- Monte Carlo Multiple Minimum (MCMM) method
sive conformational studies and subsequent molecularimplemented in the MacroModel program [16]. All
superimpositions of the two potent DA.Dantago- heavy atoms and hydrogens on heteroatoms were su-
nists (S)-octoclothepin and (1R,3S)-tefludazine. The Perimposed in the test for duplicate structures. All
model has been thorough]y validated by studies on rotatable Single bonds were included in the conforma-
the enantiomers of octoclothepin [8], on phenylin- tional searches and these were terminated when the
danes, -indenes and -indoles [9], on a series of examination of the log file showed that each energy
structurally different benzamides [10], and on thiox- Minimum structure had been found multiple times.
anthenes and butyrophenones [11]. Furthermore, the The conformational searches were performed in aque-
results of a study on the effect of aromatic substitution OUS solution using the GB/SA continuum model [17].
on the DA D» affinity of 1-piperazino-3-phenylindanes  The N-protonated form of the molecules (see Fig-
and 10-piperazino-10,11-dihydrodibenznffthiepins ure 1), which is the prevalent species at physiological
strongly support the model [12]. The,Dpharma- pH, was used in the calculations. The conformational
cophore model has been used in conjunction with €nergy penalty for binding, i.e. the conformational
a corresponding model for 5HT receptor antago-  €Nergy required for each of the ligands to adopt its
nists in a study on the molecular requirements for proposed bioactive conformation, was calculated as
5HT24/D5 selectivity [13]. the difference in internal energy between the bioactive

Although a large number of selective DAs2n- conformation and the global energy minimum con-
tagonists have been pub“shed [6], no pharmacophoreformation obtained in agueous solution. The internal
model for Dy receptor antagonists has so far been re- €nergy for the global energy minimum conforma-
ported in the literature. In the present work, we report tion in aqueous phase is obtained by subtracting the
the development of a pharmacophore model for antag- hydration energy from the total energy. For a dis-
onists at the DA [ receptor. The aim of this workisto ~ cussion of the necessity of using this procedure to
compare the B model with the corresponding model calculate conformational energy penalties for receptor
for DA D receptor antagonists in order to gain insight Pinding see Reference 18. As a guideline for ac-
into the molecular basis forfID, receptor selectivity ~ ceptable conformational energy penalties, the value
and ultimately to exploit this insight for the design ofa 3 kcal/mol as obtained by our previous calculations on
new D4 antagonist displaying selectivity with respect ligand-protein complexes was employed. The bioac-
to the D, receptor. The compounds employed in the tive conformation of each of the fantagonists was

pharmacophore deve|opment are shown in Figure 1. deduced on the basis of a low conformational energy
penalty and a low rms value (root mean squares devia-

tion with respect to least-squares superimposition with
Computational methods the template molecule and the fitting points described

below).
Force fields

Superimposition studies
Force field calculations were carried out using the
MM3*, AMBER* and MMFF94S force fields imple- The ammonium nitrogen, a site-point located 2.8 A
mented in MacroModel V6.5 [14]. As the torsional from the ammonium nitrogen in the nitrogen-
force constant C(sp2)-N(sp2)-O(sp2)-C(sp2) and the hydrogen direction (simulating a hydrogen bond ac-
bond stretch constant N(sp2)-O(sp2) required for cal- ceptor) and the centroids of the aromatic moieties
culations on the isoxazole subunitin compodGcére ~ as shown in Figure 1, were used as fitting points in
missing in MM3, these parameters were taken from the superimposition studies. Least-squares rigid body
the MM3(94) force field parameter list [15]. All en- Mmolecular superimpositions were performed by using
ergy minimizations were carried out with the truncated the MacMimic program [19]. The quality of a super-

Newton conjugate gradient algorithm (TNCG). imposition was measured in terms of rms values of the
fitting points. An rms value of 0.6 A has been used as
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Figure 1. Structures of the ligands studied in this work. The centroids of the aromatic rings used as fitting points are indicated in the formulas.
In those cases for which experimental data are available, the absolute configuration of the highest affinity enantiomer is given. The ligands are
oriented according to their suggested binding mode.
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a soft indicator to determine whether a fit is accept- fragments or substituents lead to a significantly de-
able or not. Aromatic rings in the ligands were fitted creased DA DB affinity. The arrow in Figure 2b points
in a coplanar orientation with respect to the aromatic at the so-called ‘neuroleptic position’. A substituentin
pharmacophore elements. It should be mentioned thatthis position in general increases the DA &ffinity of

the rms values do not give any measure of this copla- the ligand.

narity. The template fitting procedure implemented in

the Flo96 program [20] was used in some cases dis- The basis for the development of the DA D

cussed below. This procedure allows a simultaneous pharmacophore model

minimization of the internal energy of the molecules

to be fitted and an optimization of the fit in terms of The uniqueness of thezpharmacophore model with
minimization of superimposition energy. respect to the relative orientations of the piperazine

rings and the tricyclic ring systems in (&)-and
(1R,3S)-tefludazine was considerably strengthened by
a study on the enantiomers @f[8]. The enantiose-
Ab initio calculations (HF/6-31Q on the conforma-  |ectivity of these enantiomers with respect to thg D
tional energy difference between the planar and the receptor is low. As shown in Table 1, the (Benan-
orthogonal conformations of the pyrimidyl-piperazine tiomer displays only 2.5 times higher affinity for the
subunit in compound were performed by using D, receptor than (R} The conformational flexibility
Gaussian98 [21]. of 1 makes it possible for (S)-and (R)4 to adopt
The semi-empirical methods AM1-SM5.4A and very similar 3D-shapes (see inserted superimposition
PM3-SM5.4P implemented in the AMSOL program  of the proposed bioactive conformations in Figure 3).
[22] were used for calculations of conformational en- An analysis of the calculated potential energy curves
ergies and free energies of hydration for compounds for rotation about the bond connecting the piperazine
5-7, 9-12 and21. The calculations were performed ring and the tricyclic ring system in ()and (R)4 in
for the N-protonated species and the solvation energy their superimposed conformations (Figure 3) showed
was calculated as the energy difference between thethat there exists only one mutual low energy region.
optimized structures in aqueous phase and in the gasThe arrow in Figure 3 points at the dihedral angle

Quantum chemical calculations

phase.

Results and discussion

The DA > pharmacophore model

As mentioned in the Introduction, our previously re-
ported DA Dy pharmacophore model is based on com-
prehensive conformational analyses and superimposi-
tion studies of the two high-affinity Preceptor antag-
onists (S)-octoclothepinlf and (1R,3S)-tefludazine
(Figure 2) [7]. A superimposition of the proposed
bioactive conformations of these compounds is shown
in Figure 2a and the relative orientations in space
of the pharmacophore elements (fitting poindsD
derived from the superimposition are displayed in
Figure 2b. The basic Ppharmacophore model was
extended by Andersen et al. in connection with studies
on the effect on the P5HT24 selectivity of aromatic
substitutions in indole analoguesf13]. This study
made it possible to define two important receptor es-
sential volumes,E and F in Figure 2b, in the B
pharmacophore model. These volumes indicate po-
sitions in space in which the presence of molecular

value of the proposed bioactive conformation of (S)-

as obtained by the superimposition study of {3nd
(1R,3S)-tefludazine discussed above (Figure 2a), and
the corresponding value for (R)in the superimposi-
tion shown in Figure 3. The calculated conformational
energy difference between the proposed bioactive con-
formations of the enantiomers dfwas found to be

in good agreement with the observed relative affini-
ties of the enantiomers [8]. It should be noted that
in the previous study on the enantiomerslofthe
potential energy curves were calculated for the non-
protonated compounds in the gas phase. However, as
we have recently shown, the appropriate quantities to
be used in the calculations of conformational energy
penalties for binding of ligands to enzymes and re-
ceptors is the internal energy difference between the
bioactive conformation and the global energy mini-
mum in aqueous solution [18]. Thus, in the context of
the present work the potential energy curves displayed
in Figure 6 in Reference 8 have been recalculated for
N-protonated (S} and (R)4 in aqueous solution by
using the MM3 force-field and the GB/SA hydration
model (see Computational Methods section). As the
results shown in Figure 3 are virtually identical to
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Figure 2. (a) Least-squares superimposition of (S)-octoclothepin and (1R,3S)-tefludazine. (b) The bak@ardacophore model based on
this superimposition. The model includes four pharmacophore elements, two elefets B) corresponding to the aromatic rings, an
ammonium nitrogen() and a site point in the K-H direction D). In addition, the model includes two receptor essential regiBran@F).

those obtained in the previous work (cf. Figure 6 in of 1 are essentially identical to that displayed by
Reference 8), the conclusions based on the previousthose compounds at the DApDeceptor. This implies
calculations are all valid. that the basic DA R pharmacophore model including

In view of the usefulness of employing the enan- pharmacophore elemersD in the relative positions
tiomers ofl in the development and validation of the displayed in Figure 2b may be used as a starting point
D> model, the DA O3 receptor affinities of (S}and for the development of a pharmacophore model for
(R)-1 were determined in order to find out if a similar antagonists at the Preceptor and that (S)-may be
analysis could be employed in the Dase. As shown used as a template compound. This observation im-
in Table 1, both enantiomers df are found to be plies that /D4 selectivity cannot be rationalized in
high-affinity DA D4 antagonists, the (S)enantiomer  terms of differences in bioactive conformations at the
displaying a higher affinity than (R)-by only a factor two receptor subtypes with respect to those parts of
of 3. Thus, the relative DA R affinities of (S)4 and the molecules described by pharmacophore elements
(R)-1 are virtually identical to that displayed by the A-D.
enantiomers at the DA Dreceptor (Table 1). Accord-
ing to our previous analysis [8], this strongly indicates
that the bioactive conformations of the enantiomers
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Table 1. Calculated (MM3) conformational energy penaltied Econf), rms values
from least-squares superimposition to the pharmacophore model arathdD,
receptor affinities for ligand$-18

Compound  AEcgnt Rmsvalue  Receptor affinities Ref.
(kcal/mol)  (A) Dy/Kj (nM)  D2/Kj (nM)
(S)1 1.2 0.00 15 238 23
(R)1 1.9 0.40 4.5 73 23
2 0.9 0.25 15 4.6 23
3 2.6 0.34 31 37 23
4 0.5 0.54 6.5 1.3 23
5 0.0 0.13 0.2 0.2 23
6 2.2 0.27 1.9 0.4 23
7 2.1 0.42 29 0.9 23
8 0.6° 0.61 6.0 1440 24
9 6.6 0.35 2.1 226 25
10 6.0 0.48 2.0 244 26
11 4.6 0.71 2.2 792 27
12 7.2 0.49 8.¢ 0.2 37
13 0.5 0.32 1.9 51.4 23
14 0.9 0.68 1.6 800 28
15 0.7 0.78 0.43 960 29
16 1.8 0.54 3.5 >1700 30
17 2.4 0.78 15 >1700 31
18 2.4 0.72 5.2 545 32

@These values differ slightly from those previously reported [8]. The new data have
been measured by using a DMSO solution of the compound rather than a water
solution.

PThis value differs from that in Figure 6, where the corresponding value calculated
by MMFF94S is given.

CBinding affinity for the racemate [23].

Conformational analysis and superimposition studies compounds. Figure 4 displays the results of a least-

of DA D4 receptor antagonists squares fitting of the tricyclic compounds (R){S)-1,
(1R,3S)2[9], 3and4[33] to pharmacophore elements

The calculated conformational energy penalties of the A-D in Figure 2b. The calculated conformational en-

proposed bioactive conformations for compouids  ergies and rms values are all low for the proposed

18 obtained as described in the Computational Meth- pioactive conformations df—4 (Table 1).

ods section and the rms values obtained by the least- As mentioned abOVE, a Study on the effects of sub-

squares fitting to the pharmacophore model in Fig- stituents in the tricyclic ring system on the, and
ure 1b and its extensions as described below are givensHT,, receptor affinities led to the identification of

in Table 1. This table also includes the observed DA the receptor essential regioEandF in the D phar-

D4 and Dy, receptor affinities. The data in Table 1 will - macophore model (Figure 2b). In order to investigate
be discussed below for the different structural classes if these receptor essential regions also are present in

of compounds and the proposed binding modes of the D, receptor, compound19ab and20ad were

these compounds. studied. The data shown in Table 2 display virtually
_ identical effects on the Pand Iy receptor affinities
Receptor antagonists-4 of the introduction of a methyl substituent in the po-

sitions shown in the table. The reduced Bnd Dy

affinities of19bcompared td 9aand of20dcompared
to 20a show that a methyl group in thezRposition
occupies a receptor essential regirir{ Figure 2b) in

Many of the classical Preceptor antagonists incor-
porate a tricyclic ring system. Compountdst, which
also display high affinities for the pPreceptor (Ta-
ble 1), have been chosen to represent this family of
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Figure 3. Calculated potential energy curves (MK&B/SA) for rotation about inter-ring C-N bond in (3)and (R)4. The arrow points at
the dihedral angle values corresponding to the proposed bioactive conformations.

both receptor subtypes. The strongly reduced affinity spiperone%) has been accommodated in therBodel

of 20b compared ta20a shows that a methyl in the
R1 position also occupies a disallowed regidnif
Figure 2b) in both receptor subtypes. In conclusion,
all pharmacophore elements in the pharmacophore
model shown in Figure 2b including the receptor es-
sential volume< andF are also present in thesD
pharmacophore model. In addition, the data in Ta-
ble 2 shows that a methyl and a chloro substituent in
the R position (the ‘neuroleptic position’ in Figure
2b) increases the affinity for both receptor subtypes.
Thus, in contrast to the case of 5iiTvs D, recep-
tors discussed above,sBelectivity with respect to
the D receptor cannot be achieved by substitutions in
positions corresponding to1fR2 and R in 19aand
20a

Extension of the pharmacophore model

The butyrophenone&{7) are nontricyclic DA 3 and
D4 antagonists that incorporate N-alkyl substituents
that are essential for receptor binding. Previously,

[11]. As shown in Figure 5, compouns may be
straightforwardly fitted in its global energy minimum
conformation to the pharmacophore elemé&ht€ and

D in Figure 2b.

The D, and Iy receptor affinities of compound
21 are 57 and 740 nM, respectively [23]. Thus, the
very high Dy as well as B affinities of compounds
5-7 (Table 1) are most likely due to strong at-
tractive interactions between the receptors and the
1-phenyl-1,3,8-triazaspiro-[4.5]decan-4-one moiety in
5, the 1,3-dihydro-benzoimidazol-2-one system6in
[34], and the phenyl ring and hydroxy substituent on
the piperidine moiety in7. These substituents dra-
matically increase the Pand Oy affinities of 5-7 in
comparison to the 4-methyl substituenta. In or-
der to make sure that these affinity increases are not
due to favorable differences in solvation energies for
5-7 in comparison td?1, the free energies of hydra-
tion for these compounds were calculated by using the
AM1-SM5.4A method (see Computational Methods
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Table 2. Receptor affinities for compoun@s 19a-b and20ad [23]

F F

Rs Rs
@
N\ N
) G I
Compound  Structure  Substituent Receptor affinities
Dy4/Kj (nM)  Do/Kj (nM)

19a I Ry, R3 =H 80 43

2 | Ry, =Cl 15 4.6
19b | Rz =Cl 150 160
20a ] R1, Ry, R3=H 60 8.9
20b 1l R1=Me 1050 157
20c 1l Ro> = Me 26 5.4
20d 1l R3 = Me 240 80

section). The free energies of hydration &7 are The fitting of compound to the pharmacophore
calculated to be more negative than thatZaby 3.5, model
9.5 and 4.5 kcal/mol, respectively. Thus, the desolva-
tion energies 067 are significantly larger than that ~ The great majority of the dopamines3elective an-
of 21, supporting the conclusion that there exist strong tagonists studied in the present work (Figure 1) do not
specific interactions between the piperidyl substituents Pelong to the class of tricyclic compounds exemplified
in 5-7 and both receptor subtypes. by 1-4 and they generally incorporate aromatic moi-
By using the temp|ate f|tt|ng procedure in the eties at both ends of the molecule. ThUS, many of the
Flo96 program (See Computationa| Methods Section)' Dy antagonists studied in this work seem to be able to
including a simultaneous minimization of the inter- be superimposed on the model displayed in Figure 5 in
nal energy of the molecule and optimization of the fit two or more different modes. It is therefore important
produced a very good superimposition of the aromatic 0 determine how such ligands should be oriented in
rings in5-7 (Figure 5). The common position of the ~the model with respect to the pharmacophore elements
aromatic rings in5—7 defines a new pharmacophore A, B andG (Figure 5). The I3 selective antagonist
elementG (Figure 5) for the @ as well as for the B 8 is a typical example illustrating this problem and
pharmacophore model. This pharmacophore elementthe procedures used to solve the problem. As dis-
will be used for the fittings of compoun@s18tothe  Played in Figure 6, there are in this particular case
model as discussed below. three different reasonable orientational possibilities to
fit compound3 to the pharmacophore elements of the
model. Compound has a pyrimidine ring attached
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is fitted upside-down compared to moldén binding
modelll , pharmacophore elemer2sC, D andG are
being used.

On comparing the conformational energies re-
quired for8to adopt the three different binding modes,
itis clear that modéis the only acceptable alternative.
The relatively high rms value in this superimposition
will be discussed below. Modd$ and Il may be
ruled out on the basis of prohibitively high conforma-
tional energies, 14.1 kcal/mol and 19.3 kcal/mol, re-
spectively. Approximately 10 kcal/mol of the confor-
mational energy penalty comes from the high-energy
‘orthogonal’ form of the pyrimidinyl-piperazine unit
used to obtain an optimal fit to the model. Further-
more, binding modeB andlll are incompatible with
the pharmacophore model due to conflicts with re-
ceptor essential volumes or the N-H interaction site.
The arrows in Figure 6 denote destructive ligand-
receptor interactions caused by the methyl substitutent
in 8. In modell , the methyl group is partly overlap-
Figure 4. Least-squares superimposition of (R}¢S)-1, (1R,3S)2, ping the receptor essential volunfie In modelil
3and4. Hydrogens are removed for clarity. the five-membered heterocyclic ring is very close to

this receptor essential volume and, more important,

) o . the methyl group is located close to the site pdnt
to the piperazine ring. The conformational energy for \yhich should cause steric repulsive interactions with
rotation about the bond connecting these rings may be s interaction site. Thus, on the basis of this analysis

of importance for the conformational energy penalties j; is concluded that binding modeis the only one
for possible bioactive conformations 8f In order to compatible with the pharmacophore model.

assess the ability of the MMJorce field to calculate

these conformational energiesb initio calculations  Anptagonists-15fitted to the pharmacophore
(HF/6-31G) were performed for the conformational  gjements\, C, D andG

energy difference between the ‘coplanar (N(sp2)-

C-N(sp3)-lonepair= 90 deg) and the ‘orthogonal’ Compounds$-15may be fitted to the model by using
(N(sp2)-C-N(sp3)-lonepait= 0 deg) conformations  the pharmacophore elemerntsC, D andG. A super-

of the pyrimidyl-piperazine subunit. The calculations imposition of the calculated bioactive conformations
show a large energy difference between the ‘coplanar’ is displayed in Figure 7. The corresponding calculated
and the ‘orthogonal’ forms, 9.7 kcal/mol favoring the = conformational energy penalties for the bioactive con-
‘coplanar’ form. The MM3 force field fails to repro-  formations and the rms values are given in Table 1.
duce this large energy difference giving an energy dif- The higher than average rms values8as well as for
ference of only 1.6 kcal/mol. However, the calculated the phenyl-piperazineil, 14 and15is a consequence
energy difference obtained by using the MMFF94S of the representation of the aromatic ring by its cen-
force field is 8.5 kcal/mol, in good agreement with the troid. If a close fit of such centroids to the model is
HF/6-31G result. Since it is important for this case required this implies a very strong and in some cases
to be able to accurately calculate the conformational most probably unrealistic requirement of the degree
energies involving the pyrimidyl-piperazine subunit, of fit of an aromatic ring to its binding site in the re-
the MMFF94S force field was employed to calculate ceptor. The average distance between the centroid in
the conformational energies for the three alternative pharmacophore elemeat and the aromatic centroid
binding modes of compour8ishown in Figure 6. In in the ligandsB, 11, 14 and15is twice as large as the
binding modd, the pharmacophore eleme#tsC, D corresponding distance fér 10, 12 and13[35] which
andG are used for fitting. The same pharmacophore do not contain a phenyl-piperazine moiety.

elements are employed in motle but the molecule
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Figure 5. Compounds$ (dark grey),6 (light grey) and7 (unfilled atoms) fitted to pharmacophore elemeid of the D,/D4 pharmacophore
model. The new pharmacophore eleméris displayed in the model to the right.

Considering their high Preceptor affinities, com-  empirical quantum chemistry method PM3 in combi-
pounds9-12 display unexpectedly high conforma- nation with the SM5.4P hydration model were inves-
tional energy penalties, 4.6—7.2 kcal/mol (Table 1). tigated. The calculated energy differences (extended-
The proposed bioactive conformations #f12 are ‘collapsed’ conformation) are given in Table 3. While
shown in Figure 8a and the calculated lowest energy all three force fields calculate the ‘collapsed’ confor-
conformations of these compounds in aqueous phasemations shown in Figure 8b to be the most stable ones
(MM3*-GB/SA) are shown in Figure 8b. As shown (AEpt > 0), the PM3-SM5.4P method predicts the
in Figure 8b, compound$0-12 all display internal extended structure (Figure 8a)®fl1landl12to be of
hydrogen bonds in their global energy minima. These lowest energy. It is not clear which of the predictions
hydrogen bonds are broken in their proposed bioac- are correct, but the high conformational penalties cal-
tive conformations (Figure 8a) resulting in a strong culated for the high affinity compoun@s 11 and12
increase in internal energy. Compoufidlisplays a indicate that force-field methods predict the ‘wrong’
combined hydrophobic/electrostatic ‘collapse’ (attrac- conformation as the global energy minimum confor-
tive vdW interactions and a catiominteraction) in the mation in aqueous solution for these compounds. The
global aqueous phase minimum that is not present in internal conformational energy differencesEcon)
the proposed bioactive conformation. for 9, 10 and 12 as calculated by the PM3-SM5.4P

We have previously shown that the MM&B/SA method (in Table 3) are clearly compatible with their
methodology may not be adequate for reliable calcu- high DA D4 receptor affinities. However, the con-
lations on the conformational properties for strongly formational energy difference fdrl calculated with
polar molecules [18]. To determine if the ‘collapses’ the semi-empirical method, 5.2 kcal/mol (Table 3), is
displayed in Figure 8b are force field dependent still somewhat higher than expected for a high affinity
and/or due to an insufficient dielectric continuum compound.
model, the corresponding results obtained by using the
AMBER* and MMFF force fields in combination with
the GB/SA hydration model and by using the semi-
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Figure 6. Three alternatives for fitting the 3selective antagonigto the pharmacophore model. The arrows denote destructive ligand-receptor
interactions. Calculated conformational energies (MMFF94S) and rms values are given below the different conformations.

14.1 kcal'mol
s 0,60 A

Antagonistd 6-18fitted to the pharmacophore macophore element3, C, D and G with low con-
element®, C, D andG formational energies (Table 1). A superimposition of
the proposed bioactive conformations of these com-
No acceptable fits of Compounﬂié—lStO the pharma- pounds and Compoun&? is d|sp|ayed in Figure 9.
cophore model by employing pharmacophore element Compound$—7 have been discussed above. Thus, it
A could be obtained. However, these compounds jg proposed that the nonselective DA Bnd D» re-
could nicely be fitted to the model using the phar- ceptor antagonis&-7 and the highly selective DA P
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pounds may be rationalized or predicted on the basis of
the difference in the conformational energies required
for the enantiomers to adopt the bioactive conforma-
tion [8]. This provides a good test of a pharmacophore
model. An example of this, the enantioselectivity of
1, has been discussed above. The difference in cal-
culated conformational energies of (8)and (R)41
closely corresponds to the difference in their free en-
ergies of binding [8]. In addition td, there are six
other chiral compound<, 10-12, 17 and 18, in the

set of Iy antagonists shown in Figure 1. Receptor
binding data are available for the enantiomers of all
of these compounds excebt (unfortunately only R
data are available for compoud). The enantiomers

of 2 cannot adopt superimposable conformations. In
compoundl0, the hydroxy group at the chiral cen-
ter may be involved in different receptor interactions
in the enantiomers which makes this compound less
suitable for calculations of enantioselectivity in terms
of conformational energy differences. However, both
enantiomers of each of the compountds 12 and

18 may adopt superimposable conformations that are
compatible with the pharmacophore model. Least-
squares superimpositions of the enantiomerklpf 2

and 18 in their deduced bioactive conformations are
Figure 7. Compounds$-15fitted to the pharmacophore model with shown in F'gufe 10 and the calculated conf_ormatlonal
respect to pharmacophore elemeftC, D andG. Hydrogens are energy penalties, the rms values of the fits and the
removed for clarity. receptor binding datAG are given in Table 4.

The enantiomers ol1l may be fitted to the
and D» models with virtually identical rms values (Ta-
ble 4). The (S)-enantiomer has a higher affinity to
the Dy and D receptor than the (R)-enantiomer by
a factor of 11 and>2, respectively. The calculated
conformational energy penalty for the bioactive con-
formation of the (R)-enantiomer is 3.6 kcal/mol higher
than that for the (S)-enantiomer. Thus, the calcula-
tions predict the (S)-enantiomer to be the most active
one in agreement with experiments but the degree
of enantioselectivity is somewhat overestimated. This
may be due to differences in receptor interactions with
the non-overlapping saturated heterocyclic rings (see
figure 10).

The enantiomers of2 both display a very good
fit to the pharmacophore model (Figure 10, Table 4).
The calculated bioactive conformations are very sim-
ilar and this is a particularly well-suited case for the
For flexible chiral Compounds it may be possib|e to prediction of enantioselectivity from calculated con-
superimpose one conformation of one enantiomer with formational energy penalties. Both enantiomers have
another conformation of the other enantiomer. If such significant D> receptor affinities (Table 4), the (S)-
conformations fulfill the requirements of a pharma- €nantiomer displaying 7 times higher affinity than the
cophore model, the enantioselectivity of the com- (R)-enantiomer corresponding to a free energy dif-

antagonistsl6-18 display a different bonding mode
than the antagonist®8-15. The relatively high rms
values of17 and 18 are due to nonoptimal fitting of
the N-alkyl substituents to the pharmacophore element
G (Figure 5). For instance, the distance between the
ammonium nitrogen and the centroid of the pyridine
ring in 17is shorter (by 1.3 A) than the corresponding
distance between pharmacophore eleméntndG.
However, as high affinity DA [ antagonists with N-
benzyl substituents have been reported [6b, 30, 36],
it is highly probable that the receptor site interacting
with the N-alkyl substituents has a greater extension
in space than described by the pharmacophore elemen
G.

Enantioselectivity
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9 10 11 12

Figure 8. (a) The proposed bioactive conformations and (b) the calculated (MBE/SA) lowest energy conformations for compouSeé2.

Table 3. The total energy including solvatiomEiot) and conformational energy penaltieAEqqpf) for
9-12 using four different computational meth&dJhe energies are given in kcal/mol

Method 9 10 11 12

AEtot  AEconf AEtot  AEcont AEtot  AEcont  AEtot  AEconf
MM3* — GB/SA 0.4 5.9 3.8 5.8 0.3 54.8 4.0 8.2
AMBER* — GB/SA 0.3 4.4 5.4 11.8 3.5 13.4 55 9.6
MMFF - GB/SA 2.2 8.0 5.3 10.5 0.3 57.8 4.6 7.5
PM3 — SM5.4P —-2.5 0.1 2.0 51.7 -1.0 55.2 -0.7 35

& The proposed bioactive conformation and the global energy minimum in agueous phase calculated by
MM3* were used as input structures for the energy minimizatidSot is the total energy difference
between the extended and ‘collapsed’ conformations including solvation energyEyads the difference

in internal energies (solvation energies excluded).
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Table 4. Calculated relative conformational energy penaltiAs\E.qns), rms
values and receptor binding datar the enantiomers df1[27], 12[37] and18

[32]

Compound  AAEconf Rmsvalue Receptor affinities

(kcal/mol)  (A) D4/Kj (nM) Dy/Kj (nM)
(9-11° 0.0 0.71 2.2(2.0-2.5) 790 (590-1100)
(R-11° 3.6 0.69 24 (23-28) >1800
(91 0.0 0.49 N.Af 0.22+0.02
(R-1A4 1.8 0.55 N.Af 1.454+ 0.06
(918 2.7 0.42 128 423
(R-188 0.0 0.72 5.9 545

8The numbers in parentheses represent 95% confidence intervals associated with

the K; values.

bOpticall purity estimated to be99.5% ee [27].
COptical purity found to be 95.3% ee [37].
dOpticall purity found to be 94.2% ee [37].

€Optical purity not available.
fBinding data not available.
9Binding data given as I values.

ference of 1.1 kcal/mol. The conformational energy
penalty of the bioactive conformation of the more po-
tent (S)-enantiomer is calculated to be 1.8 kcal/mol
lower in energy than the corresponding energy of the
(R)-enantiomer, in good agreement with the observed
difference in free energy of binding. Unfortunately,
the Dy receptor affinities for (S}2 and (R)42 are

not available. However, since the enantiomers of com-
poundl2 are fitted to pharmacophore elements which,

according to the discussion above, are proposed to be

virtually identical for the B and Dy receptors, the cal-
culations predict that the (S)-enantiomer should be the
highest affinity one also at thesDeceptor.

(R)-18 displays 23 times higher binding affinity
for the Dy receptor than (S)8 (Table 4) correspond-
ing to a difference in free energy of binding of
1.9 kcal/mol. The calculated conformational energy
penalty is 2.7 kcal/mol lower for the (R)-enantiomer
than for the (S)-enantiomer, in agreement with the
higher affinity of the (R)-enantiomer. Furthermore, the
calculated difference in free energies of binding is in
good agreement with the observed energy difference.
Interestingly, the enantiomers a8 are reported to
have very similar affinities for the Dreceptors (Ta-
ble 4). As the phenyl-thiazol parts of the enantiomers
of 18 do not superimpose optimally (Figure 10), and
as the fit to the pharmacophore model is significantly
better for the (S)-enantiomer (Table 4), it may be spec-
ulated that the requirement on the position of this part
of the molecule is more strict for the,Dhan for the
D4 receptor. Thus, the better fit of (38 may at the

D, receptor compensate for the higher conformational
energy penalty.

Selectivity for the DA Rreceptor

The most important information provided by a phar-
macophore model is the bioactive conformation of
each ligand and the alignment of these conformations.
A correct molecular alignment makes it possible to
identify the structural relationships between different
types of ligands. In addition, a correct molecular align-
ment may reveal receptor-essential volumes or other
common features that may not be obvious from visual
inspection of individual ligands. The results discussed
above for the affinity to the Preceptor vs the P
receptor show that D, selectivity is not due to con-
formational differences of the bioactive conformations
at the two receptors. Furthermore, the receptor essen-
tial volumes previously identified for the Dreceptor

are also present in thesDeceptor, excluding the pos-
sibility to exploit such differences in the design of
selective compounds. This is in contrast to our studies
on Do/5HT2,4 selectivity discussed above in which it
also was concluded that the bioactive conformations
are virtually the same at the two receptors but differ-
ences in receptor essential volumes could be identified
and exploited.

Scanning the literature for differential substituent
effects for ligands at the oand Dy receptor, one pos-
sible difference in receptor essential volumes for the
two receptors was found. TenBrink et al. [27] have
shown that a replacement of the methoxy groufin



Figure 9. A least-squares superimposition of the proposed bioactive
conformations of compounds-7 and16-18.

by a fluoro group or a sulphonamido group has only
a marginal effect on the pPaffinity. However, at the
D, receptor the affinity decreases by a factor of 27
by replacing the fluoro substituent by a sulphonamido
group. This difference indicates that there is more
space in the receptor that in the Preceptor in the
environment of the methoxy substituent 4. This
information is shown in Figure 11 within the frame-
work of the Oy and Dy pharmacophore models as a
receptor essential volumid in the D, receptor not
present in the I receptor. Recently, Beliotti et al.
[40] reported B and Oy affinities for a series of 6-
and 7-piperazinyl- and piperidinylmethylbenzoxazi-

nones. Also in these series of compounds an increase

of the substituent size in the position corresponding
to the methoxy group position ibl significantly de-
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creases the paffinity whereas the paffinity remains
largely unaffected. These results indicate a possibility
to obtain or increase #D,4 selectivity by using large
substituents in the appropriate position.

The substantial selectivities observed for, for in-
stance, compound8-11, 13-18 (Table 1) cannot
be rationalized within the framework of the pharma-
cophore models. In all cases the compounds display a
good fit to the O as well as to the Ppharmacophore
models. Analyzing the structural characteristics of
compoundd-18 against the background of these re-
sults, we conclude that the major source of/Dy
selectivity is to be found in theropertiesof the re-
ceptor sites interacting with pharmacophore elements
A, B andG in the two receptors. The arguments for
this are as follows.

The Dy/D4 selectivity for the desmethyl analog of
8 increases from 49 to 592 by replacing the pyrim-
idinyl ring by a phenyl ring [24]. This selectivity
increase is almost entirely due to a decrease in the D
affinity, indicating that in contrast to the affinity for
the Dy receptor, the B affinity is highly dependent
on the electronic properties of the aromatic ring cor-
responding to pharmacophore elemantFigure 11).
Similarly, the D/D4 selectivity increases from 4 in
compound2to 54 in compoun@3[38]. Even in this
case the R affinity is largely unaffected.

P
;e e

s
N =N
CH, ,?;2 ,?;2

21

Liégeois et al. [39] have shown that replacing the
phenyl ring corresponding to pharmacophore element
B in clozapine 8) analogs by a pyridyl ring increases
the D»/D4 selectivity by a factor of 12. Again the
D4 affinity is virtually unaffected, whereas the,D
affinity decreases. The dependence of the affinity for
D> receptors on the electronic properties of aromatic
rings is also observed in pyrazole analogs of com-
pound 16. Replacement of the p-chlorophenyl ring
by a cyclohexyl ring gives a moderatey Belectiv-
ity (D2/D4 = 6). Replacing the cyclohexyl ring by a
pyridyl ring increases the selectivity to 39 [30] through
a decrease in the Daffinity.

22 23
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Figure 10. A least-squares superimposition of the enantiomefislpf2 and18 as fitted to the pharmacophore model. The (S)-enantiomers are
shown in light grey and the (R)-enantiomers in dark grey. Hydrogens are removed for clarity.

A highly selective Q antagonist generally requires  17[31]. Also in this case selectivity increase is almost
a molecular part corresponding to pharmacophore entirely due to a decrease of the Bffinity.
element G (Figure 11). Tricyclics with small N- In summary, changes in the electronic properties of
substituents are generally non-selective as shown bythe molecular parts corresponding to pharmacophore
the representative examples in Table 1. This clearly elementsA, B andG may result in a substantial de-
indicates that receptor interactions with the molecu- crease of the paffinity whereas the paffinity gener-
lar part corresponding to pharmacophore elen@nt  ally is largely unaffected. This difference must be due
are highly important for the pD4 selectivity. The to differences in the properties of the corresponding
nonselective butyrophenon&s7 and the highly se-  receptor sites with which the pharmacophore elements
lective Dy antagonistL8 all fit well to the Dy and Dy are interacting. A rationalization of selectivity on this
pharmacophore models in low energy conformations basis is outside the scope of pharmacophore models.
(Table 1, Figure 9). It is obvious that the source of However, on the basis of pharmacophore models such
selectivity (see Table 1) is to be found in the electronic differences in interactions may be investigated by, for
and/or steric differences in the parts of the molecules instance, 3D QSAR methodology. Complementary in-
corresponding to pharmacophore elem@ntThis is formation may be obtained by studying 7TM receptor
also demonstrated by the observation that the indole models of the corresponding receptors in order to try to
analog of15 displays a /D4 selectivity of 44 which identify differences in the amino acid composition in
increases to 2233 for the azaindole compoilsfR9]. a putative antagonist binding-site. Investigations along
This selectivity increase is the result of a decrease of these lines are currently in progress.
the Dy affinity and a small increase of they[Affinity.
A similar selectivity increase was observed by Showell
et al. for the corresponding replacement in compound
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Figure 11. The final Dy and D, pharmacophore models including the receptor essential votimehe D, model.

Conclusions more dependant than the;Beceptor on the nature of
these electronic properties. The pharmacophore mod-
A pharmacophore model for DA pantagonists has  els may be employed in 3D QSAR studies in order
been developed on the basis of a previously reportedto obtain a more detailed insight into the relationships
DA D, model. In this connection the Dmodel has between the electronic properties of the aromatic rings
been further extended. Eighteen structurally diverse and the B/D4 selectivity.
antagonists have been fitted to the &hd D, models.
The model has successfully been used to rationalize
enantioselectivities for chiral antagonists. It is con- Acknowledgements
cluded that the bioactive conformations of antagonists
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