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AbstractÐThe ability of ad hoc de®ned size and shape descriptors and theoretical descriptors derived on a single
structure to give poweful interpretative and predictive QSAR models has been compared and evaluated with respect to
the quality of the pharmacological data available for a series of structurally diverse 5-HT1A receptor antagonists, dis-
playing selectivity towards the a1-adrenergic receptor. # 1998 Elsevier Science Ltd. All rights reserved.

Introduction

The techniques of computational chemistry are being
applied increasingly in the generation of theoretical

descriptors able to describe biologically active molecules
in QSAR studies.1 This implies that the bioactivity of a
set of compounds, which might be expected to operate
through a common mechanism, is reduced and trans-

lated into a theoretical chemical formalism, with great
bene®t to the physical interpretability of the QSAR
model produced. Moreover, molecular series of non-

congeneric compounds can be studied and their di�erent
bioactivity prototropic forms can be explicitly con-
sidered.

When dealing with the rationalization of biological
responses (binding a�nity, selectivity, and e�cacy) of

ligands for G-protein coupled receptors the crucial point
of the large molecular diversity of the receptors and
their subtypes, has to be faced. On one hand, there
exists a general mode of interaction of bioamine ligands

with their receptors, which has been strictly conserved
through receptor evolution: that is, all ligands have a
basic nitrogen function, protonated at physiological pH,

therefore a long range electrostatic interaction has been

hypothesized as recognition step. On the other hand, the
large variation in the details of molecular interactions
between the chemical signals (transmitters) and recep-

tors exists, and few molecular determinants are respon-
sible for discrimination of compounds among receptor
classes, subtypes, or variants.

Thus, the ability to obtain good quantitative rationali-
zation of the binding properties of highly a�ne and
selective ligands showing a large variability of structural

features depends primarily on the availability of
descriptors able to capture the strict ligand-receptor
complementarity criteria, which determine the biologi-

cal properties of interest.

We have recently shown that theoretical QSAR analysis

based on ad hoc size and shape descriptors de®ned, with
respect to a reference supermolecule, on the ligand
bioactive molecular form is a simple and very promising
approach to rationalize the di�erent activity and selec-

tivity of the neuroactive protonated amines towards
di�erent receptors.2 According to the ligand pharmaco-
phore similarity-target receptor complementarity para-

digm, this approach assumes that the volume obtained
by superimposing the most structurally di�erent ligands,
which show the highest a�nities for the same receptor,

might re¯ect the overall shape and the conformational
¯exibility of the high a�nity receptor binding site.
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Therefore, size and shape descriptors can be de®ned `ad
hoc', that is, within a speci®c molecular series and in

connection with a speci®c bioactivity and this con-
stitutes the main advantage over molecular descriptors
de®ned and performed for a single structure and a single

conformation. However, the large amount of informa-
tion provided by quantum chemical calculations on the
isolated molecules enlarges the probability to pinpoint

the subtle causes of the observed variation in activity in
some series of compounds, thus the versatility of mole-
cular orbital (MO) derived molecular descriptors or of
the ad hoc derived size and shape descriptors has to be

evaluated in strict connection with the structural fea-
tures characterizing the molecular series, which, in turn,
is usually conditioned by the availability of biological

data.

In the present study, theoretical descriptors derived by

means of the program CODESSA3 and ad hoc de®ned
size and shape descriptors have been employed for
deciphering, on a quantitative ground, the molecular

features responsible for a�nity and selectivity in a series
of potent N4-substituted arylpiperazines antagonists
acting at postsynaptic 5-HT1A receptor and displaying a
wide range of selectivity towards the a1-adrenoceptors.4

The performance of the descriptors used has been eval-
uated with respect to the intrinsic nature of the phar-
macological data available, which refer to binding

measures on an individual receptor subtype in the case
of the 5-HT1A receptor and a generic population of a1-
adrenoceptors containing at least three subtypes. More-

over, the ability of the CODESSA program to furnish a
fast and adequate search for the best correlation equa-
tions for a given property has been exploited to obtain
several QSAR models for predictive purposes.

Computational Procedure

Geometry optimization

Conformational analysis of the N4-protonated form of
some simple arylpiperazine derivatives was recently
perfomed.5 The resulting absolute minimum structure of

eltoprazine (1-(2,3-dihydro-1,4-benzodioxin-5-yl)piper-
azine) was considered in this study as starting geometry
to insert the N4 substituents in an extended conforma-
tion of the linker chain. Then, the protonated structures

were fully optimized by means of molecular orbital cal-
culations (AM1),6 using the MOPAC 6.0 (QCPE 455)
program.

Molecular superimposition

The most structurally di�erent ligands, which show the
highest a�nity for the 5-HT1A receptor (compounds 3,

4, 8, and NAN190) and for the a1 receptor (compounds
25 and NAN190), were chosen for the construction of

the respective reference supermolecule, and were super-
imposed, by a rigid ®t procedure, minimising the rms
deviations with respect to three dummy atom pairs. The

dummy atoms, reported below, were de®ned by taking
into account the common structural features shared by
all the ligands (i.e. the amine function in its protonated

form) and the mutual orientation of two aromatic
nuclei: (a) A dummy atom positioned 3.0 AÊ from the
protonated nitrogen on the vector de®ned by the N±H+

bond. For compound 1 (eltoprazine) of Scheme 1, which

has a primary amine function, we considered the axial
N±H+ bond. (b) Two dummy atoms positioned,
respectively, 3 AÊ above and below the centre of the

aromatic plane of the phenyl ring attached to the piper-
azine. (c) Two dummy atoms positioned, respectively,
3 AÊ above and below the centre of the plane of the

condensed rings.

All the other compounds were satisfactorily super-

imposed on the supermolecule using the same procedure,
in their extended minimum conformer, or conformers
whose energy is only 1 kcal/mol above.

The QUANTA 4.17 molecular modeling software
was utilized for molecular comparisons, matching and
computation of van der Waals volumes. The ad hoc

de®ned size and shape descriptor, Vdif, is computed
according to the following formula: Vdif=Vin±Vout/Vsup

where Vsup is the resultant van der Waals volume of the

reference supermolecule. Vin and Vout are, respectively,
the intersection and the outer van der Waals volume of
the ligands considered with respect to the super-
molecule.

Molecular descriptors and statistical treatment of data

Up to approximately one thousand global and fragment
descriptors (constitutional, topological, electrostatic,
geometrical, and quantum-chemical) were generated for

each compound within the framework of the
CODESSA3 program. The ad hoc de®ned molecular
size and shape parameters, described above, were added

as external descriptors. The search for the best correla-
tion equation was achieved by means of the heuristic
method, which accomplished a preselection of descrip-
tors on the basis of their statistical signi®cance.3,8

Default values for control parameters and criteria were
used: minimum squared correlation coe�cient to con-
sider one-parameter correlation signi®cant, R2min=0.1;

t-test value to consider descriptor signi®cant in one-
parameter correlation, t1=1.5, t-test value to consider
descriptor signi®cant in multi-parameter correlation,

t2=3.0; highest pair correlation coe�cient of two
descriptors scales, rfull=0.99; signi®cant intercorrelation
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level, rsig=0.80. Evaluation of the best correlation
models was carried out by validation of each model by

cross-validation techniques and by prediction response
values for test sets of structurally diverse molecules,
reported in Scheme 2. As a ®nal result the program lists

the 10 correlations found with the highest squared cor-
relation coe�cient and the 10 correlations found with
the highest F-test's values. The QSAR models reported

in this paper were selected, among these, on the basis of

the best statistical parameters and the largest diversity
of the descriptors involved.

De®nition of the descriptors used in the selected QSAR

models9

qtot (N) net atomic charge of the protonated
nitrogen

qtot (H) net atomic charge of the proton

Scheme 2.
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Est (N) minimum atomic state energy for the
protonated nitrogen

Ps-p (N±H) s±p bond order for the (N±H)+ pair
Eexch (N±H) electronic exchange energy for the (N±

H)+ pair

EC (N±H) Coulomb interaction energy for the (N±
H)+ pair

ER (N±H) resonance energy for the (N±H)+ pair

Enn (N±H) nuclear repulsion energy for the (N±
H)+ pair

Eee (N±H) electronic repulsion energy for the (N±
H)+ pair

mh total hybridization component of the
molecular dipole

GAMMA GAMMA polarizability (DIP)

IA principal moment of inertia A
PSA (N) partial surface area of the protonated

nitrogen atom

PNSA-1 partial negative surface area
DPSA-3 di�erence in CPSAs (PPSA-3-PNSA-3)

[Ze®rov's], where CPSA and PPSA are,

respectively, the charged partial surface
area and the partial positive surface
area of the molecule considered

WNSA-3 surface weighted CPSA (PNSA-

3*TMSA/1000) [Ze®rov's]
FPSA-1 fractional CPSA (PNSA-1/TMSA)

[Semi-MO]

f-PNSA-1 partial negative surface area [Semi-MO]
of the bicyclic fragment

f-WNSA-1 surface weighted CPSA (PNSA-

1*TFSA/1000) [Semi-MO] of the bicyc-
lic fragment, where TFSA is the total
fragment surface area

f-FNSA-1 fractional CPSA (PNSA-1/TFSA)

[Semi-MO] of the bicyclic fragment
f-WNSA-1 surface weighted CPSA (PNSA-

1*TFSA/1000) [Semi-MO] of the bicyc-

lic fragment
f-WNSA-2 surface weighted CPSA (PNSA-

2*TFSA/1000) [Semi-MO] of the bicyc-

lic fragment

Results and Discussion

A recently reported SAFIR study on a series of aryl-

piperazines led to the characterization of several potent
5-HT1A antagonists displaying some selectivity towards
the a1 receptors and marked selectivity towards the D2

receptors.4

The most informative molecules have been chosen in the

present study for a quantitative rationalization of their
a�nity and selectivity properties. The main structural

features shared by these ligands (Scheme 1) are the aryl-
piperazinic nucleus and a saturated or unsaturated bicyc-

lic system. The two moieties are connected by a spacer
of variable length, constitutes by a ¯exible alkyl chain.

Some reference compounds showing structurally diverse
elements are also reported in the Scheme 1. They are: (1)
NAN190, a weak partial agonist not selective versus the

a1-adrenergic receptor, (2) BMY7378, which exerts
antagonistic action at 5-HT1A postsynaptic site but
retains some agonist properties at 5-HT1A auto-
receptors, and, (3) WAY100,135 and WAY100,635

which exert pre- and postsynaptic antagonistic action at
5-HT1A sites and display selectivity versus the a1-adre-
nergic receptor.

The data values of the molecular descriptors e�ectively
used in the selected correlation equations are listed in

Table 1, together with the cologarthmic form of the
5-HT1A serotoninergic (pKi 5-HT1A) and a1 adrenergic
(pKi a1) binding a�nity of the ligands considered. Their

di�erence �pKi is also reported in the Table and repre-
sents the selectivity of the compounds considered with
respect to the two receptors, the higher the �pKi
values, the higher the selectivity of the ligands towards

the 5-HT1A receptor.

A quantitative overview of the collinearities existing

between the theoretical descriptors of Table 1 is shown
in Table 2, were the respective intercorrelation coe�-
cients are given.

Satisfactory linear correlations rationalize the variation
in the 5-HT1A serotoninergic and a1-adrenergic recep-
tors binding a�nity of these ligands by making use of

ad hoc derived size and shape descriptors. The most
signi®cant QSAR models obtained involve Vdif in the
case of the 5-HT1A serotoninergic receptor (eq (1),

Table 3) and Vout and Vdif for the a1-adrenergic receptor
(eq (1) and (2), Table 4).

By assuming that the volume (Vsup) obtained by super-
imposing the most structurally di�erent ligands which
show the highest a�nities might re¯ect the best size and

shape complementarity towards the receptor considered,
the higher binding a�nities are realized by minimizing
Vout, which may represent the repulsive interactions
with the receptor. Similar results are obtained for the

molecular descriptor Vdif, which, by taking into account
in its formulation both the inner and outer molecular
volumes of the ligands considered with respect to the

reference volume of the supermolecule, indicates that, in
these molecular series of compounds, the binding a�-
nities are mainly modulated by the molecular shape of

the bicyclic system though the optimization of dispersive
and steric interactions.

M. C. Menziani et al./Bioorg. Med. Chem. 6 (1998) 535±550 539
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Table 3. Regression models for the correlation between molecular structure descriptors and the 5-HT1A serotoninergic receptor

binding a�nity

1. R2=0.7048 n=29 F=64.46 s2=0.0558 R2cv=0.6490

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 7.1184 2.0760e�10ÿ1 34.2892

Vdif (5HTlA) 3.6397 4.5333�10ÿ1 8.0289

2. R2=0.8106 n=29 F=55.64 s2=0.0371 R2cv=0.7708

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 7.9475 2.7576e�10ÿ1 28.8203

Vdif 3.1798 3.8921�10ÿ1 8.1698

mh ÿ5.6866�10ÿ1 1.4921�10ÿ1 ÿ3.8112
3. R2=0.7934 n=29 F=49.91 s2=0.0405 R2cv=0.7538

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 1.0932�102 3.0617�101 3.5707

Vdif 3.7550 3.8804�10ÿ1 9.6768

Enn (N±H) ÿ1.9154 5.7377�10ÿ1 ÿ3.3382
4. R2=0.7925 n=29 F=49.66 s2=0.0407 R2cv=0.4501

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 7.0191 1.7986�10ÿ1 39.0258

Vdif 3.7903 3.8992�10ÿ1 9.7207

Ps-p (N±H) 1.0502�103 3.1668�102 3.3162

5. R2=0.7850 n=29 F=47.48 s2=0.0422 R2cv=0.7050

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 4.4578�101 1.2026�101 3.7069

Vdif 3.7147 3.9494�10ÿ1 9.4056

ER (N±H) ÿ2.9352 9.4217�10ÿ2 ÿ3.1153
6. R2=0.7728 n=29 F=44.21 s2=0.0446 R2cv=0.6756

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 4.0505�101 1.1971�101 3.3835

Vdif 3.5015 4.0831�10ÿ1 8.5755

Ec (N±H) ÿ5.9905 2.1478 ÿ2.7892
7. R2=0.8322 n=29 F=41.33 s2=0.0342 R2cv=0.7826

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 7.6639 3.0834�10ÿ1 24.8552

Vdif 3.0010 3.8668�10ÿ1 7.7609

mh ÿ5.3102�10ÿ1 1.4476�10ÿ1 ÿ3.6684
GAMMA 6.1792�10ÿ6 3.4451�10ÿ6 1.7936

8. R2=0.8305 n=29 F=40.82 s2=0.0346 R2cv=0.7605

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 7.9858 2.6701�10ÿ1 29.9082

Vdif 2.9298 4.0295�10ÿ1 7.2708

mh ÿ6.6778�101} 1.5518�10ÿ1 ÿ4.3032
WNSA-3 ÿ3.6304�10ÿ2 2.1216�10ÿ2 ÿ1.7112

9. R2=0.8300 n=29 F=40.68 s2=0.0347 R2cv=0.7783

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 7.6506 3.1929�10ÿ1 23.9614

Vdif 2.9619 3.9759�1 17.4496

mh ÿ6.4512�10ÿ1 1.5112�10ÿ1 ÿ4.2690
DPSA-3 2.4224�10ÿ2 1.4350�10ÿ2 1.6880

10. R2=0.8295 n=29 F=40.54 s2=0.0348 R2cv=0.7679

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 3.3133�101 1.1091�101 2.9873

Vdif 3.2752 4.2013�10ÿ1 7.7958

Ps-p (N±H) 5.6519�102 3.5674�102 1.5843

Eexch. (N±H) ÿ5.0125 2.1289 ÿ2.3545
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Table 4. Regression models for the correlation between molecular structure descriptors and the a1-adrenoceptor binding a�nity

1. R2=0.8263 n=11 F=42.82 s2=0.1399 R2cv=0.6837

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 8.4435 2.1430�1-ÿ1 39.3993

Vout (a1) ÿ1.5462�10ÿ2 2.3628�10ÿ3 ÿ6.5439

2. R2=0.7649 n=11 F=29.28 s2=0.1894 R2cv=0.4980

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 5.8544 2.8953�10ÿ1 20.2208

Vdif (a1) 3.6612 6.7665�10ÿ1 5.4108

3. R2=0.6967 n=11 F=20.67 s2=0.2443 R2cv=0.5261

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 6.4018 2.3893�10ÿ1 26.7941

PSA (N) 4.6597�10ÿ1 1.0249�10ÿ1 4.5465

4. R2=0.9495 n=11 F=75.26 s2=0.0457 R2cv=0.9038

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 3.9921�101 3.7807 10.5592

f-PNSA-1 2.7725�10ÿ2 2.9097�10ÿ3 9.5285

qtot (H) ÿ1.4640�102 1.5990�101 ÿ9.1562

5. R2=0.9424 n=11 F=65.50 s2=0.0521 R2cv=0.8888

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 4.1542�101 4.0600 10.2321

f-WNSA-1 3.4055�1-ÿ2 3.8403�10ÿ3 8.8676

qtot (H) 1.5209�102 1.7193�101 ÿ8.8464

6. R2=0.9362 n=11 F=58.66 s2=0.0578 R2cv=0.8995

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 3.4102�101 4.2389 8.0449

PNSA-1 2.5684�10ÿ2 3.0675�10ÿ3 8.3728

qtot (H) ÿ1.2927�102 1.7772�101 ÿ7.2741

7. R2=0.9184 n=11 F=45.02 s2=0.0739 R2cv=0.7564

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 4.8953�101 5.0880 9.6214

qtot (H) ÿ1.7809�102 2.1496�101 ÿ8.2849
f-WNSA-2 ÿ6.9691�10ÿ2 9.5638�10ÿ3 ÿ7.2870

8. R=0.9057 n=11 F=38.40 s=0.0855 R=0.5978

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 3.7657�101 5.1470 7.3162

f-FNSA-1 2.0883�101 3.1183 6.6969

qtot (H) ÿ1.3742�102 2.1702�101 ÿ6.3322

9. R2=0.8934 n=11 F=33.53 s2=0.0966 R2cv=0.7315

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 1.6562 7.0315�10ÿ1 2.3554

Vin(a1) 1.4185�10ÿ2 1.8673�10ÿ3 7.5968

IA 1.0053�102 2.1400�101 4.6979

10. R2=0.8925 n=11 F=33.19 s2=0.0974 R2cv=0.7172

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept ÿ7.3731�101 1.3357�101 ÿ5.5201
f-PNSA-1 2.5936�10ÿ2 4.2133�10ÿ3 6.1556

Eee (N±H) 2.1934 3.7023�10ÿ1 5.9244
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However, a signi®cant improvement in the correlations
is obtained by using extended set of descriptors devel-

oped in the CODESSA program.3 The multilinear
regression models which better describe the variation in
the 5-HT1A receptor binding a�nity involve molecular

descriptors which can be related to: (a) the dipole±dipole
(eq (2), Table 3) and dispersion interactions (eq (7),
Table 3); (b) the propensity of the protonated nitrogen

to act as a proton donor and to form charge reinforced
hydrogen bonding interactions (eq (3)±(6) and (10),
Table 3), (c) polar interactions whose features are enco-
ded by charged partial surface area (CPSA) descrip-

tors11 (eq (8) and (9), Table 3). Thus, the essential
nature of the interaction mode between the ligands
considered and their receptors, which can be summar-

ized in an electrostatic interaction between the proto-
nated amine function and a primary nucleophilic site of
the receptor, complemented by short-range attractive

(polar and dispersive) and repulsive (steric) inter-
molecular interactions, is well accounted for by the
molecular descriptors involved in the rationalization of

the 5-HT1A receptor binding a�nity. This result can be
extended to the description of the a1-adrenergic binding
a�nity variation. In fact, in this case, the long range
interaction component is explicitly considered in eq (4)±

(8) (Table 4) by means of the total electronic charge on
the nitrogen proton and in eq (10) (Table 4) by means of
the electronic repulsion energy for the N±H+pair. Spe-

ci®c and non speci®c polar interactions are represented,
in the models obtained, by charged contact surface area
descriptors computed on the saturated or unsaturated

bicyclic substituents (eq (5), (7), (8) and (10), Table 4)
or on the whole ligands (eq (6), Table 3). It is worth
noting that, while Vdif(5-HT1A) is an essential descriptor
in all the regression models obtained for the 5-HT1A
binding a�nity, ad hoc derived size and shape descrip-
tors do not seem to be essential in the bilinear models
for the a1 binding a�nity variation in this class of com-

pounds; in fact, Vin(a1) (eq (9), Table 4) proved to be the
only signi®cant descriptor in a two parameter equation
together with the moment of inertia (IA) de®ned with

respect to the main axis of the ligands. By considering
that the ligands analyzed show a limited range of varia-
tion from medium to high a�nity for the 5-HT1A
receptor subtype, while a larger range from low to high
a�nity is accomplished for the generic a1 receptor, the
results obtained suggest that the need of descriptors
which encode the strict complementarity requirements

for receptor binding is strictly related to the nature of
the pharmacological data to model. This statement is
also supported by the high level of collinearity observed

between the ad hoc size and shape descriptors de®ned
on the a1 supermolecule and some of the charged con-
tact surface area descriptors (Table 2). These trends are

not paralleled by ad hoc size and shape descriptors
de®ned on the 5-HT1A supermolecule.

The challenging goal of describing selectivity is
achieved, for this series of ligands, by the quantum-

chemically derived dscriptors for the protonated nitrogen
(the net atomic charge of the protonated nitrogen, qtot
(N), and the atomic state energy for this atom, Est (N),

cf. eq (1) and (2), Table 5). These descriptors are a�ec-
ted by the geometrical environment of the protonated
nitrogen atom (cf. Table 1), in particular, by the absence

of the tether between the two aromatic moieties
(compds 9 and 21) or showing a particularly crowded
environment of the protonated nitrogen as in the case
of BMY7378, WAY100,635, and WAY100,135, where

a bulky substituent on a short chain is present.
Notably, these compounds are characterized by the
highest level of selectivity towards the a1-adrenoceptor.
Improvement of the correlation statistics is obtained by
introducing charged contact surface area indexes
computed on the whole ligands (eq (3), (6) and (10),

Table 5) or on the bicyclic substituents (eq (4), (5), (7)±
(9), Table 5).

The profusion of the models quickly obtained by the
program for the rationalization of the biological
responses facilitates the ultimate need to predict the
activities of newly considered compounds. Assessment

of the prediction power of the QSAR models obtained is
given by the cross-validated correlation coe�cient R2cv,
reported in Tables 3±4. Figures 1±3 report the compar-

ison of the experimental and calculated biological
activities for eq (7) (Table 3), eq (4) (Table 4) and eq (3)
(Table 5), which can be considered, on the basis of their

statistical quality and predictive power, the best QSAR
equations to describe the 5-HT1A serotoninergic recep-
tor binding a�nity, the a1-adrenergic receptor binding
a�nity and the receptors selectivity, respectively.

In order to challenge further the performance of the
selected QSAR models when applied to new com-

pounds, we performed a retrospective assessment on the
set of structurally diverse ligands reported in Scheme 2.
The molecular descriptors utilized in the predictions for

this set of compounds are listed in Table 6 and the pre-
diction results are reported in Table 7.

Satisfactory predictions of the 5-HT1A binding a�nity
are given in general, by considering a factor 2 tolerance
in the concentration scale, for four out of six ligands
tested. The main disagreement is observed for com-

pounds Prd1 and Prd2 which carry the bulky adamantyl
moiety. The value of the 5-HT1A binding a�nities of
these ligands is systematically underestimated. The

descriptor Vdif is partly responsible of this e�ect, as
the supermolecule is constituted by molecules of smaller
size with respect to these compounds and an unrea-

listic negative contribute of the Vout component resul-
ted.
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Table 5. Regression models for the correlation between molecular structure descriptors and the 5-HT1A serotoninergic receptor and

a1-adrenergic receptor selectivity

1. R2=0.6268 n=11 F=15.11 s2=0.1983 R2cv=0.5113

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 1.4377 1.3452�10j1 10.6878

qtot (N) 6.3949�101 1.6449�101 3.8877

2. R2=0.6109 n=11 F=14.13 s2=0.2068 R2cv=0.4656

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 7.4025�102 1.9653�102 3.7667

Est (N) ÿ4.0485 1.0769 ÿ3.7592

3. R2=0.9204 n=11 F=46.26 s2=0.0476 R2cv=0.8684

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 7.1132�102 9.4418�101 7.5337

Est (N) ÿ3.8768 5.1754�10ÿ1 ÿ7.4909
PNSA-1 ÿ1.5526�10ÿ2 2.7836�10ÿ3 ÿ5.5776

4. R2=0.9111 n=11 F=41.00 s2=0.0531 R2cv=0.8546

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 7.3531�102 9.9640�101 7.3796

Est (N) ÿ4.0143 5.4603�10ÿ1 ÿ7.3518
f-PNSA-1 ÿ1.6093�10ÿ2 3.0963�10ÿ3 ÿ5.1976

5. R2=0.9035 n=11 F=37.44 s2=0.0577 R2cv=0.7931

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 7.5248�102 1.0385�102 7.2458

Est (N) ÿ4.1093 5.6906�10ÿ1 ÿ7.2213
f-WNSA-1 ÿ1.9505�10ÿ2 3.9608�10ÿ3 ÿ4.9243

6. R2=0.8996 n=11 F=35.85 s2=0.0600 R2cv=0.8597

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 3.6935 4.8934�10ÿ1 7.5479

qtot (N) 5.9540�101 9.0969 6.5450

PNSA-1 ÿ1.4631�10ÿ2 3.1375�10ÿ3 ÿ4.6635

7. R2=0.8988 n=11 F=35.51 s2=0.0605 R2cv=0.8572

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 2.7983 3.0276�10ÿ1 9.2426

qtot (N) 6.1331�101 9.1046 6.7362

f-FNSA-1 ÿ1.2118�101 2.6140 ÿ4.6358

8. R2=0.8947 n=11 F=33 97 s2=0.0630 R2cv=0.6000

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 7.1741�102 1.0858�102 6.6075

Est (N) ÿ3.9157 5.9506�10ÿ1 ÿ6.5803
f-FNSA-1 ÿ1.2367�101 2.6643 ÿ4.6419

9. R2=0.8915 n=11 F=32.86 s2=0.0649 R2cv=0.8481

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept 2.6503 2.8508�10ÿ1 9.2966

qtot (N) 6.1660�101 9.4221 6.5442

f-PNSA-1 ÿ1.5134�10ÿ2 3.4260�10ÿ3 ÿ4.4174

10. R2=0.8855 n=11 F=30.93 s2=0.0685 R2cv=0.7155

Descriptor Regression coe�. Std. dev. of regr. coe�. t-test

Intercept- 7.3650 2.0723 ÿ3.5541
qtot (N) 5.9252�101 9.7277 6.0910

FPSA-1 1.1 238�101 2.6436 4.2510
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It is worth noting that, because of the large structural
diversity of the ligands considered not always the cor-

respondence between the highest value of R2cv and
good prediction is respected. In this respect, the possi-
bility to generate in a fast way a large pool of QSAR

models able to describe a biological property assumes a
fundamental importance in particular with respect to
the prediction problem, in fact a gratifying agreement

between the binding a�nity data values averaged over
all the ten models and the experimental data values is

observed. This is emphasized by the results obtained for
the prevision of the a1-adrenergic receptor binding a�-
nity, where the averaged values agree well with the

experimental values notwithstanding no more than two
good predictions can be obtained by a single model.

Only four ligands present a selectivity ratio within the
range covered by the QSAR models obtained. The best
predictions are obtained by eq (7) and (8) of Table 5

which share the involvemet of the CPSA descriptor
f-FNSA-1, computed on the bicyclic fragment and nor-
malized with respect to the total surface area of the
fragment itself.

Conclusions

Powerful predictive and interpretative theoretical QSAR
models have been obtained in this study by means of the

heuristic statistical treatment implemented in the
CODESSA program.

The theoretical descriptors involved in the selected
QSAR models can be classi®ed as: (a) ad hoc size and
shape descriptors de®ned with respect to a super-
molecule of highly a�ne ligands, and (b) descriptors

derived on a single structure, i.e. molecular orbital
indexes and charged partial surface area descriptors).

On an interpretative ground, the complete scenario of
key features for receptor binding is well depicted by all
these indexes. In fact, the electrostatic interaction

between the protonated amine function and a primary
nucleophilic site of the receptor necessary for recognition

Figure 3. Calculated versus experimental receptor selectivity

according to eq (3), Table 5.

Figure 2. Calculated versus experimental a1-adrenergic recep-

tor binding a�nity according to eq (4), Table 4.

Figure 1. Calculated versus experimental 5-HT1A serotoninergic

receptor binding a�nity according to eq (7), Table 3.
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are described by the MO indexes localized on the N±H+

group, while the short-range attractive and repulsive

intermolecular interactions mainly responsible for the
modulation of the binding a�nities are described by
MO indexes computed on the whole molecules (polar

and dispersive forces), by CPSA descriptors computed
on the whole molecules or on the bicyclic fragments
(polar forces) and by ad hoc de®ned size an shape

descriptors (dispersive and steric forces). However, the
results obtained seems to suggest that the ad hoc de®ned
size and shape descriptors, being derived to account for
the strict complementarity requirements for receptor

binding are more suitable to describe, in a series of non
congeneric compounds, the range of high a�nities and
to be used in connection with pharmacological data

referring to single population of receptor subtypes.

Moreover, the availability of a large pool of robust

QSAR models quickly obtained by CODESSA has
proven to be very useful in the prediction of the activ-
ities and selectivities of ligands structurally very diverse

from those used in the QSAR modeling.
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