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Abstraet--A 3-D quantitative structure-activity relationship (3-D QSAR) study was carried out using comparative molecular field 
analysis (CoMFA) on both imidazoline (I:R) and % receptor binding affinities of a large series of 2-substituted imidazolines. 
Significant cross-validated correlations, having promising predictive ability, were obtained along with 3-D pharmacophore models 
that defined the spatial regions where steric and electrostatic interactions may modulate the in vitro binding affinities and indicated 
possible physicochemical and structural requirements for Ijcq receptor selectivity. :!" 1997 Elsevier Science Ltd. 

Introduction 

Comparative molecular field analysis (CoMFA) 1 is a 
promising tool for studying quantitative structure- 
activity (property) relationships (QSAR, QSPR). 2 Un- 
like the traditional Hansch analysis, which makes use of 
substituent parameters, CoMFA tries to correlate the 
biological activity (target property) of a series of 
molecules (not necessarily congeneric) with their steric 
and electrostatic fields sampled at grid points defining a 
large 3-D box (region) around the molecule. CoMFA 
columns (descriptors) are constituted by the steric 
(Lennard-Jones)  and electrostatic (Coulomb) poten- 
tials computed for each molecule, at each grid point, by 
means of a suitable probe, usually, an sp 3 carbon atom 
with a charge of + 1. Partial least squares (PLS) 3 is used 
as the regression method to develop the relationship 
between independent variables (steric and electrostatic 
potentials) and biological activity (dependent variable). 
PLS analysis produces model equations that explain the 
variance in the target property in terms of the 
independent variables) The optimum number of 
components (latent variables) is determined by cross- 
validation and the model predictive ability is assessed by 
cross-validated r2(rec,., q2).5 

The graphical representation of CoMFA results (iso- 
contour maps) indicated the regions where the varia- 
tions in steric and electrostatic properties of different 
molecules in a data set are correlated with the variation 
of biological activity. Even though much care has to be 
used to avoid an overinterpretation of the contour maps 
in the definition of the binding site topology (receptor 
mapping) no doubt the CoMFA graphs may be taken as 
useful indications to guide future synthesis and to 

develop sound hypotheses on the nature of putative 
ligand-receptor interactions. 

Here we present a study that employs CoMFA 
methodology to rationalize the relationship between 
the structural and physicochemical features of a series 
of 2-substituted imidazolines and their binding affinities 
both to I2 and c~ 2 receptors)  

While several studies have dealt with direct 7's and 
indirect modeling 9 of %-adrenoceptor,  to the best of 
our knowledge, the present report is the first attempt to 
unravel structure-affinity relationships for imidazoline 
receptor (IaR) ligands. In the absence of any 3-D 
structural data on I,R, we have used indirect methods to 
model both L and % receptor affinity data reported in 
Table 1. Only in this way is a direct comparison of the 
results from the two separated SAR studies possible 
and this may give insight into the key structural 
requirements for receptor selectivity. 

I2R binding affinities 

In a preliminary step we analyzed a small set of 
congeneric I,R ligands, namely the ortho-substituted 
phenoxy derivatives (OPS) 1-4, 6-8, 10, 12, 13, 15 and 
16 using for data analysis a cross-validated multilinear 
regression technique according to the Hansch approach 
(2-D QSAR). m.ll In the authors' opinion, the Hansch 
analysis, when dealing with congeneric series, is still the 
method that yields the most valuable indications for a 
physicochemical interpretation of the SAR. Moreover, 
results from 2-D QSAR are often complementary to 
those obtained by 3-D QSAR methods allowing a 
synergic interpretation of complex (No)chemical pro- 
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Table 1. 12 and % receptor binding affinities" of 2-substituted imidazolines 1-40 

~: H I I . _ ,  

A E  
Compds  b R X Y W Z K~Jmol  ~ pK~ IR pK~ cq Selectivity d 

1 C H 2 - C H =  C H  2 O CH~ - - 5.53 8.85 (8.76) 
nd  [8.95] 

2 CH2-C~H 5 O CH~ - - 7.52 6.70 (7.14) 6.52 0.18 
(2.39) [6.19] (6.50) 

3 cC3H ~ O CH~ - - 5.32 8.41 (8.09) 7.77 0.64 
(3.69) [8.44] (7.88) 

4 CH(CH3)2 O CH~ - - 3.31 8.66 (7.86) 6.59 2.07 
(0.25) [8.37] (6.70) 

5 CH ( CH 3)  2 O C H ( C H 0  - - 6.71 5.29 (5.49) 
(2.38) [5.881 

6 C H 2 C H  3 O CH~ - - 5.11 8.57 (8.64) 
(0.84) [8.531 

7 CH2CH2CH3 O C H :  - - 5.90 8.21 (8.41) 
(3.84) [8.47] 

8 C H  3 O CH~ - - 3.45 9.05 (8.80) 
(0.22) [8.77] 

9 C H  3 O CH(CH3)  - - 7.89 6.70 (6.40) 
(2.39) [6.311 

10 O C H ( C H 3 )  2 O CH~ - - 6.82 7.07 (7.44) 
(0.30) [7.14] 

11 O C H ( C H 3 )  2 O CH(CH3)  - - 8.10 5.62 (4.87) 
(3.14) [5.12] 

12 C~H5 O CH~ - - 6.78 6.52 (6.46) 7.10 - 0 . 5 8  
nd  [6.36] (7.09) 

13 H O CI-t 2 - - 2.70 9.04 (8.46) 7.28 1.76 
(0.19) [8.61] (7.41) 

14 H O CH(CH3)  - - 6.79 5.57 (6.07) 7.01 -0 .31  
(2.78) [6.14] (7.05) 

15 C H ( C H 3 ) C H 2 C H  3 O CH~ - - 7.68 7.30 (7.50) 
(5.72) [7.59] 

16 C(CH3) 3 O C H  2 - - 2.97 6.70 (7.22) 
(2.13) [7.39] 

17 H C H  2 C H ,  - - 2.22 8.60 5.70 2.90 
(1.55) (8.21) (5.511 

18 H S C H  2 - - 3.31 7.31 6.70 0.61 
(1.49) (8.011 (6.79) 

19 H N H  C H  2 - - 4.88 7.48 
nd  (8.19) 

20 H C H - - C H  t rans  - - 0.97 8.72 4.85 3.87 
nd  (8.48) (5.11) 

21 H C H = C ( C H 3 )  t rans  - - 2.54 7.96 
nd  (7.81) 

22 H CHC6H 5 C H  z - - 6.81 5.54 6.15 - 0 . 6 1  
(2.151 (5.46) (6.25) 

23 H O C H  CH~ O 1.76 8.37 7.72 0.65 
(1.271 (7.95) (7.68) 

24 H CH~ C H  CH~ O 1.37 7.80 6.87 0.93 
(0.59) (8.31) (7.07) 

25 H C H  = C CH~ O 1.30 8.43 6.15 2.28 
nd  (8.171 (5.80) 

26 H C H  = C CH~ C H ,  1.21 7.95 
nd  (8.55) 

27 H O C H  CH~ S 2.19 7.31 8.35 0.22 
(1.13) (8.01) (8.07) 

28 H C = O C = CH O 0.34 5.68 
nd  (5.87) 



Imidazoline receptor ligands 845 

Table 1. Continued 

R 

Compds  b R A E  K~al/mol ~ pK~ IR PKi ~2 Selectivity d 

29 l'-Naphthyl 0.93 7.66 5.38 2.28 
nd (7.80) (5.17) 

30 2'-Naphthyl 0.00 9.07 4.80 4.27 
nd (8.45) (5.06) 

31 9<Anthryl 2.79 6.00 5.26 0.74 
nd (6.15) (5.52) 

32 9'-Phenanthryl 1.42 7.15 5.52 1.63 
nd (6.77) (5.54) 

33 3'-Biphenyl 2.80 7.62 5.21 2.41 
nd (7.67) (5.09) 

34 l'-Naphthylmethyl 5.44 7.00 8.56 1.56 
(3.85) (7.25) (8.38) 

35 2'-Naphthylmethyl 5.50 6.52 7.03 -0.51 
(4.20) (6.49) (6.94) 

36 l'-Naphthoxymethyl 4.22 8.72 7.17 1.55 
(0.47) (8.85) (7.23) 

37 2'-Naphthoxymethyl 3.64 8.41 5.96 2.45 
(0.52) (8.13) (5.65) 

38 2'-Naphthoxyethyl 5.82 5.44 5.39 0.05 
(2.74) (5.68) (5.29) 

39 CH2-C6H5 1.51 6.70 6.70 0.00 
(0.22) (6.72) (7.22) 

40 2',5'-Dichloroanilino 4.24 6.10 8.30 -2.20 
nd (5.86) (7.75) 

~'Reported as pKg. The predicted pK~ values from noncross-validated model equations Cl3a ( I2 )  and CA3_a (%) are reported in parentheses. The 
~redicted pK~ values coming from noncross-validated equation CO3a and referring to the OPS subset, are indicated in square brackets. 
Common names: 3, Cirazoline; 23, Idazoxan; 34, Naphazoline; 39, Tolazoline; 40, Clonidine. Proposed names{' 20, Tracizoline; 30, Benazolinc. 

~Relative to the CI3a model of the imidazoline receptor ligands. AE represents the energy differences among the selected conformers for CoMFA 
and the minimum e~ergy conformers calculated with AM1 (upper values) and the solvent continuum method (MacroModel, in brackets, nd: not 
determined due to low quality parametrization in the AMBER* Force Field of MacroModel. 
dSelectivity expressed as pK i (12) - -  pK, (%). 

cesses as recently shown in the study of  the enzyme 
inhibition ~>'4 and the chromatographic  enant iosepara-  
tion on chiral stat ionary phases. ~s~' 

Since the OPS series was designed to explore the ortho 
region mostly in terms of  steric accessibility, only 
physicochemical  and geometr ic  parameters  describing 
such a proper ty  have been taken into account  as 
substi tuent descriptors (see Experimental) .  

The most  significant one-variable equat ion was as 
follows: 

pKi = - 1 . 0 7 ( ± 0 . 4 5 ) M R  + 9.60(±0.78) (1) 

n = 12, q2 = 0.635, r e = 0.738, s = 0.530 

where K~ is the inhibition constant,  M R  is the molar  
refractivity, n is the number  of  data points, q is the 
cross-validated correlat ion coefficient, r is the correla- 
tion coefficient, and s is the s tandard deviation f rom 
regression. In parentheses  the 95% confidence intervals 
are indicated. 

Equat ion (1) suggests a limited receptor  accessibility in 
the ortho space, with the most  active compounds  being 
those bearing small-sized substituents. Due  to the dual 
nature of  MR,  which by definition is a measure  of  
bulkiness and polarizability, ~7 equat ion (1) might be 
indicative of  interactions more  complex than the steric 
ones, as already observed in similar studies of  enzy me -  
ligand binding, is 

The inclusion into equat ion 1 of  fur ther  OPS congeners  
5, 9, 11 and 14 having a C-methyl substituent on the 
oxymethylene bridge was possible only by means of  the 
indicator variable I, which takes the value of  1 or  0, in 
the presence or  absence of  the methyl substituent, 
respectively. The  following equat ion was formulated:  

pKi = - 0 . 9 2 ( ± 0 . 4 4 ) M R  - 2.67(+0.78)1 
(2) 

+9.36(±0.77)  

n = 16, q2 _ 0.716, r 2 - 0.821, s = 0.592 

Equat ion  (2) expresses in quantitative terms some 
already-evident activity profile of  the OPS congeners.  
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In particular the dramatic drop of affinity caused by the 
introduction of the methyl substituents on the oxy- 
methylene bridge is clearly pointed out. Even though 
equations (1) and (2) are particularly useful for a 
preliminary interpretation of the structure-activity 
relationships of the OPS-type congeners, a better 
characterization of the stereoelectronic requirements 
of the ortho as well as the meta and para regions is 
needed for a more complete study. 

An extension of 2-D QSAR study to the whole set of 
I2R ligands (40 compounds) was not possible due to the 
lack of congenericity and therefore to the difficulty of 
correctly parameterizing the structural and physico- 
chemical features of the varying molecules. The 
biological data of IeR ligands reported in Table 1 were 
then subjected to a 3-D QSAR study by CoMFA. A 
preliminary data analysis showed a good spread and 
distribution (Fig. 1) of the pK~ values, which spanned 
about a 4 log unit range (from 5.29 to 9.07); this was a 
good prerequisite for the derivation of meaningful 
models. 

Molecular models and structure alignment for CoMFA 

Molecular models of the compounds under study were 
constructed using the fragment library of the SYBYL 
6.2 software. X-ray data from the crystallographic 
structural database were used as starting geometry for 
idazoxan I'~ and clonidine. 2° 

Even though the imidazoline ring should exist only in 
its protonated form at physiological pH, both neutral 
and charged molecules were taken into account and 
used in the derivation of the CoMFA models. The 
atomic charges used in CoMFA were from the AM1 
calculations. 
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Figure 1. pK i data distribution of [~R ligands 1-40. 

Conformational analysis was performed by a systematic 
search of the torsional space. The pucker of the ring in 
compounds 23-27 was selected according to the X-ray 
data of (S)-idazoxan. 

CoMFA results are strongly dependent on the criteria 
chosen for molecular superimposition (alignment rules) 
and therefore this determinant CoMFA step 21 was 
thoroughly explored. 

Two different strategies of molecular alignment have 
been generally employed in CoMFA studies: one which 
is based on the strict selection of minimum energy 
conformers, and the second that seeks maximum 
overlap between conformers comprised within a rela- 
tively wide range of energy window. In both cases, 
model autoconsistency and higher predictive power are 
strongly pursued. 

Since there is no definitive evidence to support one 
strategy over the other, we decided to use both in our 
analyses and to retain the alignments leading to the best 
models in terms of predictive ability. For the molecular 
overlap, besides an energy criteria in the selection of 
different conformers, we also used diverse fitting 
procedures and pharmacophoric elements (see below). 
This was done to give a different importance (weight) to 
the selected pharmacophoric features. 

In a very preliminary modeling of the LR binding 
affinities, 22 we assigned to the five heavy atoms of the 
charged imidazoline ring a triple weight with respect to 
other pharmacophoric elements (aromatic ring cen- 
troids, heavy atoms in the flexible bridge, etc.) on the 
hypothesis that the electrostatic forces could play a 
dominant role in the binding to I2R, compared to other 
possible physicochemical interactions. 

However, to avoid an arbitrarily unbalanced fitting, we 
have analyzed here two diverse molecular superimposi- 
tions based on an equal weight of all the pharmaco- 
phoric elements. 2-(2-naphthyl) imidazoline 30 was 
chosen as the template because of its high affinity and 
relatively low conformational mobility. The minimum 
energy conformer having an interring dihedral angle 
= -32.3 ° was selected from a systematic conforma- 
tional analysis and used as the template for the 
molecular overlay of charged and neutral molecules. 

Each LR ligand molecule was subjected to a conforma- 
tional analysis through a systematic search and all the 
conformers with an energy up to 8 kcal/mol above the 
global minimum were superposed onto the template. 
Whatever alignment criteria were used (see below) 
when only minimum energy conformers were consid- 
ered, no significant models were obtained both for 
charged and neutral molecules. We therefore directed 
our efforts to the detection of those conformers that, on 
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Table 2. Statistical results of CoMFA analysis of OPS ligands 1-16" 

847 

Alignment  q2 ONC n r 2 s F Fie ld(s)  

CO 1 a 0.629 3 16 0.908 0.443 39.35 ste 
m 

CO2a -0.818 3 16 ele 
CO3a 0.481 5 16 ste + ele 
CO4b 0.594 3 16 0.937 0.366 59.48 ste 
CO5b -1.039 3 16 ele 
CO6b 0.267 2 16 ste + ele 
NOla 0.571 3 16 0.909 0.440 39.38 ste 
NO2a -0.322 1 16 ele 
NO3a 0.221 2 16 ste + ele 
NO4b 0.615 3 16 0.913 0.429 42.20 ste 
NO5b -0.105 1 16 ele 
NO6b 0.268 2 16 ste + ele 

"co,  NO: charged and neutral OPS ligands, respectively; a and b: different alignment criteria (see text); q: cross-validated 
correlation coefficient; ONC: optimal number of componeffts use~ for the final analysis; n, r, s, and F: number of data points, 
correlation coefficient, standard deviation, and F statistics, respectively, for the noncross-validated final models; Field: 
CoMFA steric (ste) and electrostatic (ele) fields. 

fitting onto the template, gave the lowest RMS values. 
Also in this case, no statistically significant models were 
derived. To reach a better overall molecular super- 
position, some torsion angles, in particular those of the 
ortho-substituents in the OPS series and of the flexible 
chain linking the imidazoline moiety, were therefore 
slightly adjusted, allowing an energy penalty above the 
global minimum, occasionally up to about 8 kcal/mol. 

At a first impression, this value may seem unacceptably 
high but according to very recent findings 23 this is not 
the case, since for flexible molecules energy values well 
above the global minimum (up to 46 kcal/mol!) have 
been found for bound conformations of inhibitors in 
several X-ray-determined 3-D structures of inhibitor- 
protein complexes. Even though strain energy due to 
crystal packing forces may contribute to such a high 
energy content, those findings do suggest that ligands 
often bind to their macromolecular counterpart  in high 
energy conformations. 

However, to better analyze the apparently high energy 
content of some conformers selected for CoMFA, a 
conformational analysis was performed also by the 
solvent continuum method implemented in MacroMo- 
del v. 5.0. By this method it is possible to simulate the 
solvent effects on the conformation either in apolar 
(chloroform) or polar (water) medium. We have limited 
our analysis to the latter and to 26 compounds, in the 
protonated form, for which reliable force field para- 
meters (AMBER*) 37 were available in MacroModel. 
For compounds having up to three rotatable bonds a 
systematic search (MULTIC algorithm, 30 ° step size, 
conjugate gradient minimizer, convergence criteria 
RMS<0.05 A/kcal tool 2) was used whereas for com- 
pounds with more than three rotatable bonds the 
Monte Carlo method, sampling up to 3000 conformers 
for each analysis, was employed. The AM1 minimum 
energy conformers and the conformers selected for the 
previous CoMFA were imported in MacroModel and 
re-optimized in water medium without changing the 
torsion angles. A comparison of the energy differences 

resulting from AM1 with the corresponding ones 
calculated with MacroModel, shows that the solvent 
effect may substantially reduce the energy difference 
between the two conformers (see Table 1). These 
results further justify the selection of conformers used 
in CoMFA. 

Despite the fact that, as expected, the 26 protonated 
compounds optimized by MacroModel showed a 
different charge distribution compared to those opti- 
mized by AM1, a CoMFA study performed on the 
former produced results (not shown) comparable to 
those reported in Table 3. Also in this case, better 
statistics were obtained when both steric and electro- 
static fields were used. 

For the molecular overlay two different strategies were 
envisaged. In a first series of superimpositions of 
charged (C) and neutral (N) I2R ligands the following 
elements were used for the rigid fit on the correspond- 
ing atoms of the template 30 (alignments COa, NOa 
and CIa and NIa in Tables 2 and 3, respectively): (1) all 
the imidazoline Taeavy atoms; (2) the two heavy atoms in 
the bridge and all the aromatic carbons for compounds 
1-22 and 35-38; a similar criterion was adopted for the 
overlay of the bicyclic derivatives 23-28; (3) the heavy 
atom in the bridge and the first aromatic carbon linked 
to it for compounds 39 and 40; (4) the carbon atom in 
the bridge and the aromatic carbons 2', 1', 8'a, 8' for 
compound 34; and (5) the carbon atoms of the aromatic 
ring linked to imidazoline for compounds 29 and 31-33. 

Within the congeneric series of OPS also the diverse 
ortho substituents were superposed choosing the highly 
active cirazoline 3 as the 'inner' template. 

In a second series of superimpositions few pharmaco- 
phoric elements were employed allowing more mole- 
cular flexibility in the fitting of both charged (C) and 
neutral (N) I2R ligands. The following elements 
(alignments b) were adopted for the rigid fit on the 
corresponding atoms of the template: (1) the two 
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Table 3. Statistical results of CoMFA analysis of I~R ligands IM0 '' 

/ . 2  Alignment q2 ONC n s F Field(s) Rel. contr, h 

CI 1 a 0.379 4 40 
CI2a 0.535 4 40 
CI3a 0.640 4 40 0.893 0.405 73.56 

0.661 5 
CI4b 0.351 4 40 
C15b -0.028 1 40 
C16b 0.475 5 40 (I.892 0.413 56.23 
Nlla  0.431 4 40 
NI2a 0.203 2 4(I 
Nl3a 0.463 4 40 0.853 0.476 50.67 

0.456 5 
NI4b 0.434 4 40 
NI5b 0.566 4 4(I 
NI6b 0.620 4 40 (I.925 0.356 1(17.34 

0.659 5 

ste 
ele 

ste + ele 53% ste; 47% ele 

ste 
ele 

ste + ele 63% ste; 37% elc 
ste 
ele 

ste + ele 44% ste; 56% cle 

ste 
ele 

ste + ele 40% ste; 6(1% ele 

:~CI, NI: charged and neutral IzR ligands, respectively: ;2 and b: differcnt alignment criteria (see text); q, ONC, n, r, s, F, and 
Field: see legend a of Table 2. 
bRel. contr.: relative contribution of steric and clcctrustatic CoMFA fields. 

ni trogen atoms of  the imidazoline ring and all the heavy 
atoms in the bridge; (2) the centroid of  ring B of  the bl- 
and tricyclic aromat ic  congeners  (29, and 31-33);  and 
(3) the centroid of  ring A of  OPS ligands and of  
compounds  17-28. 

The S absolute configurat ion was chosen for idazoxan 
23 and strictly related bicyclic congeners.  Analogously,  
the same configurat ion was assigned to compounds  5, 9, 
11, and 14 bearing a chiral center  on the oxymethylenc 
bridge in a position corresponding to the chiral center  
of  idazoxan. 

The selection of  the binding conformation of  idazoxan 23 
and related congeners  deserves a particular comment .  

Recen t  semi-empirical  calculations by AM1 and PM3 
Hamil tonians  on both neutral  and N3-protonated forms 
of  idazoxan, 24 showed the importance of  the electro- 
static interactions, probably a hydrogen bond, in 
determining the axial preference of  the imidazoline 
ring in the min imum energy conformer  which in the 

cation is more  stable than the equatorial  conformer  by 
about  3.6 kcal/mol (AM1)  or  2.6 kcal/mol (PM3). These 
results are in agreement  with the crystallographic data 
on S-(+)- idazoxan hydrochlor ide single crystal. 1'~ The 
energy difference between axial and equatorial  mini- 
mum energy conformers  in the neutral  molecule was 
instead very low, that is 0.55 and 0.66 kcal/mol f rom 
AM1 and PM3 calculations, respectively. However,  
according to the criterion of  maximizing the overlap 
between the putative pharmacophor ic  points, in parti- 
cular the key imidazoline ring atoms, a conformer  very 
close to the global minimum of the equatorial  form of 
pro tonated  and neutral  S-idazoxan was chosen for the 
fitting to the template. Only in this way was a good fit 
obtained: RMS = 0.23 and 0.38 A for the equatorial  
conformer  of  charged and neutral  ligands respectively, 
compared  to R M S = I . 0 8  and 1.26 A for the corre- 
sponding axial conformers.  A high molecular  similarity, 
partly justifying the high I2R affinity of  idazoxan, may 
be seen only in the overlay of  equatorial  conformers.  
Similar conformat ions  have been chosen for com- 
pounds  24 and 27 structurally related to idazoxan. 

Table 4. Statistical results of CoMFA analysis of otz-adrcnoccptor ligandd ~ 

Alignment q2 ONC n r" s F Field(s) Rel. contr. 

CAla 0.671 4 26 0.929 0.316 68.57 ste 
CA2a 0.553 4 26 ele 
CA3a 0.711 4 26 (I.958 0.244 119.04 ste + ele 56% ste; 44% ele 
CA4b 0.647 4 26 (I.917 0.342 57.82 ste 
CA5b 0.495 4 26 ele 
CA6b 0.695 4 26 0.956 0.250 114.15 ste + ele 58% ste; 42% ele 
NAla  0.656 4 26 0.891 0.384 59.70 ste 
NA2a 0.532 2 26 ele 
NA3a 0.621 3 26 0.903 0.360 68.55 ste + ele 45% ste; 55% ele 

m 
NA4b 0.663 3 26 (/.891 0.383 59.90 ste 
NA5b 0.545 2 26 ele 
NA6b 0.631 3 26 0.905 0.357 70.13 ste + ele 43% ste; 57% ele 

"CA, NA: charged and neutral ot_.-adrenoceptor ligands, respectively. See legend of Table 2 for the definition of symbols and 
abbreviations. 
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All the ligands were superimposed by the RIGIDFIT 
option of SYBYL (poorer results always came from the 
FIELDFIT option) and subjected to PLS analyses in 
conjunction with cross-validation (CV; leave-one-out 
method) to obtain the optimal number of components 
(ONC) to be used in the subsequent analyses. The PLS 
run was repeated with the ONC (see below) and a 
number of CV groups set to zero. 

However, in strictly following this procedure there was a 
risk of obtaining overfitted models due to a relatively 
high value of components used. We therefore chose, 
from a plot of the cross-validated recv(q 2) vs ONC, the 
first maximum in the curve which generally tended to 
reach a plateau. Those values are however reported on 
Tables 2-4 under the heading ONC. 

This selection of a number of components lower than 
the ONC given by default in SYBYL yielded poorer 
statistics in terms of f and standard deviations (worse 
fitting), but more realistic and trustworthy models. 

PLS and CV permit the establishment of the optimal 
dimensionality of each model and thereby the deriva- 
tion of the calibration equation with latent variables, 
which can be converted to the original parametric space 
represented by probe-ligand interaction energies. A 
3-D QSAR equation is then produced and its coeffi- 
cients, multiplied by the standard deviations associated 
to the energy variables, can be used to build the 
coefficient isocontour maps, which yield a meaningful 
pictorial representation of CoMFA results (see Figs 5, 
6, 7, 11, and 12). 

The statistical results obtained with the different 
alignments tested on charged and neutral I2R ligands 
are shown in Tables 2 and 3 for the OPS and the whole 
set of imidazoline ligands, respectively. Results from 
separated and combined electrostatic and steric fields 
have also been listed. 

Figure 2. Overlay of I2R ligands 1-40 according to alignment CI3a. 
The hydrogen atoms arc omitted for clarity. The template 30 ]'s 
represented as a bold line. 

Tables 2 and 3 show statistically significant models in 
terms of predictive (q2) and fitting (r 2 and s) power. In 
this regard, it can be observed that all the retained final 
CoMFA models had a q2 value well above 0.30, which 
corresponds to a low probability of chance correlation 
(p<0.05, that is <5%). 25 

However, to be safer on the potential risk of chance 
correlations, the biological data were reassigned ran- 
domly to the compounds and the PLS analyses were 
repeated. In no case were good predictive models 
obtained (q2 always <0.2). 

The results reported in Tables 2 and 3 suggested that 
models from charged molecules presented better 
predictive ability (higher q2) than the corresponding 
models of neutral molecules and, among them, align- 
ment a yielded better results than alignment b. In 
addition, results in Table 3 show that the models 
combining steric and electrostatic fields yielded im- 
proved statistics both in terms of explained variance and 
predictive capability compared to models derived on a 
single field. However, in some instances, the ratio r2/q 2 
remains higher than desired and this may suggest some 
chance of overfitting related to the increased para- 
metric dimensionality. Inasmuch as the analysis of  the 
CoMFA contour maps revealed very specific features 
which help us to interpret the variations of data in a 
rational way, those models were retained. 

In the case of the OPS congener (Table 2) models based 
on the steric field alone gave the best statistics. These 
findings were in full agreement with our 2-D QSAR 
study leading to equations 1 and 2. 

The fitting power of the 3-D QSAR models giving 
the best statistics (alignments COla  and CI3a; the latter 
is depicted in Fig. 2) may be seen on the plots of 
predicted vs observed pK~ reported in Figures 3 and 4, 
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Figure 3. Plot of observed vs predicted pK~ values of OPS ligands 1- 
16. Predicted pK~ are from noncross-validated equation CO3a. 
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evident) unfavorable steric regions represented by small 
red areas close to the allowed green zone. 

Due to the intrinsic limitations of the data set 
composition of OPS, interactions of a different nature 
cannot be excluded. We have already planned the 
synthesis and testing of a new series of ligands bearing 
properly designed aromatic substituents, aiming at a 
better definition of the nature of receptor-ligand 
interactions in the space surrounding the phenoxy ring. 

A close examination of the steric and electrostatic 
contour maps of I2R ligands (Figs 6 and 7) revealed that 
the most important features observed in the model of 
OPS were conserved also in the global model and 
moreover further structural requirements for a strong 
receptor binding could be perceived. 

Figure 4. Plot of observed vs predicted pKi values of  L R  ligands 1-40. 
Predicted pK~ are from noncross-validated equation CI3a. 

respectively. From the same models the CoMFA field- 
graph (isocontour maps) shown in Figures 5-7 were 
developed. Interestingly, only one compound, the 
benzylamino derivative 19, was a strong outlier in 
model CI3a, displaying a residual value (pKiobs -- pKip,~, 0 
about twice as high as the standard deviation s. A 
possible explanation for this strong deviation might be 
found in the peculiar structural nature of this 
derivative that is the only one presenting a basic 
center on the bridge. 

The steric field graph for the OPS subset (Fig. 5) could 
be readily compared with equation 2. Unfavorable 
steric interactions were detectable mainly in the region 
occupied by the methyl substituents of the oxymethy- 
lene bridge (red zones), whereas the occupation of the 
green zone by small ortho-substituents increases the 
affinity. Bulky substituents could reach other (less 

The steric contour map (Fig. 6) revealed two large 
unfavorable regions (shown in red) where the methyl 
groups on the oxymethylene bridge, one chlorine atom 
of clonidine and some aromatic rings, may be posi- 
tioned. A similar region, more limited in size, may be 
seen in the proximity of the other chlorine atom of 
clonidine and of the aromatic ring of the benzyl 
derivative 2. One green zone, indicative of favorable 
steric interactions, may be also detected close to the 
small sized ortho substituents of OPS. 

The electrostatic map (Fig. 7) showed one zone (cyan 
colored), partly occupied by the aromatic rings of the 
template and by the oxygen or sulfur atom of idazoxan 
and its congeners, where the increase of negative charge 
enhances the activity. Two yellow regions, where the 
increase of negative charge diminishes the activity, may 
be reached by the carbonyl group of the 4-chromenone 
derivative 28 by the rc electron cloud of one phenyl 
group of the benzydryl congener 22 and possibly by 
methyl substituents on the bridge. 

Figure 5. Stereoview of the steric STDEVxCOEFF contour plot for OPS model CO3a. Green and red regions indicated sterically favorable and 
unfavorable regions, respectively. The contour level is as follow: -0 .170 red; 0.055 green. To aid interpretation OPS ligands 1, 9, and 12 are 
displayed. 
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. , \  \ \  

Figure 6. Stereoview of the CoMFA steric STDEVxCOEFF contour plot for I2R model CI3a. The color for the steric field is as in Figure 5. The 
contour level is as follows: -0.080 red, 0.055 green; Compounds 2, 4, 14, 31, and 40 are disp'layed to aid interpretation. 

czz-Adrenoceptor binding affinities 

Aiming at the determination of structural features 
responsible for 12/~ 2 receptor selectivity we also 
determined the c~2-adrenoceptor affinities for a large 
number of IR ligands (26 compounds) and extended 
our CoMFA study to this data set. Many additional 
affinity data have been published for a huge number of 
~2-adrenoceptor ligands 26 but we preferred to restrict 
the analysis to our data set to avoid a dangerous mixing 
of data coming from different laboratories and experi- 
mental procedures. Our goal therefore was not the 
development of a comprehensive model for a2-adreno- 
ceptor ligands, but rather the formulation of a working 
hypothesis through the derivation of a 3-D QSAR 
model able to detect the main structural requirements 
for high ~2-adrenoceptor affinity and possibly for ~JIER 
selectivity. For this reason neither the antagonist/ 
agonist pharmacological profile nor any possible a2- 
subtype selectivity (O~2A VS O~2B VS Of~2D) 27 were studied. 

Our modeling studies, both on ~2 and I2R ligands, were 
therefore based on the hypothesis that agonists and 

antagonists bind in a similar manner to the same 
receptor pocket. Even if no definite indications on the 
validity of this assumption are available, that has been a 
starting point for most modeling studies on ligands of 
G-protein coupled receptors. 28 

Like several other comparative modeling ap- 
proaches, 29'3° the CoMFA methodology is also based 
on the assumption that similar molecules bind in a 
similar way to the same binding sites. Unfortunately, 
this is not always the case since it has been shown that 
even small structural variations may induce a comple- 
tely different binding mode. 31 At the moment, this is a 
particularly strong limitation that has to be kept in 
mind, to avoid an erroneous overemphasization of the 
results from comparative modeling studies. 

Very recently a molecular mechanics and quantum 
chemical study 9 on a limited number of ~2-adrenoceptor 
ligands (six compounds) led to a model that, it was 
claimed, explains the observed agonist and antagonist 

| 1 

Figure 7. Stereoview of the CoMFA electrostatic STDEVxCOEFF contour plot for I2R model CI3a. Favorable and unfavorable influences of high 
electron density are referred to as cyan and yellow regions, respectively. The contour level is as foli"ows: -0.13 cyan, 0.17 yellow. The template 30, 
compounds 11, 22, 23, and 28 are displayed to aid interpretation. 
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Figure 8. pK~ data distribution of o~,-adrenoceptor ligands. 

pharmacological profile on the basis of small structural 
changes. 

In contrast with our approach, in that study a diverse 
alignment criterion based only on low energy con- 
formations was used. Of course, this led to a model 
diverse from the one proposed by Carpy, > which was 
strictly based on X-ray-determined 3-D structures, and 
from ours (see below) especially in terms of the spatial 
location of the putative imidazoline ring. 

Our models were derived from the analysis of a higher 
number of ligands (26 compounds) displaying c~,- 
adrenoceptor affinity data that are well distributed 
and span quite a wide range of about 4 log units (see 
Fig. 8). 

For the molecular superpositions, the same alignment 
criteria used in the modeling of I2R affinity were used. 
S-idazoxan, being a highly active (S-idazoxan showed a 
ot2-binding affinity much higher than its R enantiomer 32) 
and rigid ligand, was selected as the template. 

Unlike the I2R ligands, there were no reasons to choose 
the less stable equatorial conformer, and therefore the 
axial minimum energy conformer related to N3-proto- 
nated and neutral idazoxan was selected for the fitting 
of neutral and charged molecules according to align- 
ments a and b already discussed. It is worth noting that 
a different dihedral angle (OCCN3= 107.8 ° and OCCN 3 
= -127.7 °) corresponded to the protonated and neutral 
molecules, respectively. 

Statistical results of CoMFA studies of both charged 
(CA) and neutral (NA) molecules are reported for 
alignments a and b in Table 4. 

Figure 9. Overlay of o~__-adrenoceptor ligands according to alignment 
CA3a. The hydrogen atoms are omitted for clarity. The template 23 is 
represented as a bold line. 

best statistical results although the differences with the 
models derived from neutral molecules were less 
pronounced. Moreover, the use of combined fields 
improved the statistics, with respect to single-field 
models, to a small but significant extent only in the 
case of protonated ligands. 

However, in order to have a straightforward compar- 
ison with the 3-D QSAR models of LR ligands, 
alignment CA3a (depicted in Fig. 9) was chosen to 
develop a final 3-D QSAR model whose fitting 
capability may be judged from the plot shown in Figure 
10. Figures 11 and 12 show the contribution of steric 
and electrostatic fields to CoMFA models. 

The steric contour map (Fig. 11) suggests unfavorable 
steric interactions in two red colored regions, which can 
be reached by the aromatic rings of the anthryl (31) and 
phenanthryl (32) congeners. Favorable steric interac- 
tions may take place on the green colored region in 
which one chlorine atom of clonidine, and several 
aromatic rings of active ligands 23 and 24 may be 
positioned. 

The electrostatic contour map depicted on Figure 12, 
shows two main areas, cyan and yellow colored, in 
which the increase of negative charge increases or 
decreases the binding affinity, respectively. The cyan 
region may be occupied by an aromatic ring of the most 
active ligand 34 and partly by one chlorine atom of 
clonidine 40, one oxygen atom of idazoxan 23 and its 
strictly related congeners 24 and 25. 

As in I2R study, 3-D QSAR models of 0{, 2 ligands, based 
on charged molecules and on alignments a, yielded the 

The field graphs in Figures 11 and 12, are therefore able 
to satisfactorily explain at the 3-D level, the main 
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Figure 10. Plot of observed vs predicted pKi values of c~z-adrenoceptor 
ligands 2-4, 8, 12-14, 17, 18, 20, 22-25, 29-37, 39, and 40. Predicted 
pKa arc from noncross-validated equation CA3a. 

aspects of the structure-affinity relationship of ~2- 
adrenoceptor ligands. 

complexes. In fact, our objectively correct choice of two 
different rigid templates (30 and idazoxan 23 in the 
axial form), which presented a quite diverse orientation 
of the key imidazoline ring, played a determinant role 
for the development of CoMFA models with different 
3-D features. 

In other words, the relative orientation of the imidazo- 
line and the hydrophobic moieties of the ligands was 
determined by the original selection of the templates, 
which, however, was based on experimentally irrefuta- 
ble evidence of a high activity associated to rigid 
molecules. 

Keeping in mind the above observations, some struc- 
tural requirement for I2/~2 receptor selectivity may be 
perceived comparing the spatial orientations of the 
ligands showing the highest and the lowest selectivity. In 
doing so, we restricted our selection to seven com- 
pounds, four presenting a tighter binding to I2R (30, 17, 
20, and 33) and three that conversely showed a tighter 
binding to a2-adrenoceptor (40, 14 and 34). It is worth 
stressing that all the ligands with the highest selectivity 
for IzR may assume a more or less planar conformation, 
with the imidazoline ring slightly out of plane as shown 
by a mean value of -35.5 ° for the dihedral angle ~). 

Iflc~ 2 receptor selectivity 

The present study is a classic example where the 
observed receptor selectivity is due to the fact that the 
same compound may assume completely different 
conformations in the interaction with different 
receptors. 

Actually, we have implicitly based our modeling studies 
of imidazoline and ~2-adrenoceptor binding affinities, 
on the hypothesis that two different binding modes may 
take place in the formation of the receptor-ligand 

On the other hand, compounds with the greatest 
selectivity toward the ~2-adrenoceptor, may assume a 
more distorted (puckered) conformation leading to a 
mean dihedral angle O ( C ) C C N  3 of 106.2 °, a value 
completely different from the one observed for selective 
I2R ligands. These two different binding modes for 
selective 12 and o~ 2 receptor ligands may be more clearly 
seen in the molecular overlays reported in Figure 13. 
I2R selective ligand conformations in Figure 13 came 
from alignment CI3a, whereas a2 selective ligand 
conformations were from alignment CA3_a. Analogously 
to the alignment criteria a and b previously used for the 

Figure 11. Stereoview of the CoMFA steric STDEVxCOEFF contour plot for 0t 2 model CA3a. The color code is as in Figure 5. The contour level is 
as follows: 0.042 red, 0.060 green. The template 23 and compounds 31, 32, 34, and 40 are displayed to aid interpretation. 
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Figure 12. Stereoview of the CoMFA electrostatic STDEVxCOEFF contour plot for % model CA3a. The color code is as in Figure 7. The 
contour level is as follows: -0.10 wan, 0.082 yellow. The template 23 and compounds 34, 38, and 40 are displayed to aid interpretation. 

development of CoMFA 3-D models, two different 
overlays c and d were made as reported on the left and 
right-hand sides, respectively (Fig. 13). In alignment c, 
only the heavy atoms of the imidazoline ring were fitted 
whereas in alignment d, the two nitrogen atoms and the 
centroid defined by the benzene ring and the heavy 
atoms in the bridge were used for fitting. 

The two diverse alignments may refer to two possibly 
different binding modes: one which is exclusively driven 
by the electrostatic interactions (charge reinforced 
hydrogen bond?) of the imidazoline ring and one in 
which the electrostatic interactions of the same ring are 
counterbalanced by possible hydrophobic (or n - n  

stacking) interactions, involving the aromatic rings. 

In the former case, once the electrostatic interactions, 
most likely with the carboxyl group of an aspartic acid, 
have been set out the selectivity may arise from a 
differently located hydrophobic region in the binding 
site of the two receptors. In the other case, while it is 
still possible that a different position of the hydrophobic 
regions might also contribute to the overall selectivity, 

this may also be caused by a different location of the 
carboxylic acid group on the two receptors. 

Since quite diverse initial conformations were used to 
develop the 3-D QSAR models for I~ and % receptor 
ligands, an overall different spatial disposition of the 
putative electrostatic and steric regions determining the 
variation of the binding affinity had to be expected. 
Indeed this can be immediately perceived by a visual, 
albeit approximative, comparison of the putative 
characteristics of the electrostatic and steric contour 
maps of the two receptor ligands (Figs 6 and 7 vs Figs 11 
and 12). 

The most evident differences in the steric maps reside 
in: (1) the stronger negative steric effect of the C-CH3 
substituent (red region) on the I2 than on the % affinity. 
(2) The opposite effect exerted by one clonidine 
chlorine atom, sterically favorable on the % (green 
region), unfavorable on the 12 receptor (red region). (3) 
The opposite effect of some aromatic ring as in the case 
of 2'-naphthyl 30 and styryl 20 derivatives. 

Figure 13. Molecular superimposition of I z and ~ selective receptor ligands (red and green colored, respectively) according to alignment c (right- 
hand side) and d (left-hand side). 
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In the comparison of the electrostatic contour maps, the 
chlorine atom of clonidine exerts, once again, an 
opposite electrostatic effect occupying a cyan and 
yellow region on the 0~2 and 12 maps, respectively. 

A similar effect may be seen for congeners 29-32, which 
placed some aromatic ring on a cyan or yellow region in 
the ot 2 and 12 ligand field graphs. 

Conclusions 

Congruent 2-D and 3-D QSAR analyses allowed us to 
gain important insight into the key structural features 
governing the binding of a large series of I2R ligands. 
Similarly, 3-D QSAR study of the ~2-adrenoceptor 
binding affinity showed some peculiar electrostatic and 
steric properties, which favored a strong receptor 
binding. 

A comparison of the possible bound conformations of 12 
and cx 2 receptor ligands, as well as of their steric and 
electrostatic 3-D isocontour maps, suggested likely 
structural requirements for receptor selectivity. In 
particular, more planar ligand conformations seem to 
characterize the binding to I2R, whereas more puckered 
conformations seem to be involved in the binding to o~2- 
adrenoceptor. In addition, a different location of a large 
hydrophobic region, and possibly of a carboxylic group, 
in the two receptors may be determinant topological 
features for I2/0~ 2 selectivity. 

The synthesis of properly designed 2-substituted imida- 
zolines having different degree of conformational free- 
dom and carrying proper substituents in particular 
positions is underway with the aim of improving and 
refining our 3-D models for binding and selectivity. 

Experimental 

2-D QSAR study 

Cross-validated multilinear regression was carried out 
with the 'c-QSAR' software (Biobyte Corp., Claremont, 
CA, USA) .  33 

Verloop STERIMOL parameters (LI, Bx and Bs), 
Charton steric parameters (v) and molar refractivity 
(MR) were taken from standard compilations. 11'34 

Molecular modeling and CoMFA study 

Molecular models of the neutral and N3-protonated I2R 
ligands 1--40 were constructed with standard bond 
distances and angles using SYBYL (v. 6.2) software 
(Tripos Assoc. St Louis, MO, USA) running on a 
Silicon Graphics Indigo2 R4400 workstation. The 
option CRYSIN was used for building S-(+)-idazoxan 
and clonidine, starting from their X-ray crystallographic 
data. Full geometry optimization was performed with 

the AM1 Hamiltonian using the parameter set reported 
in the MOPAC (v. 6.0) suite of programs. 35 The partial 
Mulliken atomic charges from AM1 calculations were 
used in the CoMFA study. 

The conformational analysis was carried out with the 
SYSTEMATIC SEARCH option of SYBYL, screening 
the conformational space of each torsion angle at 30 ° 
increments. 

It is worth noting that, in agreement with literature 
data, 19 the N3-protonated imidazoline ring is symmetric 
and this facilitated the conformational search by halving 
the number of possible rotamers. 

All the generated conformers were optimized by the 
Tripos standard Force Field (MAXIMIN2) 36 and those 
retained for the subsequent fit and CoMFA analysis 
(see text) were re-optimized by AM1. The molecular 
superimpositions for CoMFA were made with the 
RIGIDFIT option of SYBYL. The different alignment 
criteria chosen to test diverse spatial orientations of the 
ligands, have already been discussed. The RMS (root 
mean squares) value of the fitted points was used to 
assess the quality of the fit. 

Conformational analysis and geometry optimization 
were also performed (see text) by the solvent cont inuum 
method and the AMBER* Force Field as implemented 
in the molecular modeling software MacroModel (v. 5, 
C. Still, Columbia University, New York, NY, USA) 

The CoMFA study was carried out using the QSAR 
module of SYBYL. Default settings were used in the 
analyses, except for the 'drop-electrostatic' option, 
which was set to 'no'. The steric and electrostatic 
interaction energies were calculated on grid points of 
a regularly spaced 3-D lattice with an sp 3 carbon probe 
atom having a charge of + 1 and a van der Waals radius 
of 1.52 A. The grid size had a resolution of 2 A and the 
region dimensions were defined with the 'molecular 
volume' automatic mode. 

CoMFA was performed in two successive steps. In a 
first analysis, using eight components and a number of 
cross-validation groups equal to the number of com- 
pounds, the optimal number of components (ONC) was 
determined. The ONC is that number of components 
which yielded the highest cross-validated r2cv (q2) values 
which is defined as q2 = (SD - PRESS)/SD, where SD 
is the sum of squares of deviations of the observed 
values from their mean and PRESS is the prediction 
error sum of squares. 

In the second step, the analysis was repeated without 
cross-validation using the ONC previously determined 
(see text). The results of the last analysis were used to 
produce the final 3-D QSAR models from which the 
coefficient isocontour maps depicted in Figures 5, 6, 7, 
11 and 12 were drawn. 
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The predictive and fitting capabilities of the models 
were measured by the cross-validated r 2 (q2) and r 2 (and 
s, standard deviation), respectively. 
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