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A CoMFA study was undertaken to elucidate the correlation of biological activity and structural
parameters of 25 dopamine D4 antagonists. A special point of interest is that we have included
the atypical D4 antagonist clozapine as a structural template for all other compounds. After
comparing potential protonation sites at semiempirical (AM1) and ab initio (6-31G(d)) levels
of theory, possible conformations of the lead compound 3-[4-(4-chlorophenyl)piperazin-1-
ylmethyl]pyrazolo[1,5-a]pyridine (FAUC 113) were investigated by systematic semiempirical
conformational analysis. The final conformation of FAUC 113, which was used as a template
for the other compounds in the dataset, was chosen by clustering and rigid body alignment of
all conformations to clozapine. The CoMFA applied on the final alignment resulted in a q2

cv of
0.739. To elucidate the influence of the absolute orientation of the molecules within the grid
space, the entire dataset was systematically rotated (1296 steps) within the lattice. The
Gaussian-shaped distribution of the q2

cv values spanned the range of 0.699-0.794 and therefore
supports the significance of the analysis.

Introduction
The application of molecular cloning techniques led

to the characterization of five different dopamine recep-
tors, which can be classified into two classes, D1-like
(D1 and D5) and D2-like (D2, D3, and D4), all belonging
to the superfamily of G protein coupled receptors.1-3 The
atypical antipsychotic agent clozapine shows preferen-
tial binding to the D4 subtype.4 This minimizes ex-
trapyramidal side effects and movement disorders as it
does not affect the dopaminergic activities of other
receptor subtypes. Therefore, the development of selec-
tive D4 receptor antagonists has become an active field
of research, and many intensive structure-activity
relationship (SAR) studies have been performed.5-20

Recent SAR studies of our group have given insight
into the molecular properties causing D4 receptor af-
finity and selectivity.21-24 In this work, the main objec-
tive was to evaluate the molecular properties which
determine the binding to the D4 receptor. This was done
by applying the comparative molecular field analysis
(CoMFA) technique25 to a set of 25 D4 receptor antago-
nists. Special emphasis was taken on the fact that
clozapine, which does not match the common structural
pattern of the other ligands used in this study, was
included in the molecular field analysis at the very
beginning. Recent QSAR studies on the dopamine re-
ceptor subtypes D1, D2, and D3 have been published.26-29

Methods
Compounds and Measurement of Drug Affinities.

While compounds 1-23 and 26-29 have been synthesized in

our laboratory, L-745,870 (24) and clozapine (25) were obtained
from Sigma-Aldrich, Taufkirchen, Germany. Receptor binding
profiles of all compounds were determined by measuring their
ability to displace [3H]spiperone23 from the cloned human D4.4
receptor subtype, expressed in CHO-K1 cells.30 Table 1 gives
an overview of all compounds used in this study. Except for
compounds 4 and 23, which have been synthesized according
to the methodology described in ref 31, all ligands have been
previously published.21-23,31 Compounds 26-29 served as a test
set for the validation of our model and therefore were not
included during the analysis.

Template Selection and Protonation State of the
Compounds. To understand specifically the D4 binding (as
opposed to D2 binding), we included clozapine in the MFA as
the initial template, because of its atypical behavior exhibiting
an approximately 10-fold selectivity for D4 versus D2 recep-
tors.32 To use clozapine as a template, it is important that the
correct protonation state is used for the alignments. It is
assumed in the literature that piperazinyldibenzodiazepines
are dibasic compounds and exist as monoprotonated species
under physiological conditions. The pKa value of the distal
nitrogen (N1 in Figure 1) has been reported to be between 7.2
and 7.8, and the pKa value of the proximal nitrogen N2, which
forms part of the amidine group, is between 2 and 5.33 This
means that under physiological conditions, N1 should be
protonated to an extent of 40-70%, while N2 should be
unprotonated. However, another group was unable to titrate
the proximal nitrogen atom of the piperazine ring within their
series of compounds. For clozapine, a pKa value of 7.25 for
nitrogen N1 has been observed.34

Due to the lack of clear experimental evidence which
nitrogen is protonated first and the fact that four nitrogens
could be protonated in principle but only one or two protona-
tion steps have been observed, we calculated the enthalpy
∆Hf

298 for the reaction Clz + H+ f ClzH+ for all nitrogens
using semiempirical (AM1)35 and ab initio (6-31G(d))36 levels
of theory. To account for solvent effects, a self-consistent
reaction field (SCRF) based on the Onsager model was applied.
Furthermore, the gas-phase geometries were reoptimized
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using the COSMO37 approach implemented in VAMP and the
especially parametrized AM1-SM2.1 Hamiltonian38 available
within AMSOL.39 In all cases, zero-point energy corrections
were included by frequency calculations on the structures.
Table 2 shows the results for the first protonation step. The
semiempirical data obtained for the possible monoprotonated
isomers clearly indicate that on a thermodynamical basis, this
step should occur at the amidinic nitrogen N3. On the other
hand, ab initio SCRF calculations and NMR experiments give
evidence for protonation at N1. All data show that protonation
at N2 is energetically disfavored. Taking into account that
solvation phenomena in solution can only be partially trans-
ferred to the active site situation, we decided to use the N3-
protonated form of clozapine as a template for all subsequent
calculations.

As a representative compound of the dataset, we used the
phenylpiperazine derivative FAUC 113 (1). On the one hand,
it showed an excellent binding affinity to the D4 receptor; on
the other hand, it also served as structural basis during the
design process of most of the other ligands. Considering the
facts already discussed for clozapine, we expect that 1 should
also be monoprotonated under physiological conditions. To
decide which of the two nitrogens N1 and N2 is protonated,
we calculated the enthalpies of protonation in the same

manner as described above. Using the AM1 Hamiltonian,
∆Hf

298(N1) amounts to -161.34 kcal/mol and ∆Hf
298(N2) to

-165.43 kcal/mol, which is very close to the experimentally
determined enthalpy of protonation for a water molecule
(-165.3 ( 1.8 kcal/mol).40 The preference of N2 is further
supported by the fact that the lone pair of N1 is in conjugation
with the aromatic system of the phenyl ring and therefore is
not ideally situated for protonation. For these reasons we used
the N2-protonated isomers of compounds 1-24 for all subse-
quent calculations.

Molecule Conformations. It is well-known that flexible
molecules are by far the most difficult when analyzing ligands
to generate a CoMFA model.41 This critical step of selecting a
conformation for each ligand is further complicated by the fact
that binding to a protein can occur in different modes or

Table 1. Piperazine Derivatives Used in This Investigationa

a All compounds are depicted in their monoprotonated form, which was used throughout all analyses. D4 denotes the negative logarithmic
values of the experimentally determined binding affinities to the human D4.4 receptor.

Figure 1. Possible nitrogen protonation sites of clozapine (25,
left) and the template compound FAUC 113 (1, right), both
depicted in their neutral form. In both cases, N1 is often
denoted as the distal and N2 as the proximal nitrogen. The
torsional degrees of freedom scanned by the systematic con-
formational search of 1 are marked T1, T2, and T3.

Table 2. Calculated Heats of Protonation for the Reaction
Clz + H+ f ClzH+ at 298 Ka

site
AM1

(gas/SCRF)
6-31G(d)

(gas/SCRF)
AM1

COSMO
AM1

SM2.1

N1 -160.4/-203.4 -234.2/-252.3 -207.7 -205.2
N2 -161.7/-194.9 -228.3/-230.0 -197.4 -193.3
N3 -175.8/-208.5 -244.9/-243.8 -209.6 -207.3

a Gas phase and solvent, both kcal/mol. Thermal energy (zero-
point) correction was included by frequency calculations on the
optimized structures; the translational energy of the proton
(3/2RT ) 0.89 kcal/mol) was also taken into account. In the case of
AM1, the heat of formation of the proton is parametrized to 314.91
kcal/mol. The ab initio values are based on the thermal enthalpy-
corrected SCF energies. Corrections to the thermal free (Gibbs)
energies yielded about 0.2 kcal/mol lower values. Solvation effects
were calculated by applying a self-consistent reaction field (SCRF)
based on the Onsager model upon the ab initio and semiempirical
gas phase geometries. It should be noticed that the Onsager model
within Gaussian 94 uses a spherical cavity, while all other
implementations apply a van der Waals surface of the molecule.
Therefore, the ab initio solvent corrections should be taken with
care, especially in the case of N2 and N3, which both are located
inside the cavity. To account for possible conformational changes
caused by solvation, the geometries were reoptimized by either
including the COSMO approach or the SM2.1 Hamiltonian
parametrized for aqueous solvation.
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orientations42 and that the protein-bound conformation of the
ligand is not necessarily the most stable conformation or even
a local minimum on the potential energy surface. Due to
torsional flexibility within the drug, the receptor is able to
optimize the interaction energy in terms of electrostatic,
hydrogen bond, and steric contributions. Thus, the minimum-
energy conformation of any systematic or random conforma-
tional search approach may only partially reflect the real
situation.

To obtain information about suitable conformations of
clozapine, we first searched the Cambridge Crystallographic
Database for corresponding entries. All four clozapine struc-
tures available contain the piperazine ring in a chairlike
conformation with two equatorial substitutions. We therefore
kept the piperazine ring unchanged and focused our search
on the rotatable bond connecting the piperazine moiety with
the aromatic tricycle. This was done by a systematic rotation
about this bond in 20° steps, followed by a semiempirical AM1
geometry optimization of the remaining degrees of freedom.
The rotation profile obtained showed two local minima, which
can be interconverted by rotating the piperazine ring by almost
180°. The difference in the heat of formation of the two local
minima is only 0.16 kcal/mol, indicating only very minor
thermodynamic preference. The interconversion barrier cal-
culated for gas-phase conditions is 8.8 kcal/mol, which could
in principle be overcome by the binding to the receptor. Due
to the fact that the main difference of the two conformations
is the orientation of the lone pairs at N1 and N2, both
orientations were considered during the subsequent alignment
process. As already discussed in the previous chapter, all
calculations have been performed using the N3-protonated
form of clozapine.

It is of paramount importance to find a conformation for
template 1 that ideally fits to clozapine, which shows the
lowest flexibility in the dataset, because the geometries of all
other molecules and the performance of the CoMFA will
depend on it. To obtain suitable geometries for template 1,
we analyzed its conformational space by systematically varying
the torsional angles T1, T2, and T3 in 30°, 30°, and 60° steps,
respectively (Figure 1). After changing the geometry, the
molecule was semiempirically optimized with VAMP’s built-
in TORQUE function43 using the AM1 Hamiltonian without
any constraints. The maximal number of conformations (12 ×
12 × 6 ) 864) is unlikely to be obtained, because different
starting geometries may optimize to the same local minimum
on the potential energy surface. In total, we obtained 12
different energetically favored conformations for 1 as possible
template candidates for the CoMFA. Their ∆Hf values differed
by a maximum 2 kcal/mol only, which means that no thermo-
dynamic preference of a single conformation can be ascribed.

One possible way to account for the energetic difference
between the global minimum and the active conformation
bound to the receptor is to correct the experimental pKi value
according to the following equation:

where g denotes the global minimum conformation, b the
bound conformation of the ligand, and s the solvated interac-
tion partner. The fraction on the far right is represented by
the CoMFA, because the ligand used is assumed to adopt the
bound conformation. Therefore the measured Ki value has to
be corrected by the energetic difference of the ligand’s bound
and global minimum conformations.

In the present study, the energetic differences of the
conformers used in the analysis versus their global minima
are very small (e.g. 0.13 kcal/mol for 1). Therefore the
conformational correction of Ki can be neglected.

Alignment. All conformations computed for the N2-pro-
tonated 1 were aligned to both N3-protonated minima of

clozapine. In addition to the selection of the appropriate
template-conformer pair, this is an essential step to a
successful CoMFA. To actually perform an alignment, different
techniques exist. Due to the structural differences between
clozapine and 1, an atom-by-atom root-mean-square distance
minimization of the aromatic carbons and/or heteroatoms did
not seem useful. Therefore we chose the module ASP44 as
implemented in the QSAR package TSAR,45 which enabled us
to perform an alignment by comparison of steric overlap and
molecular electrostatic potentials. First, VESPA charges46 were
calculated for clozapine and all the conformations of 1 using
the semiempirical program package VAMP. These atom-
centered partial charges are obtained by a fit of the electronic
wave function to the atomic positions. Compared to other
charge schemes such as Coulson or Mulliken, they have the
advantage that the anisotropy of the electron distribution
around the molecule, especially for aromatic systems, is
described in more detail.

To quantify the relative orientation of two molecules, a
combined similarity index based on the Carbo index for
electrostatics47 and a shape similarity index to account for
steric differences was evaluated using three Gaussian func-
tions for integration. This combined index was then optimized
by performing a full translational and orientational search of
the rigid comparison molecule relative to the lead 25 by
systematically rotating around the Cartesian x-, y-, and z-axes
in 30° steps. For each new orientation, a Simplex algorithm
in combination with Simulated Annealing directs the six
degrees of freedom to an alignment with optimal similarity.44

For each of the 12 conformations of 1, the relative orientation
to the two conformations of clozapine was calculated to achieve
an optimal similarity index. Out of these orientations, the
template conformer was chosen by the highest score combined
with visual inspection. This was necessary because some pairs
with high alignment scores did not match the chlorine atoms.
An overlay of the best fitting pair of molecules in two different
views is shown in Figure 2. It should be noted that the
algorithm did not only try to fit the nitrogens as close as
possible but also includes a steric component by choosing a
conformer of 1 which has approximately the same overall
shape as clozapine.

Ki )
[Ligandg,s][Receptors]

[Complexb]
)

[Ligandg,s]

[Ligandb,s]
× [Ligandb,s][Receptors]

[Complexb]

Figure 2. Two different views of the overlay of clozapine with
the conformation of FAUC 113 showing the highest combined
similarity score after translational and rotational optimization.
The protonated nitrogens are represented by balls. Note that
there is no direct match of the nitrogens, which are generally
considered important pharmacophoric points.
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The conformation of the molecules 2-4 and 8-10 and their
orientation relative to 25 were directly derived from 1. After
performing the necessary changes (e.g. transforming chlorine
to fluorine), the bond length was adjusted to standard values
as implemented in SYBYL,48 followed by a geometry relaxation
and the calculation of VESPA charges on the final coordinates.
The remaining molecules showed larger structural differences
when compared to 1. Here, molecular structure generation was
also done starting from 1, followed by minimizing the geom-
etries to a gradient of 0.1 kcal/(mol Å) using the Tripos force
field49 with Gasteiger-Marsili charges.50 After minimization,
VESPA charges were assigned. Finally, all deduced 23 con-
formers were re-aligned on 1 with ASP to get a consistent
dataset.

CoMFA. The descriptive steric and electrostatic components
of the intermolecular interaction field were calculated as
implemented in SYBYL using Coulomb and Lennard-Jones
potentials, respectively. The analysis was performed using a
sp3 carbon probe (C.3, charge +1.0) positioned at the lattice
points (1 Å increment) of a regular grid. It was dimensioned
to ensure that the distance of all atoms to the grid borders
was at least 4 Å. Column filtering was set to 2.0 kcal/mol, steric
and electrostatic cutoffs to 30 kcal/mol with smooth transition.
The obtained data were regressed by a partial-least-squares
analysis51 to the target property pKi (-log Ki). To check the
statistical significance of the models, cross-validations by the
“leave-one-out” method were performed. The optimal number
of components was determined by the smallest standard error
of prediction sc/v. This value, which does not necessarily
correspond to the highest q2

cv, was used to derive the final
QSAR model. The statistical data are summarized in Table 3,
and the plots of the predicted versus the experimental binding
affinities are shown in Figure 3.

To account for possible problems of the analysis arising with
the absolute orientation of the molecules within the grid
space,52 it is useful to translate and/or rotate the entire dataset
within the lattice. This can be done manually by using the
STATIC TRANSLATE or STATIC ROTATE commands in
SYBYL. Wang et al.53 automated this task by providing a SPL
script which systematically varies the position of all molecules
in the dataset without changing their relative orientation.
After each of 1296 reorientation steps, the PLS analysis was
repeated. This procedure gives detailed information about the
rotational dependence of the CoMFA.

Results
CoMFA. The initial PLS analysis of our aligned

dataset yielded a cross-validated q2 of 0.757 with sc/v )
0.781 using 10 components. After repeating the analysis
with 7 components at minimal sc/v ) 0.734, the q2

cv
decreased to 0.739.

Böhm et al. attribute the dependence of q2
cv on the

grid spacing and the absolute position of the aligned
molecules within the lattice to the shape and steepness
of the hyperbolic Lennard-Jones and Coulomb poten-
tials used during the analysis.54 They stated that in the

case of a 2 Å lattice, important contributions to the
correlation analysis could be lost due to the required
arbitrary cutoff values. Despite the fact that changing
from a 2 to 1 Å lattice spacing results in an increase in
computing time by a factor of 8, we performed all
analyses also using the smaller increment. To quantify
the orientational dependence of q2

cv, we applied a
procedure published by Wang et al. which systemati-
cally rotates the aligned dataset in space, followed by a
PLS analysis after every reorientation. Figure 4 shows
the Gaussian-shaped distribution of the obtained q2

values (1 Å lattice). The range of the values (0.688-
0.794) is quite narrow. The highest q2

cv (0.794) was
found for 9 components with sc/v ) 0.720. For 7 compo-
nents, the standard deviation sc/v was minimal (0.693),
yielding a final q2

cv ) 0.784. Modification of the CoMFA
parameters, such as changing cutoff values for steric/
electrostatic energies, including hydrophobicity data

Table 3. Summary of the CoMFA Resultsa

original after systematic searchorientation
validation leave-1-out leave-1-out

components 7 7 7 7
q2 0.739 0.996 0.784 0.997
sc/v 0.734 0.693
F 581.7 701.5
fraction
(steric/electro)

0.677/
0.323

0.773/
0.227

0.677/
0.323

0.783/
0.217

grid increment 1 Å 1 Å 1 Å 1 Å
a Each analysis started with 10 components. The number of

components given in the table showed the lowest standard error
of prediction sc/v. The last column gives the nonvalidated results
for the final orientation of the aligned molecules within the grid
lattice.

Figure 3. Predicted versus experimental binding affinities
(pKi) for the 24 D4 antagonists and clozapine included in the
dataset. Shown is the data for the best model after systematic
orientation of the aligned molecules within the lattice. The q2

cv

value is 0.784, in the case of the nonvalidated prediction r2 )
0.997, standard error of estimate s ) 0.087.

Figure 4. Histogram showing the distribution of the q2
cv

values after leave-one-out cross-validation calculated by sys-
tematic variation of the orientation of the aligned molecules
within the lattice. The numbers on top of the bars indicate
how many data point values lie within the respective q2 range.
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from CoMSIA,55 varying the field types (indicator,
parabolic, H-bond), dipole moments, molecular weight,
and refractivity, did not give any improvement of the
model.

Comparing the optimal value before (0.739) and after
the systematic change in orientation of the molecules
(0.784), we obtained some improvement in the statistics
(0.045), but the orientational dependence of the statis-
tics is not as large as expected. For our dataset and
alignment, the rotational variance of the CoMFA is
negligible when applying a grid spacing of 1 Å.

When rotating the aligned compounds within a 2 Å
lattice, the q2

cv deviation is considerably larger
(∆q2

cv ) 0.413). The orientation with the best statistics
gave a q2

cv ) 0.803 using 5 components, which is slightly
better than the result of the 1.0 Å case. Nevertheless,
we deem the model with the smaller spacing as more
stable when adding new compounds to the training set.
Therefore we decided to use the small-grid increment
for the subsequent analyses.

Graphical Interpretation of the Results. The
three-dimensional representation of the CoMFA data as
contour plots allows the correlation of experimentally
determined affinity data with changes in steric (green/
yellow) or electrostatic (blue/red) properties (Figure 5).
As a guide, the template compound 1 is shown embed-
ded into the final field as a representative example.

1. Steric Contributions. The part of the antagonists
which is made up by p-chlorophenyl in most cases is
contoured green, indicating that the model favors steri-
cally demanding groups in that area. However, it should
be noticed that not all bulky substituents increase the
binding affinity compared to the unsubstituted phenyl
moiety. The van der Waals radius of chlorine sets a
lower limit for a positive effect on the binding affinity
(F: 1.36 Å, 7.70; Cl: 1.70 Å, 8.64; I: 2.02 Å, 8.52). In
the case of p-fluorophenyl (compound 4) the decrease
in activity is large and may be attributed to the smaller
steric demand of fluorine compared to chlorine. The
different electrostatic properties of 1 and 3 compared
to 4 are of minor importance for their activity. Substi-

tuting p-chlorophenyl by methyl (5) or ethyl (6) signifi-
cantly reduces the binding affinity to the D4 receptor.

The yellow surface also located in the p-chlorophenyl
area indicates a region where steric contributions are
disfavored. This is caused by the compounds 5, 6, and
11, in which the p-chlorophenyl group is replaced by a
methyl, ethyl, or cyclohexyl group, respectively. All three
ligands show low binding affinities, especially the ethyl
chain and the cyclohexyl ring which are oriented in a
sterically unfavorable way. This is represented by the
yellow region.

In the pyrazolopyridine area of the molecules, two
yellow regions dominate the steric field. In both cases,
the binding affinity to the D4 receptor is decreased
considerably by fusing a benzene ring to compound 1
in the [e] (compound 13) or [g] (compound 14) position.
The same principal behavior can be observed when
starting from the m-chlorophenyl isomer 12, leading to
compounds 15 and 16. Adding a methyl group at
position 4 of the pyrazolopyridine ring (compound 7) also
results in a loss of binding affinity of more than 1 order
of magnitude. In contrast, substituting position 7 of the
pyrazolopyridine moiety has a small deactivating (com-
pounds 8 and 9) or even activating (compound 10)
influence on the receptor binding. The latter effect is
discussed in the next section.

2. Electrostatic Contributions. The electrostatic
contribution to the overall molecular field is only 28%
and therefore more difficult to interpret. Figure 5 shows
a blue area in the vicinity of the pyrazolopyridine
nitrogen atoms. In this case the field suggests that a
positive area within the molecule should enhance the
binding affinity. The main reason for this fact is the
protonated nitrogen within the pyrrolopyridine unit of
compound 24, which has the best binding affinity of the
whole dataset. Negative areas within a ligand should
be favorable at position 7 of the pyrazolopyridine ring,
as indicated by the corresponding red area. This predic-
tion is supported by the presence of the 7-ethinyl group
in compound 10, which enhances binding affinity com-
pared to template 1. The electronegative character of
iodine in compound 8 is probably too weak to increase
receptor binding. Also the large van der Waals radius
of iodine may lower the binding affinity more than the
methyl group of compound 9, which has almost no effect.

The presence of a second aromatic ring system should
be of considerable importance, as can be seen by the
decrease of the binding data when replacing p-chlo-
rophenyl by the sterically comparable cyclohexyl group
(11). This dependence is not represented within the
colored maps, because there is no mechanism within
CoMFA to automatically recognize aromatic ring sys-
tems apart from their point charge distribution.

Application on a Test Set. For compounds 26-29
the CoMFA model was used to predict the D4 receptor
binding affinities. Table 4 shows the experimental

Figure 5. Graphical representation of the final CoMFA field.
The color coding of the areas is as follows: green ) steric
favored, yellow ) steric disfavored, blue ) positive electrostatic
favored, red ) positive electrostatic disfavored.

Table 4. Predictions of pKi Values of Test Compounds
Compared to Experimentally Determined D4 Receptor
Affinities

test set pKi (exptl) pKi (pred) residual

26 8.36 7.97 0.39
27 8.25 8.70 -0.45
28 8.72 7.88 0.84
29 7.71 7.50 0.21
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versus the calculated pKi values. The overall perfor-
mance of the model is satisfactory; no systematic
deviation is noticeable. Apart from the trifluoromethyl
derivative 28, the deviations were smaller than 0.5 pKi
unit.

Pharmacophore Information. On the basis of the
data obtained by the field analysis, we present a
common pharmacophore, which summarizes important
features necessary for effective D4 binding (Figure 6).
All compounds should have a planar π-system, ideally
substituted with a bulky, electronegative group. In a
distance between 2.9 and 4.3 Å, a cationic nitrogen
should be located near a plane defined by the π-moiety.
A second π-system is placed about 2.5-3.5 Å above, with
a distance of about 8 Å from the first π-moiety. In the
case of clozapine, the situation is special, when the
second electronegative system is provided by the lone
pair of N1.

Conclusion

We have shown that the experimentally obtained
dopamine D4 receptor binding affinities of the aryl-
methylpiperazine derivatives 1-24 correlate well with
the results of our theoretical CoMFA model. We suc-
ceeded to include the atypical antipsychotic drug cloza-
pine (25) that shares only limited structural similarity
with the other members of the dataset. This was
achieved by applying a combined strategy for the very
sensitive structural alignment of the antagonists. After
a systematic conformational analysis of every ligand
was performed, the actual overlay was done by optimiz-
ing a fit function consisting of steric and electrostatic
properties within the translational and rotational space.
It is important to mention that the overlay of the
template 1 to clozapine was performed for every local
minimum of 1 found by the semiempirical analysis, not
only for the energetically most stable conformation. This
is necessary, because it is well-known that receptors
may bind ligands in a conformation which does not
correspond to the thermodynamic minimum in the gas
phase or even in solution.

Our final CoMFA model is able to predict the binding
affinity of the 25 D4 antagonists to an accuracy of
q2

cv ) 0.784. The increase due to the systematic rotation
of the aligned molecules within the 1 Å lattice was only
0.045, indicating that the spatial dependence of the
CoMFA method can be mostly compensated by decreas-

ing the grid increment. It should be emphasized that
one important limiting factor for the lattice refinement
is the available computing time, which nevertheless
allowed the application of a systematic orientational
search procedure. The statistics of our CoMFA are
sufficient to allow the prediction of reliable D4 binding
affinities for new structures. Potential successful can-
didates should have at least a spatial extension com-
parable to that of 1. The presence of two π-systems
separated by a basic spacer like piperazinylmethyl
should also be a prerequisite for effective binding. The
overlay of the template compound 1 with clozapine
showed that there is no need to directly match the basic
nitrogens, which are often considered important phar-
macophoric points. With this information in mind, the
design, synthesis, and testing of new compounds are
currently being investigated.
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