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Abstract

Receptor-binding affinities for the�1 adrenoceptor subtypes�1a, �1b and�1d for a series of 39�1 adrenoceptor antagonists derived
from the antipsychotic sertindole are reported. The SAR of the compounds with respect to affinity for the�1a, �1b and�1d adrenoceptor
subtypes as well as affinity obtained by an�1 assay (rat brain membranes) were investigated using a 3D-QSAR approach based on the
GRID/GOLPE methodology. Good statistics (r2 = 0.91–0.96;q2 = 0.65–0.73) were obtained with the combination of the water (OH2)
and methyl (C3) probes. The combination of steric repulsion and electrostatic attractions explain the affinities of the included molecules.
The adrenergic�1a receptor seems to be more tolerant to large substituents in the area between the indole 5- and 6-positions compared to
the adrenergic�1b and�1d receptor subtypes. There seems to be minor differences in the position of areas in the�1b receptor compared to
�1a and�1d receptors where electrostatic interaction between the molecules and the receptor (OH2 probe) contribute to increased affinity.
These observations may be used in the design of new subtype selective compounds. In addition, the model based on biological data from
an�1 assay (rat brain membranes) resembles the model for the�1b adrenoceptor subtype.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

The�1 adrenergic receptors belong to the large superfam-
ily of G-protein-coupled receptors and are subdivided into
the �1a, �1b and�1d adrenoceptor subtypes[1]. In human
brain, these receptors are all present at the mRNA level[2].
At the protein level, radioligand binding experiments have
confirmed the existence of the�1a [3] and�1d adrenoceptor
subtypes[4]. Good correlations between receptor-binding
affinities observed for the cloned�1a (bovine),�1b (ham-
ster),�1d (rat) receptors and the corresponding human clones
have been documented[5].

Development of selective�1 adrenoceptor antagonists
have primarily focused on therapeutics for the treatment
of cardiovascular diseases and benign prostatic hyperplasia
[6–9]. However, modulation of�1 adrenoceptor activity in
the central nervous system (CNS) may also be of interest
in connection with treatment of CNS-related diseases such
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as schizophrenia, mania and post-traumatic stress disorder
[10–12].

Most of the novel antipsychotics such as clozapine, sertin-
dole (1), olanzapine and seroquel have nanomolar affinity for
�1 adrenoceptors in addition to their affinities for dopamine
D2 and serotonin 5-HT2a receptors[13]. The importance
of the �1 component of these drugs have been studied in-
tensively [10,14–17]. However, the role of the individual
�1 adrenoceptor subtypes,�1a, �1b and�1d with respect to
antipsychotic efficacy and adverse effects has received lit-
tle attention. One reason for this may be the lack of truly
subtype selective compounds with good blood–brain barrier
penetration.

The novel antipsychotic sertindole (1, Scheme 1), has
nanomolar affinity for adrenergic (�1), dopaminergic
(D1–D4) and serotonergic (5-HT2a and 5-HT2c) receptors
[13]. In addition, Ipsen et al.[18] found that sertindole is a
specific inhibitor of�1a adrenoceptors in rat small arteries
and binds with nanomolar affinity to the adrenergic�1a
receptor and with considerably lower affinity to the�1b and
�1d receptors. However, in our hands, sertindole binds with
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Scheme 1. Structures of compounds1 and 2.

subnanomolar affinity to all three�1 adrenoceptor subtypes
[19].

We recently described the replacement of the chlorine
atom in sertindole (1, Scheme 1), with heteroaryl-[19],
carbamoyl- and aminomethyl substituents[20], resulting in
a new class of selective�1 adrenoceptor antagonists. One
of these compounds, a 5-(2-methyltetrazol-5-yl) analogue2
(Scheme 1) of sertindole (1), binds with 0.23 nM affinity
for adrenergic�1a receptors and has an overall selectivity
of more than 208 times with regard to dopamine D2–D4
and serotonin 5-HT1a, 5-HT1b, 5-HT2a and 5-HT2c recep-
tors. The selectivity for the�1a receptor with regard to the
adrenergic�1b and�1d receptors is a factor of 5 and 8, re-
spectively.

In this paper, we report receptor-binding affinities and
3D-QSAR models using the GRID[21,22]/GOLPE[23–25]
procedure for 5- and 6-substituted analogues of sertindole
(1) with respect to each of the adrenergic�1 subtypes,�1a,
�1b and �1d. In addition, a 3D-QSAR model representing
the �1 receptors based on an assay consisting of rat brain
membranes is reported and compared to the models obtained
from the separate subtypes.

3D-QSAR methods applied to the description of selectiv-
ity between the individual�1 adrenoceptor subtypes,�1a,
�1b and�1d have mainly been limited to the use of methods
based on theoretical molecular descriptors applied across
a variety of compounds belonging to different chemical
classes[26–29]. The knowledge about how these different
classes of compounds bind to the receptor is very limited
even though site-directed mutagenesis studies of the recep-
tors has started to shed light on this topic[30–33]. Recently,
a new proteo-chemometric approach was introduced and
tested in relation to a data set consisting of�1 adrenoceptor
antagonists[34].

The aim of the present work is to make a contribution
to the understanding of the molecular features of the 5-
and 6-substituted analogues of sertindole (1) that determines
the selectivity for the different subtypes of the adrener-
gic �1 receptors. Such an understanding may give a basis
for the design of novel subtype selective�1 adrenoceptor
antagonists.

Scheme 2. Generic structure for compounds1–36 listed in Table 1
and generic structure for model compounds1–36 used for calculating
3D-QSAR model.

2. Methods

2.1. Training set and validation set

The 3D-QSAR models are based on a training set of
36 previously reported compounds1–36 [19,20,35–38]
(Scheme 2andTable 1). A validation set consisting of three
previously reported compounds37–39 [20,38] (Table 2),
was used for external validation. These compounds are
structurally dissimilar to the compounds in the training set
and, furthermore, do not have the same problems regard-
ing conformational properties. Consequently, they are well
suited to reflect the true performance of the models. The
compounds are restricted to contain structural variation
in the indole 5- and 6-positions only, thus forming a ho-
mogenous set. In addition, all pharmacological data were
obtained from the same laboratory, eliminating the potential
noise that may be introduced by pooling of data sets from
different sources.

2.2. Model compounds

Conformational analysis showed that the substituents in
the indole 5- and 6-positions of the compounds1–39 had
virtually no effect on the conformation of the 3-piperidinyl
side chain and on the 1-(4-fluorophenyl) substituents on the
indole skeleton. These substituents are conserved among all
molecules included in the model and are, therefore, not con-
sidered to contribute to the description of the differences in
the observed affinity. These substituents were consequently
not included in the model. Instead, a set of reduced model
compounds were used (Scheme 2), where the substituent in
the indole 3-position was replaced with a hydrogen and the
indole N1-substituent was replaced with a methyl group.
Conformational analysis on the reduced model compounds
were performed using the MMFFs[39] force-field and the
GB/SA solvation model as implemented in MacroModel
[40] by systematic dihedral driving (increment: 10◦) on the
non-protonated species.
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Table 1
Receptor-binding affinities for�1 adrenergic receptors for 5- or 6-substituted 1-(4-fluorophenyl)-1H-indoles1–36 (Scheme 2) included in 3D-QSAR modela

Compound R5 (R6 = H) Ki (nM) Reference

�1 �1a �1b �1d

1 1.4 0.37 0.33 0.66 [19]b

2 1.8 0.23 1.1 2.0 [19]b

3 3.7 0.49 4.0 4.8 [19]b

4 2.5 0.80 6.9 5.9 [19]b

5 22 6.8 3.8 8.6 [19]c

6 1.7 1.4 0.74 1.7 [19]c

7 9.5 3.0 6.0 8.6 [19]c

8 11 4.2 6.0 19 [19]c

9 4.4 1.5 0.65 2.9 [19]c

10 1.2 1.4 3.3 3.5 [19]c

11 1.3 1.5 2.0 6.6 [19]c

12 6.8 6.2 10 13 [19]c

13 0.45 0.42 1.3 1.3 [19]c

14 3.0 3.6 2.0 5.5 [19]c

15 1.2 3.2 1.4 3.1 [19]c

16 2.0 0.68 2.1 2.3 [19]c

17 3.2 1.6 2.3 2.7 [19]c

18 5.3 1.8 1.1 4.1 [19]c

19 3.9 2.1 12 29 [20]b
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Table 1 (Continued)

Compound R5 (R6 = H) Ki (nM) Reference

�1 �1a �1b �1d

20 2.5 3.7 4.4 14 [20]b

21 0.46 0.68 1.0 2.9 [20]c

22 0.46 0.09 0.25 0.62 [35]

23 0.50 0.18 1.1 0.69 [20]b

24 0.45 0.80 0.60 0.48 [20]c

25 0.58 0.60 0.18 0.59 [20]b

26 0.18 0.17 0.13 0.30 [37]

27 1.3 0.17 1.1 1.6 [35]

28 0.63 0.26 0.74 0.72 [35]
29 1.5 0.22 0.51 1.0 [35]
30 1.0 0.24 0.51 1.5 [35]
31 2.0 0.54 0.60 3.8 [35]
32 3.0 0.68 0.36 1.8 [35]

33 0.58 0.25 0.93 1.5 [35]

R6 (R5 = H)

34 22 1.4 18 21 [36]d

35 18 4.2 33 62 [38]

36 280 40 140 520 [36]d

a For description of assays seeSection 3.6.
b Data previously reported.
c Data for �1 previously reported.
d Data for �1 previously reported as IC50 value.

2.3. Alignment

In the alignment, it was assumed that all molecules bind
to the different receptor subtypes in a similar mode. The
substituents in the indole 5-position may be aligned ac-
cording to steric or electrostatic properties. In the present
work we have chosen to superimpose electrostatic features
(lonepairs) of the substituents and to direct these towards
the indole 4-position. This was encouraged by the sim-
ilar receptor-binding affinities noticed by comparing the
5-methoxy substituted compound27 (Table 1), and the
5,6-methylenedioxy-substituted compound38 (Table 2).
The oxygen and the carbon of the two substituents can
be superimposed in only one way, resulting in a common
lonepair direction pointing in the direction of the indole
4-position. As a consequence, all compounds were aligned
with the lonepairs pointing in this direction if possible.

The 5-(1-methylpyrazol-3-yl)-substituted compound3
was used as template in a conformation where the sub-

stituent was coplanar with the indole. The lonepair of the
pyrazole 2-position was oriented in the direction of the
indole 4-position. The remaining compounds were superim-
posed on the low energy conformation (<1 kcal/mol above
global minimum) giving the best fit of the direction of a
lonepair to the direction of the lonepair of the template.
Compounds2 and4 were oriented with the nitrogen having
the highest electron density (based on semi-empirical AM1
calculations) towards the indole 4-position. The compounds
were aligned as they are depicted inTable 1if not explicitly
discussed in the text below. Dihedral angles of the fitted
compounds are reported inTable 3. Further alignment was
performed as follows: The ethyl groups of the substituents
in compounds8 and 9 were directed below the plane of
the indole skeleton. The substituent in compound21 was
in an extended conformation, and the substituents of23–25
oriented with the lonepair of the nitrogen in the direction
of the lonepair of the template molecule. The substituent of
compound33 was oriented with the methyl group above the
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Table 2
Experimentally determined and calculated receptor-binding affinities at�1 adrenergic receptors for the external test set37–39

Compound PredictedKi (nM) MeasuredKi (nM) Reference

�1 �1a �1b �1d �1 �1a �1b �1d

37 6.2 3.8 1.9 7.5 24a 1.9 6.0 6.6 [20]
38 2.8 0.38 2.5 3.5 0.52a 0.19 0.69 3.3 [20]
39 37 2.6 11 34 21 1.2 4.4 30 [38]

a Data previously reported.

plane of the indole. The substituent of compound36 was ori-
ented with the methyl groups towards the indole 5-position.
The model compounds were fitted on basis of the rigid in-
dole skeleton present in all molecules. The indole C5, C3a
and N1 atoms (for definition seeScheme 2) were used as
fitting points, and a rigid body fitting procedure was applied.

Table 3
Definition of dihedral angles used for superimposition of molecules

Compound τabcd

2 0.07
3 0.12
4 0.04
5 21.5
6 0.11
7 0.04
8 0.04
9 0.94

10 48.5
11 42.0
12 49.0
13 44.0
14 56.1
15 49.3
16 0.02
17 44.6
18 47.1
19 60.0
20 26.9
21 89.0
23 84.2
24 84.6
25 64.4

3. 3D-QSAR

3.1. GRID calculations

To mimic the possible interactions of the compounds with
the receptor, the interaction energies with three different
probes, OH2, C3 and N1+ were calculated using the pro-
gram GRID version 19[21,22]. The probes represent a wa-
ter molecule, a methyl group and a positively charged NH+
group. Calculations with a grid spacing of 1 Å and the grid
dimensions (Å):Xmin/Xmax, −5/18; Ymin/Ymax, −3/16; and
Zmin/Zmax, −2/15 resulted in 8640X-values per probe for
each molecule.

3.2. Data pre-treatment

GOLPE automatically deletesX-variables with values
<1.0E−7. Further pre-treatment was performed as follows:
X-values lower than 0.05 were set to zero.X-values with
variance below 0.1 were deleted (minimum S.D. cut-off=
0.1) for all probes. Second and third levelX-variables were
deleted. Pre-treatment reduced the number of variables to
approximately 10% (for details seeTable 4) of the orig-
inal number without significantly affecting the predictive
ability of the model. Initial models were built on these
data.

3.3. Choice of probes

The effect of the three different probes, OH2, C3 and
N1+, were evaluated both alone and in combination. Only
results obtained from a combination of the C3 and OH2
probes and from the C3 probe alone are reported. Mod-
els including all three probes had slightly lower predictive
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Table 4
Properties of 3D-QSAR models for adrenergic�1a, �1b, �1d and �1 affinities

Initial models Models after SRD and FFD

No. of variablesa No. of LVs r2 q2 No. of variables No. of LVs r2 q2 SDEPb

OH2 and C3 probes (17,280)c

�1 1736 5 0.95 0.60 1019 5 0.95 0.73 0.56
�1a 1736 4 0.90 0.48 1004 4 0.91 0.65 0.31
�1b 1736 5 0.94 0.50 916 5 0.96 0.72 0.48
�1d 1736 5 0.94 0.45 929 5 0.95 0.67 0.07

C3 probe (8640)c

�1 800 5 0.90 0.46 473 5 0.91 0.62 0.70
�1a 800 4 0.86 0.41 404 4 0.88 0.59 0.33
�1b 800 5 0.91 0.55 467 5 0.92 0.69 0.57
�1d 800 5 0.92 0.49 478 5 0.92 0.64 0.20

a Variables after pre-treatment.
b Standard deviation on error of prediction (SDEP) for external validation set37–39 (log10 units), SDEP= (

∑
(Yexp − Ycalc)

2/N)1/2.
c Variables before pre-treatment.

ability compared to models based on a combination of the
C3 and OH2 probes.

3.4. Variable reduction

Further refinement of data involving smart region defini-
tion (SRD) [41] and fractional factorial design (FFD)[25]
was performed.

Groups of variables were generated using the default num-
ber of seeds. Variables with a distance<1 Å were included
in the groups. Groups within a distance of less than 2 Å con-
taining the same information were collapsed. The groups of
variables were used in the calculations instead of individual
variables.

The effect of the individual groups on the predictive abil-
ity of the model was evaluated using the FFD procedure im-
plemented in GOLPE. The effect of dummy variables (20%)
on the predictive ability of the model was evaluated. Only
groups having a positive influence on the predictive ability
larger than the average dummy variable were included in the
final model.

3.5. PLS models

One PLS model correlating the observed affinities for
each of the three adrenergic receptor subtypes,�1a, �1b and
�1d with the predictors (X-variables), was built. In addition,
one model correlating the observed affinities in the�1 as-
say (rat brain membranes) with the predictors (X-variables)
was built. Dependent variables (Y-variables) were entered
unscaled as pKi values.

Cross-validation was performed by 20-fold repetition of
the “leave 5 random groups out” procedure, resulting in 100
reduced models. The reduced models were used to calculate
the affinity of the molecules left out. The complete mod-
els were finally used to calculate the affinities of the ex-
ternal validation set consisting of three compounds37–39
(Table 2).

3.6. Pharmacology

The experimental data inTables 1 and 2have only been
published in part[19,20,36]. A detailed description of the as-
says used to determine affinity for�1 (rat brain homogenate),
�1a (bovine, recombinant),�1b (hamster, recombinant) and
�1d (rat, recombinant) receptors may be found in the litera-
ture[19]. Standard errors for experimentally determined pKi
values are within 0.3 forn ≥ 2. The data are not explicitly
discussed below unless supporting a trend observed in the
3D-QSAR models.

4. Results and discussion

4.1. PLS models

PLS models based on four or five latent variables (LVs)
gave the best statistical properties and the best prediction of
the affinities of the external validation set. For the�1a model,
predictive ability (q2) decreased after the fourth LV. For
the remaining models, no significant increase in predictive
ability was observed after the fifth LV.

The statistics of PLS models correlating the receptor-
binding affinities for the adrenergic�1a, �1b and �1d as
well as �1 receptors with the three-dimensional molecular
descriptors obtained from GRID is reported inTable 4for
models based on a combination of the C3 and OH2 probes
as well as for the C3 probe alone. InTable 5, experimen-
tally determined and calculated receptor-binding affinities
expressed as pKi values for the models based on the combi-
nation of the C3 and OH2 probes are listed. InFig. 1, these
data are presented graphically. InTable 2, experimentally
determined and calculated receptor-binding affinities for the
compounds included in the external test set (37–39) are re-
ported asKi values.

The models based on the C3 and OH2 probes have the
highest quality. The initial models (Table 4) explained most
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Table 5
Experimentally determined and calculated receptor-binding affinities for compounds1–39 (pKi values)a,b

Compound �1 �1a �1b �1d

Experimental Calculated Experimental Calculated Experimental Calculated Experimental Calculated

1 8.85 8.95 9.43 9.68 9.48 9.42 9.18 9.07
2 8.75 8.93 9.64 9.53 8.96 8.93 8.70 8.85
3 8.43 8.47 9.31 9.03 8.40 8.38 8.32 8.31
4 8.60 8.70 9.10 9.38 8.16 8.45 8.23 8.52
5 7.66 7.63 8.17 8.19 8.42 8.37 8.07 7.94
6 8.77 8.75 8.85 9.11 9.13 8.87 8.77 8.62
7 8.02 7.90 8.52 8.45 8.22 8.17 8.07 7.95
8 7.96 7.98 8.38 8.51 8.22 8.35 7.72 7.78
9 8.36 8.30 8.82 8.89 9.19 9.19 8.54 8.38

10 8.92 8.76 8.85 8.79 8.48 8.35 8.46 8.36
11 8.89 8.95 8.82 8.76 8.70 8.77 8.18 8.44
12 8.17 8.56 8.21 8.53 8.00 8.20 7.89 8.10
13 9.35 9.18 9.38 8.98 8.89 8.92 8.89 8.72
14 8.52 8.42 8.44 8.30 8.70 8.72 8.26 8.22
15 8.92 8.93 8.50 8.68 8.85 8.91 8.51 8.53
16 8.70 8.66 9.17 9.14 8.68 8.58 8.64 8.61
17 8.50 8.55 8.80 8.77 8.64 8.84 8.57 8.63
18 8.28 8.28 8.75 8.60 8.96 8.74 8.39 8.39
19 8.41 8.39 8.68 8.66 7.92 7.70 7.54 7.45
20 8.60 8.47 8.43 8.60 8.36 8.26 7.85 7.73
21 9.34 9.35 9.17 9.06 9.00 9.05 8.54 8.54
22 9.34 9.19 10.05 9.85 9.60 9.57 9.21 9.03
23 9.30 9.18 9.75 9.63 8.96 8.96 9.16 9.12
24 9.35 9.30 9.10 9.18 9.22 9.21 9.32 9.27
25 9.24 9.25 9.22 9.10 9.75 9.87 9.23 9.31
26 9.75 9.61 9.77 9.94 9.89 9.65 9.52 9.43
27 8.89 8.78 9.77 9.57 8.96 8.94 8.80 8.64
28 9.20 9.10 9.59 9.53 9.13 9.11 9.14 8.97
29 8.82 8.87 9.66 9.61 9.29 9.38 9.00 9.03
30 9.00 9.34 9.62 9.75 9.29 9.42 8.82 9.19
31 8.70 8.79 9.27 9.54 9.22 9.32 8.42 8.83
32 8.52 8.46 9.17 9.22 9.44 9.34 8.75 8.66
33 9.24 9.13 9.60 9.55 9.03 9.09 8.82 8.77
34 7.66 7.70 8.85 8.69 7.75 7.81 7.68 7.66
35 7.75 7.59 8.38 8.29 7.48 7.48 7.21 7.20
36 6.55 6.65 7.40 7.53 6.85 6.92 6.28 6.42
37 7.62 8.21 8.72 8.42 8.22 8.71 8.18 8.13
38 9.28 8.55 9.72 9.42 9.16 8.61 8.48 8.39
39 7.68 7.43 8.92 8.59 8.36 7.98 7.52 7.46

a References to previously reported data are listed inTable 1.
b Models based on C3 and OH2 probes.

of the variance in data (r2 = 0.90–0.95), and the models had
moderate predictive abilities (q2 = 0.45–0.60). The variable
selection procedure (SRD and FFD) resulted in a significant
increase in predictive abilities (q2 = 0.65–0.73). In contrast,
r2 was not significantly affected (r2 = 0.91–0.96).

PLS models based on the C3 probe alone have, after vari-
able selection procedures, a slightly lower quality (r2 =
0.88–0.92;q2 = 0.59–0.64) compared to the models based
on two probes. The minor differences between the two sets
of models indicate that steric interactions play a major role
in describing the variance in receptor-binding affinities. The
differences in predictive abilities (q2) between the models
based on a combination of the C3 and OH2 probes and the
models based on the C3 probe alone were most pronounced
for the model representing�1 and �1a (difference= 0.11

and 0.06) and less pronounced for the models representing
�1b and�1d (both 0.03).

The plots of experimentally determined affinity versus cal-
culated affinity (Fig. 1) show a good correlation and indicate
a good prediction of the affinity of the external validation set
37–39 (Table 2). The standard deviation on error of predic-
tion (SDEP,Table 4) for the four models were in the range of
0.07–0.56 log10 units. The largest deviation was noted for the
�1 model, which was also expected because of the complex
nature of the rat brain homogenate compared to the isolated
recombinant receptors expressed in cell lines. As apparent
from the data inTable 4, the SDEP for the models based
on the C3 probe alone was slightly higher compared to the
models based on a combination of the C3 and OH2 probes
indicating some importance of the electrostatic interactions.
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Fig. 1. Experimental vs. calculated affinities (pKi ) at adrenergic�1a, �1b, �1d and �1 receptors: (�) training set; (�) validation set. Models based on
the C3 and OH2 probes.

5. Interpretation of contour maps

Contour maps connecting grid points at the same level for
models based on five LVs (four LVs,�1a) for the models
obtained using a combination of the C3 and OH2 probes are
presented inFigs. 2 and 3for the two probes, respectively.
Within each figure, coefficients are set to the same value to
allow for comparison between models.

5.1. C3 contour maps

Contour maps of the PLS coefficients for the four differ-
ent adrenergic models for the C3 probe are shown inFig. 2.
The plots show a clear difference between the models for
the three adrenergic�1 subtypes,�1a, �1b and�1d. The area
representing negative coefficients (shown in blue) increases
from �1a over �1b to �1d. An unfavourable interaction
(positive interaction energy, i.e. steric repulsion) between a
substituent in the molecule and the C3 probe in the areas
with negative coefficients is predicted to result in decreased
affinity (decreased pKi value). Thus, the adrenergic�1a

receptor seems to accommodate larger substituents in the
area corresponding to the indole 6-position compared to the
other two receptor subtypes. This effect is clearly observed
by comparing the affinity for the 6-methyl-substituted com-
pound34 with the unsubstituted28 (Table 1). The affinity
for adrenergic�1a receptors is lower by a factor of 5 in
the 6-methyl analogue34. In comparison, the affinity of
compound34 for the �1b and �1d receptor subtypes is
lower by a factor of 24 and 29, respectively, compared to
compound28.

In areas corresponding to positive coefficients (shown
in red), an unfavourable interaction (positive interaction
energy, i.e. steric repulsion) between a substituent in the
molecule and the probe is predicted to lead to increased
affinity (increased pKi value). The areas of positive co-
efficients occupy similar positions in space, and the size
increases from�1a over �1d to �1b. In addition, the plot of
positive coefficients for the�1b model shows an isolated
area marked with a black arrow. However, adjustment of the
contour levels reveals that this area is of low significance
compared to the area surrounding the methyl substituent of
theN-methyl-pyrazole3 shown as a template.
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Fig. 2. Contour maps for affinity at adrenergic�1a, �1b, �1d and �1 receptors. Positive coefficients (red, 0.002 level) and negative coefficients (blue,
−0.0035 level) for interaction with the methyl probe (C3) are shown. An unfavourable interaction (positive interaction energy, i.e. sterical repulsion)
between a substituent and the probe in regions with negative coefficients is predicted to decrease the affinity (decrease pKi ) and vice versa for positive
coefficients. The 5-(1-methylpyrazol-3-yl)-substituted compound3 is drawn to illustrate the size of the regions.

The results indicate that the affinity for�1b receptors
will benefit most from small alkyl substituents in the in-
dole 5-position. The effect is clearly observed by comparing
the 6-methyl-substituted compound34 with the 5,6-propano
derivative39. The latter have enhanced affinity for�1b re-
ceptors compared to34, whereas the affinities for the re-
maining receptor subtypes are decreased.

5.2. OH2 contour maps

Contour maps of the PLS coefficients for the four different
adrenergic models for the OH2 probe are shown inFig. 3.
The contribution of the OH2 probe to the PLS models is
ambiguous since this probe, apart from a steric component,
contains both a hydrogen bond donating and a hydrogen
bond accepting component.

Adjustment of the contour levels for the PLS coefficients
for the C3 and OH2 probes showed that the majority of the
areas of positive and negative coefficients for the two probes
occupy similar positions in space. This indicates that the
major effect of the OH2 probe is of steric nature.

However, there are small areas of high significance
marked with black arrows in the contour plots for the

OH2 probe where they differ significantly from the plots
representing interactions with the C3 probe.

Comparison with models also including the N1+ probe
which, apart from the steric component, may only serve as
a hydrogen bond donor, revealed that these areas were also
present at similar positions in space in the contour maps of
the PLS coefficients for the N1+ probe (not shown).

Therefore, these distinct areas of negative coefficients
(shown in blue) must represent specific electrostatic interac-
tions with the hydrogen bond donating a component of the
OH2 probe. A favourable interaction (negative interaction
energy, i.e. electrostatic attraction) between a substituent in
the molecule and the probe in these areas is predicted to
lead to increased affinity (increased pKi value). The effect
of the specific electrostatic interactions may be exempli-
fied by comparing the 5,6-propano derivative39 with the
5,6-methylenedioxy compound38. The latter compound has
enhanced affinity for all three adrenoceptor subtypes with a
factor of 6–9.

These areas are located approximately 1.8 Å from the
position of the oxygen in the 5-hydroxy compound26, in-
dicating that the areas represent the position of a specific
hydrogen bond donor in the receptor. The exact position
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Fig. 3. Contour maps for affinity at adrenergic�1a, �1b, �1d and �1 receptors. Positive coefficients (red, 0.003 level) and negative coefficients (blue,
−0.003 level) for interaction with the water probe (OH2) are shown. An unfavourable interaction (positive interaction energy) between a substituent
and the probe in regions with negative coefficients is predicted to decrease the affinity (decrease pKi ) and vice versa for positive coefficients. The
5-(1-methylpyrazol-3-yl)-substituted compound3 is drawn to illustrate the size of the regions.

of the areas varies slightly between the subtypes. Relative
to the five-membered heterocycles, the areas for the�1a
and �1d subtypes are located in close proximity to the
“ortho” position.1 In contrast, the area in the�1b model
is located more towards the “meta” position. This could
imply that the “ortho” nitrogens of the five-membered het-
erocycles are involved in binding to�1a and�1d receptors
whereas nitrogens in the “meta” position are involved in
binding to �1b receptor. Indeed, the five-membered hete-
rocycles that have nitrogens in the “meta” position and no
free lonepair in the “ortho” position like compounds5, 14
and 15 have higher affinity for the�1b receptor compared
to �1a and �1d. This analysis may also explain the high
affinity for �1b receptors observed for the 2-methyl- and
2-ethyl-1,2,3-triazol-4-yl-substituted compounds6 and 9.
Compound6 is under-predicted by 0.26 log10 units in the
model. A 180◦ rotation around the bond connecting the
1,2,3-triazole moiety with the indole in these compounds

1 Though the use of the terms “ortho” and “meta” is not strictly valid
for five-membered rings, we have used the terms within quotation-marks
in order to be able to refer to a position in the ring relative to the point
of attachment to the indole. This is done because the numbering of the
different five-membered heterocycles varies from one heterocycle to the
other and dependent on the substitution pattern.

results in substituents with lonepairs of the “meta” nitrogen
pointing towards the area of negative coefficients marked
with a black arrow in the�1b model, thereby explaining
the subnanomolar affinity for�1b receptors for these com-
pounds. This would mean that the assumption that the com-
pounds included in the model bind to the receptor subtypes
in a similar manner may not be entirely true. The present
results could indicate a different binding mode of some of
the heterocyclic substituents in the molecules in the�1b
receptor compared to�1a and�1d.

The contour map obtained from the PLS model repre-
senting the�1 model (rat brain membranes) resembles the
contour plot of the�1b subtype for the plot of negative co-
efficients (shown in blue) obtained by the C3 probe (Fig. 2).
Similarly, the areas representing specific electrostatic inter-
actions (marked with a black arrow inFig. 3) are located at
similar positions in the�1 and�1b models. This could indi-
cate that primarily the�1b adrenoceptor subtype is available
for radioligand binding in the�1 assay (rat brain mem-
branes).We have previously hypothesised that the features
responsible for high affinity for�1 receptors for a subset
of the compounds listed inTable 1is a delicate balance be-
tween unfavourable steric interactions and favourable elec-
trostatic interactions[19,20]. This hypothesis is supported
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by the present results. Favourable electrostatic interac-
tions between substituents and the OH2 probe in the areas
marked with black arrows inFig. 3 indicate the presence of
a hydrogen bond donor in the three�1 adrenergic receptor
subtypes. The exact position of this donor may vary slightly
between the subtypes. Furthermore, the areas of positive
coefficients (red areas surrounding the methyl group of
template molecule5) in Fig. 2 indicate the presence of a
lipophilic pocket or a flexible area in the receptor where
substitution is predicted to lead to increased affinity. On the
other hand, steric bulk in the area of the indole 6-position
and in the area between the indole 5- and 6-positions (blue
areas inFig. 2) is predicted to lead to decreased affin-
ity. Substitution in this area in particular holds a potential
for development of�1a adrenoceptor subtype selective
compounds.

In contrast to most of the previously reported 3D-QSAR
models mentioned in the introduction, the present models
are based on one class of compounds only, thereby elimi-
nating the risk of doubtful superimposition of compounds
belonging to different chemical classes. The obtained re-
sults give rather detailed information about the molecular
features of the ligands that contribute to subtype selectivity
in a subregion of the�1a, �1b and�1d adrenoceptors. The
link between the present phenylindole-based�1 adrenocep-
tor antagonists and other classes of compounds have been
discussed in a recent publication[19].

6. Conclusion

The 3D-QSAR models for the adrenergic�1a, �1b and�1d
receptor subtypes based on a series of 5- and 6-substituted
analogues of the antipsychotic drug, sertindole, have re-
vealed different areas in space around the indole skeleton
where substitution may lead to enhanced subtype selectivity.
The binding affinity for the three�1 adrenoceptor subtypes
seems to benefit from electrostatic interactions between the
substituent in the indole 5-position and the receptors. Minor
differences in the position of specific electrostatic interac-
tions were observed separating the�1b receptor from the
remaining receptor subtypes. However, synthesis of new
conformationally restricted analogues with well-defined
hydrogen bond acceptors is needed to investigate this topic
further. Results indicate a different binding mode for some
of the substituents at adrenergic�1b receptors compared to
�1a and�1d.

The �1a receptor seems to be more tolerant to large sub-
stituents in the area corresponding to the indole 6-position
and in the area between the indole 5- and 6-positions. This
information may be exploited in the design of new�1a se-
lective compounds.

The contour maps for the�1 receptors (rat brain ho-
mogenate assay) resemble the contour plots for the�1b
receptor subtype. This information may be useful when
interpreting data from such assays.
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