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Shuren Shen, and Michel Langlois
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A three-dimensional quantitative structure-activity relationship using the comparative
molecular field analysis (CoMFA) paradigm applied to 57 melatonin receptor ligands belonging
to diverse structural families was performed. The compounds studied which have been
synthesized previously and reported to be active at chicken brain melatonin receptors were
divided into a training set of 48 molecules and a test set of 9 molecules. As most of these
compounds have a highly flexible ethylamido side chain, the alignments were based on the
most sterically constrained molecule which contains a tricyclic phenalene structure. This
tricyclic compound can adopt an axial and an equatorial conformation. Two different molecular
superpositions representing possible positioning within the receptor site have been suggested
previously. CoMFA was tentatively used to discriminate between alternate hypothetical
biologically active conformations and between possible positionings. The best 3D quantitative
structure-activity relationship model found yields significant cross-validated, conventional,
and predictive r2 values equal to 0.798, 0.967, and 0.76, respectively, along with an average
absolute error of prediction of 0.25 log units. These results suggest that the active conformation
of the most flexible molecules including melatonin is in a folded form if we consider the spatial
position of the ethylamido side chain relative to the aromatic ring.

Introduction
Melatonin is the principal hormone of the vertebrate

pineal gland.1 Its production exhibits a striking circa-
dian rhythm related to the daily light-dark cycle and
thus is reflected in circulating melatonin levels which
are high during darkness.2 Therefore melatonin has
been described as “the chemical expression of dark-
ness”.3 The suprachiasmatic nucleus (SCN) of the
hypothalamus, the internal circadian clock, seems to be
implicated in the synthesis and regulation of melatonin
through the neuronal pathway linking the SCN and the
pineal gland.4 Melatonin regulates a variety of endo-
crinological, neurophysiological, and behavioral func-
tions such as seasonal breeding in photoperiodic species
and entrainment of circadian rhythms.5 Several thera-
peutic applications are developed around this latter
property such as the treatment of jet lag6 and delayed
sleep phase syndrome.7 Melatonin also displays good
sleep-inducing properties, and several data support this
application in humans.8 Recently, the antitumoral
properties of melatonin, its implication in the respon-
siveness of the immune system,9 and its free radical
scavenger properties have also been described.10 These
effects are mediated by high-affinity receptors which are
coupled to G proteins as the high-affinity specific
binding of 2-[125I]iodomelatonin is inhibited by guanine
nucleotides in cerebral tissues.11 Moreover, dose-de-
pendent inhibition of forskolin-stimulated cAMP forma-
tion by melatonin has been demonstrated.12 These
initial findings were rapidly confirmed by the expression
cloning of the dermal melatonin receptor of Xenopus
laeviswhich possesses the seven transmembrane helices
of a G protein-coupled receptor.13 More recently, several

melatonin receptor subtypes have been cloned in dif-
ferent species, and to date, Mel1a, Mel1b, and Mel1c
receptors have been described.14 Recently several po-
tent melatonin receptor agonists have been described.
They were derived from structural modifications of
melatonin15 based on the bioisosteric properties of the
naphthalene ring with regard to the indole ring and the
structural similarity between melatonin and serotonin.16
Several essential chemical groups for binding to the
melatonin receptor have already been described; thus,
in indolic and naphthalenic series the 5-methoxy group
is important for agonist activity and high affinity for
the receptor, and various chemical substituents on the
ortho position of the amido chain such as MeO, Phe, and
I enhance the affinity. However, the structural param-
eters of the melatoninergic pharmacophore are still
unclear, in particular the spatial position of the amido
function relative to the aromatic system. Melatonin and
the bioisoteric analogues have a large number of low-
energy conformers,17 the folded form of melatonin being
1 kcal‚mol-1 more stable than the extended form, and
consequently, it is impossible to determine the active
conformation. The development of high-affinity, con-
formationally-constrained compounds is essential to
obtain a better insight into the structural parameters
of the melatoninergic pharmacophore. 2-Amido-8-meth-
oxytetralin18 and the tricyclic indoles reported by
Garratt15e,19 were the first compounds with a rigid
structure reported to be melatoninergic ligands and
should be valuable tools for the structural determination
of the pharmacophore. Similarly, several phenalene
derivatives have been patented by us20 as high-affinity
melatoninergic ligands and constitute a new class of
potent melatoninergic agents.21

Recent studies have proposed molecular models of the
putative binding site. The first one was based on the
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sequence of the cloned X. laevismelanophore melatonin
receptor and a qualitative structure-activity relation-
ship.13,22 In this model, hydrogen bonds were postulated
to exist between the 5-methoxy oxygen of melatonin and
Ser115 in helix III and between the amido group
hydrogen of melatonin and Asn167 in helix IV. The
second model assumed one interaction between His200
in helix V and the methoxy oxygen in melatonin, and
one interaction between Ser285 in helix VII and the
carboxamide group of melatonin.23 The last model
recently reported by Grol24 suggested that the interac-
tions points are the two Ser115 and -119 in helix III
and His200 in helix V, forming hydrogen bonds with
the amide function and the methoxy oxygen in melato-
nin. In order to obtain further insights into the struc-
tural requirements of the melatonin receptor, we carried
out 3D quantitative structure-activity (QSAR) studies
using the comparative molecular field analysis (CoMFA)
method. The CoMFA method, introduced by Cramer et
al. in 1988,25 has been widely applied to different classes
of compounds and receptors. This method can be used
to develop a 3D model (pharmacophore) describing the
structure-activity relationship for a series of com-
pounds. One advantage of this approach when the 3D
structure of the receptor is unknown is the graphical
representation of the results of the analysis as 3D grids
where the steric and electrostatic contributions of the
activities are displayed.
Here we present studies which applied CoMFA meth-

odology to rationalize the relationship between mela-
tonin receptor ligand structures and their activities. The
“alignment rule”, the positioning of the ligands within
the fixed lattice, is by far the most important input
variable in CoMFA since the relative interaction ener-
gies between the ligand and the receptor depend strongly
on their relative molecular positions. Furthermore, in
the case of conformationally highly flexible molecules,
CoMFA requires that a single conformation be selected
for each molecule. In this work 57 molecules from
structurally different families were studied: most of
them are conformationally highly flexible, but one,
composed of phenalene derivatives, is a tricyclic con-
formationally constrained family which was used as the
template family for the alignment rules. The CoMFA
results were used finally to identify a putative bioactive
conformation of the different ligands from the possible
alternatives.

Methods

(a) Data Sets. A total of 48 compounds were included in
the training set used for the elaboration of the models (Table
1). These molecules were classified into five families depend-
ing on the aryl moiety: indole (1-9), naphthalene (10-32),
“tricyclic” (33, 34), tetraline (35-36), and benzene (37-48).
Three families (indole, naphthalene, benzene) contain the
highly flexible ethylamido side chain on the aryl moiety; the
two others (tricyclic, tetraline) have the amido group directly
bound to a cycle. Modifications were also introduced on the
acyl groups and on the methoxy group. In the naphthalenic
and benzenic families, the position of the methoxy group
relative to the ethylamido side chain was also modified, and
finally variable substitutions were introduced on the aryl ring.
All of these compounds exhibited a range of binding affinities
over 5 orders of magnitude for chicken brain melatonin
receptors. Nine compounds (49-57) were included in the test
set used for the evaluation of the models (Table 2). They also
exhibited a range of binding affinities over 5 orders of
magnitude. Compounds 51-57 belong to the benzene, naph-

thalene, or tricyclic families and reproduce structural features
present in the training set. The quinolinic compound 49 is
structurally related to both the indolic compound 4 and the
naphthalenic compound 17. Finally, compound 50 is structur-
ally related to the naphthalenic compound 24. All of the Ki

values were measured on chicken brain membranes following
the protocol described previously.16c Except for compounds 1
and 2 which were commercially available and 11 and 13-15
kindly provided,16a,b the molecules were synthesized in our
laboratory.16,20,21
(b) Choice of the Basic Structures for the Alignment

Rules. Unlike the other compounds, the “tricyclic” and
tetraline compounds have less conformational degrees of
freedom concerning the amido side chain. As the tricyclic
analogs both exhibited better binding affinities and were more
conformationally constrained than the tetralin compounds,
they were selected as the basic templates for the alignment
rules.
Structurally, tricyclic compounds 33 and 34 possess the

constrained equivalent of the ethylamido side chain contained
in the indole, naphthalene, and benzene families indepen-
dently of its position relative to the alkoxy group (Figure 1).21
In order to optimize the superposition of all the compounds

of these families with the tricyclic compounds, conformations
where the flexible ethylamido side chain matched the spatial
geometry of the corresponding constrained chain of the tricyclic
compound were selected and minimized.
(c) Conformational Analysis of the Tricyclic Com-

pound 33. In order to help suggest likely conformations for
the alignment rules, 1H NMR along with conformational
analysis of the tricyclic compound 33 were carried out. Three
main conformational features were examined depending upon
the torsional angles τ1 (C5,C6,O16,C19), τ2 (C4,C14,C23,N24),
and τ3 (H31,C23,N24,H32) (Figure 2).
In 1H NMR, we observed that geminal protons H28 and H29

were part of an ABX system with H31. In CDCl3, the coupling
constants JH31-H29 ) 4.3 Hz and JH31-H28 ) 5.7 Hz indicated
an equatorial H31 and consequently an axial amido group
(33a, Figure 2). Conversely, in DMSO the coupling constants
JH31-H29 ) 3.4 Hz and JH31-H28 ) 10.4 Hz indicated an axial
H31 and consequently an equatorial amido group (33e, Figure
2). This observation can be explained easily: DMSO is a polar
solvent which could well solvate the polar amido group. It is
well-known that the equatorial position in the cyclohexane
series is more accessible than the axial position;26 for this
reason the amido group will be more solvated by DMSO in
the equatorial position than in the axial position and conse-
quently conformation 33e, with the equatorial amido group,
should be more stabilized than conformation 33a with the
amido group in the axial position.
A conformational analysis of compound 33, using the

random search procedure of Sybyl, was performed with three
rotational bonds corresponding to the torsion angles τ1, τ2, and
τ3. Eighteen conformations were generated in the 4.68 kcal/
mol range. Of these, the eight lower energy conformations in
the 1.1 kcal/mol range had τ1 ∼ (95°, indicating a preferential
orientation of the methyl group above or below the aromatic
plane. The two possible angles for τ2 were ∼-65° and ∼180°
for the amido group in the axial or equatorial positions. The
analysis indicated that the four lower energy conformations
(in the 1.1 kcal/mol range) possessed the amido group in the
axial position. This result agreed well with the experimental
1H NMR spectrum in CDCl3, since this solvent simulates the
gas phase of the conformational analysis better than DMSO.
Analysis of the random search in function of τ3 showed that,
for the same τ1 with the amido group in the axial position
(33a), three minimum energy conformations were generated:
aR (τ3 ) 139°), aâ (τ3 ) -142°), and aγ (τ3 ) 51°) (Figure 3).
Three minimum energy conformations were also generated
when the amido group was in the equatorial position: eâ (τ3
) -142°), eR (τ3 ) 144°), and eγ (τ3 ) 0°) (Figure 3).
(d) The “Alignment Rule”. The “alignment rule” is the

most sensitive input in QSAR-CoMFA. For highly flexible
molecules, alternative alignment rules exist and QSAR-
CoMFA analysis may help the choice of the most likely one.
In this study, if we assume that the active conformation during
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the first stages of the interaction with the melatoninergic
receptor resembles one of the two possible conformations of
the tricyclic family, two alignment rules are possible: the first

with the tricyclic compound 33a as the basic molecule (align-
ment “33a-like”), the other with compound 33e (alignment
“33e-like”).

Table 1. Training Set of 48 Molecules
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(e) Molecular Superposition. Regardless of the basic
molecule, and taking into consideration the melatonin-recep-
tor complex model proposed by Sugden,22 three moieties were
selected for maximal superposition: the N-H bond of the
amido group, the Car-OMe bond and one atom of the aryl
groups. A previous structure-activity relationship study on
the 1,2-naphthalene derivatives 19-21 and 23-30 and the 1,2-
benzene derivatives 37-45 and 48 suggested two ways of
superposing these molecules with melatonin, corresponding

to two different positions of the methoxy group in the receptor
site.16c In the first position, “melatonin methoxy-like”, the
methoxy groups of all the molecules were positioned in the
same site (mode 1 of Figure 1). In the second position, the
methoxy groups of the 1,2-naphthalene derivatives and the
1,2-benzene derivatives were positioned in an “accessory
binding site” (mode 2 of Figure 1). As a consequence of these
findings, we have considered these two possibilities in our
alignment rules.
As the amido group of melatonin is likely to be a hydrogen

bond donor in the drug-receptor complex, the orientation of
the N-H bond must be an important structural feature of the
interaction. More precisely, every alignment rule should allow
a good fit of this N-H bond. Moreover, the hydrogen atom
should be easily accessible for the formation of the hydrogen
bond. It is unlikely that this condition was fulfilled for
conformations aR and aâ of compound 33a as the hydrogen
atom was directed toward the aromatic moiety and above the
saturated ring. On the basis of our experience, the conforma-
tions aγ of 33a and eR and eâ of 33e did not allow a good fit
with the other molecules of the dataset. For the alignment
“33a-like”, the best fits were obtained with τ3 ) -59° (aδ), and
for the alignment “33e-like”, the best fits were obtained with
τ3 ) -50° (eδ). These conformations of 33a and 33e were
minimized with a gradient convergence of 0.2 kcal/mol. They
were 3.56 and 2.4 kcal/mol less stable than the lowest energy
conformations of 33a and 33e, respectively (Figure 3). Align-
ments I and II considered only the “melatonin methoxy-like”
receptor site for all the molecules of the training set: the
superposed atoms are indicated by an asterix in mode 1 of
Figure 1. Alignment III considered the “accessory binding site”
for the 1,2-naphthalene derivatives and the 1,2-benzene
derivatives: the superposed atoms are indicated in mode 2 of
Figure 1. Superpositions of typical molecules of the dataset
in the resulting alignments are illustrated in Figure 4.
(f) Computational Methods. All the structures obtained

after molecular superpositions were minimized using the
Tripos force field and Gasteiger-Marsilii charges of the Sybyl

Table 2. Test Set of Nine Molecules

Figure 1. Superposition modes: the tricyclic compound 33
is the template molecule. Mode 1, the methoxy group of all
the molecules is positioned in the same “melatoninergic
methoxy site”; mode 2, the methoxy group of the 1,2-
naphthalene derivatives 19-21 and 23-30 and of the 1,2-
benzene derivatives 37-45 and 48 is positioned in an “acces-
sory binding site”.

Figure 2. Conformational equilibrium of compound 33.
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6.04 molecular modeling program and again superposed to the
basic molecule. The CoMFA PLS analyses were implemented
by generating tables (one table for each analysis) based on
databases containing the aligned molecules. Each row cor-
responded to one conformation of one molecule. Columns
contained the dependent data pKi (log 1/Ki), as well the
individual steric and electrostatic field potential values at each
grid point for each molecule (CoMFA columns). CoMFA
columns were added using the default options in Sybyl (sp3
carbon probe, point charge of 1.0), and the CoMFA regions
were calculated automatically.
Partial least squares (PLS) methodology was used to develop

the relationship between the dependent values and the
independent field potential values. The CoMFA models were
generated by cross-validated (leave-one-out) analyses with no
more than five components. The optimal number of compo-
nents used for the final conventional PLS (non-cross-validated)
was chosen as that which yielded both the largest cross-
validated r2cv and the smallest cross-validated standard devia-
tion scv.

Results and Discussion
The goal of this study was the development of a 3D

binding model which could accommodate a wide set of
compounds with affinity for the chicken brain melatonin
receptor. The QSAR-CoMFA technique is well adapted
for this kind of study, but for highly flexible molecules
the initial “alignment rule” is the more sensitive input.
In our training set of 48 compounds, we estimated that
the tricyclic rigid compounds 33 and 34 had sufficiently
good affinity for melatonin receptors (Ki ) 34.6 and 6.0
nM, respectively) compared to melatonin 1 (Ki ) 0.67
nM) and the best ligand 12 (Ki ) 0.024 nM) for
supporting the hypothesis that the structure of all the
ligands in the dataset of receptor-ligand complexes
would resemble that of compounds 33 and 34. For this
reason, compound 33 was retained as the template
structure of the initial “alignment rules”. It has been
shown22 that enantiomer ligands exhibit different bind-
ing affinities at the receptor, but the affinity of the
racemate is of the same order of magnitude as the
affinity of the best enantiomer, close to what would be
expected for a 50:50 mixture of the two enantiomers.
As a consequence, taking compound 33 as a racemic
mixture instead of the best enantiomer should not

influence significantly the CoMFA analyses. In the
following, it is stated that configuration of the chiral
molecules represented in the figures is only a relative
configuration without signification concerning the ab-
solute configuration of the best enantiomer. As noted
above, the carboxamido group of compound 33 could be
in an axial 33a or an equatorial 33e position; therefore
these two structural possibilities were explored as the
basic molecules for two alternative suitable alignments.
Conformational analyses around the bond C23-N24
(Figure 2) of both compounds 33a and 33e identified
three lower energy conformations (Figure 3), but su-
perpositions of both 33a and 33e with the other com-
pounds of the dataset gave the best RMS with other
local energy minimum conformations (aδ and eδ, re-
spectively). The question of whether the active form of
a conformationally flexible drug has the conformation
of the global energy minimum has been discussed at
length for several years. It now appears that in most
cases the protein-bound conformation is energetically
well above the global minimum and sometimes not even
in any local energy minimum.27 This finding enabled
us to consider conformations aδ and eδ as the basic
conformations for the alignment rules since they gave
the best fits with the other compounds of the dataset
(Figure 4).
Seventeen different analyses were performed depend-

ing upon the alignment and the number of compounds
taken into account in each analysis (Table 3). Align-
ments Ia, Ib, Ic, and III were based on structural
resemblance with compound 33a used as the template,
and alignments IIa and IIb were based on structural
resemblance with compound 33e. In alignment Ia the
molecules of the dataset were fitted to compound 33aδ
as the basic molecule following the mode of superposi-
tion 1. Alignment Ib was a refinment of alignment Ia,
since the basic molecule of the superposition was
melatonin 1. Finally, alignment Ic was a refinement
of Ia using the field-fit procedure on compound 12which
had the best affinity for melatonin receptors. In align-
ment IIa, the molecules of the training set were fitted
to compound 33eδ following superposition mode 1, and

Figure 3. Newman representation of the three minimum energy conformations of 33a (aR, aâ, aγ) and 33e (eR, eâ, eγ), and of
the conformations of 33a (aδ) and 33e (eδ) used for the alignment rules.
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further refinement using field-fit on compound 12 led
to alignment IIb. In alignment III, the molecules of
the training set were fitted to compound 33aδ following
superposition mode 2, and further refinement was done
using field-fit on compound 12. The principal statistical
results of the different analyses are summarized in
Table 3, and Table 4 outlines the evolution of the cross-
validated r2cv and scv with the number of components.

The cross-validated r2cv and scv of the models retained
for the conventional analyses are indicated in bold. For
all the alignments, the models were fairly predictive
when all the compounds of the dataset were included
in the analyses (A, E, I, K, M, and O of Table 3). With
the exclusion of eight outliers from the training set,
analysis D resulted in a good predictive model for
alignment Ia (r2cv ) 0.801 and scv ) 0.562). The

Figure 4. Stereoview (crossed) of superposition of compounds 1 (green), 10 (yellow), 23 (magenta), 33 (cyan) and 37 (red);
alignments I (top) and II (center) following the superposition mode 1; alignment III (bottom) following the superposition mode 2.

Table 3. Summary of the Statistical Results for the PLS Analysesa

Iaa Ib Ic IIa IIb IIIalignment
analysis A B C D E F G H I J K L M N O P Q
no. of

compounds
48 45b 43c 40d 48 44e 42f 41g 48 44h 47i 45j 47k 44k 48 44l 44m

r2cv 0.564 0.62 0.708 0.801 0.514 0.654 0.699 0.739 0.621 0.798 0.617 0.683 0.586 0.725 0.527 0.646 0.658
scv 0.885 0.793 0.706 0.562 0.935 0.782 0.704 0.665 0.815 0.613 0.816 0.748 0.838 0.701 0.891 0.792 0.802
no. of components 5 2 3 3 5 5 5 5 4 5 3 3 3 3 2 5 5
r2 0.886 0.911 0.947 0.967 0.849 0.883 0.938
s 0.441 0.338 0.299 0.248 0.515 0.458 0.341
F 101 123 126 222 77 100 115
contribution (steric

electrostatic)
58/42 60/40 56/44 52/48 51/49 53/47 62/38

a Ia: alignment using compound 33a as the basic molecule. Ib: refinement of alignment Ia using compound 1 as the basic molecule
for the superposition. Ic: refinement of alignment Ia using “field fit” on compound 12. IIa: alignment using 33e as the basic molecule.
IIb: refinement of alignment IIa using “field fit” on compound 12. III: alignment using compound 33a as the basic molecule and refinement
using “field fit” on compound 12. b Outliers: 9, 14, 47. c Outliers: 9, 14, 18, 47, 48. d Outliers: 2, 9, 14, 18, 27, 46, 47, 48. e Outliers: 14,
27, 47, 48. f Outliers: 2, 14, 27, 46, 47, 48. g Outliers: 2, 14, 16, 27, 46, 47, 48. h Outliers: 14, 18, 47, 48. i Not in the analysis: 32.
j Outliers: 14, 18. k Outliers: 14, 18, 48. l Outliers: 2, 14, 27, 31. m Outliers: 14, 18, 27, 31.
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exclusion of compounds 14 and 18 is understandable
since only these two molecules possess a large COBu
group. Similarly, only the excluded compounds 2 and
48 possess a heavy halogen atom. However exclusion
of the other compounds 9, 27, 46, and 47 is not very
satisfactory as they do not possess particular structural
features. With this restriction, conventional analysis
resulted in a good 3D relationship with three compo-
nents: in particular the calculated pKi values of the
compounds in the 8.5-10.6 range matched well to the
actual values (Table 5). Alignment Ib was obtained by
refinement of Ia with melatonin 1 as the basic molecule
for the superposition. This alignment gave a less good
predictive model (analysis H: r2cv ) 0.739) and a more
complex relationship since the final conventional analy-
sis was performed with five components. However,
these last analyses had the same drawbacks as those
concerning alignment Ia since seven compounds, in-
cluding 16, 27, 46, and 47, were excluded as outliers.
The second refinement of alignment Ia, following the
field-fit procedure on compound 12, gave a good predic-
tive model with only four compounds, 14, 18, 47, and
48, as outliers. Analysis J gave r2cv ) 0.745 and scv )
0.703 for five components. The final non-cross-validated
analysis resulted in a CoMFA relationship which led
to a good fit of the calculated pKi values with the actual
values (Table 5). The reason why the affinity of
compound 12, which was the reference compound for
the field-fit refinement, was badly predicted may be
because the conformational freedom of the N-butanoyl
chain was not taken into account in the analysis. A
possible hypothesis that the weighting of the atypical
compound 2 in this analysis was overemphasised was
not confirmed since omission of this compound did not
improve the prediction of the pKi value of compound 12.
Nevertheless, we consider that the robustness and the
good predictivity of the three analyses D, H, and J,
together with the good fit of the calculated versus the
actual pKi values, are good arguments for the validity
of the alignments using the tricyclic compound 33a as
the structural framework in superposition mode 1. We
also tested the alignments using the tricyclic equatorial
conformer 33e as the structural framework (alignments
II). We did not obtain better models either for align-

ment IIa using 33e as the basic compound (analysis L)
or for the refinement IIb using the field-fit procedure
on compound 12 (analysis N). The final non-cross-
validated analysis N led to calculated pKi values for the
five best compounds which were poorer than the calcu-
lated values obtained with the final analysis J (Table
5). However, the objectivity of this comparison has to
be taken into consideration since model N has only three
optimum components, while model J has five.28 In
alignment III, the molecules of the training set were
fitted using the tricyclic compound 33aδ following
superposition mode 2, and a refinement was done using
the field-fit procedure on compound 12. Analysis Q
derived from this alignment led to a less predictive
model (r2cv ) 0.658, scv ) 0.802, five components)
compared to the CoMFA models J and N. In order to
assist selection among the three models J, N, and Q and
to test their utility as predictive tools, a test set of
compounds 49-57 with known activities was studied.
The predictive r2 based only on molecules from the test
set is reported as the most appropriate parameter to
evaluate the predictive power of a CoMFA model.29

Table 4. Statistical Results for the Cross-Validated PLS
Analysesa

number of components

2 3 4 5

analysis r2cv scv r2cv scv r2cv scv r2cv scv

A 0.457 0.956 0.430 0.991 0.487 0.950 0.564 0.885
B 0.620 0.793 0.574 0.850 0.550 0.884 0.570 0.876
C 0.699 0.707 0.708 0.706 0.712 0.711 0.680 0.759
D 0.768 0.599 0.801 0.562 0.799 0.574 0.767 0.627
E 0.386 1.015 0.438 0.982 0.481 0.954 0.514 0.935
F 0.594 0.816 0.627 0.792 0.620 0.809 0.654 0.792
G 0.621 0.759 0.658 0.730 0.660 0.738 0.699 0.704
H 0.646 0.743 0.685 0.710 0.695 0.708 0.739 0.665
I 0.517 0.900 0.576 0.853 0.621 0.815 0.609 0.838
J 0.705 0.713 0.765 0.644 0.785 0.624 0.798 0.613
K 0.568 0.857 0.617 0.816 0.603 0.841 0.576 0.879
L 0.641 0.785 0.683 0.748 0.673 0.768 0.673 0.778
M 0.479 0.975 0.504 0.940 0.586 0.848 0.559 0.866
N 0.684 0.742 0.725 0.701 0.711 0.728 0.722 0.723
O 0.527 0.891 0.503 0.923 0.469 0.965 0.453 0.991
P 0.599 0.811 0.617 0.802 0.616 0.814 0.646 0.792
Q 0.598 0.837 0.620 0.824 0.635 0.818 0.658 0.802
a The statistical results in bold are for the optimum number of

components used for the conventional analyses.

Table 5. Actual versus Calculated pKi Values for the
Conventional Analyses of the Training Set

pKi (calculated)

molecule
pKi

(actual) D H J L N Q

12 10.53 10.34 9.83 10.27 10.20 10.00 10.35
2 10.49 outlier outlier 10.33 9.49 9.59 10.26
20 10.14 10.00 10.07 10.41 10.04 10.12 10.89
13 9.92 9.86 10.00 9.95 9.74 9.40 9.70
5 9.85 9.91 9.63 9.62 8.97 9.08 9.63
11 9.74 9.80 9.93 9.90 9.54 9.76 9.88
19 9.62 9.29 9.54 9.81 9.68 9.56 9.82
21 9.41 9.34 9.49 9.10 9.28 9.35 9.50
10 9.27 9.10 9.51 9.16 9.47 9.37 9.03
27 9.26 outlier outlier 7.84 8.29 8.41 outlier
1 9.17 8.96 9.49 9.26 8.77 8.84 8.54
24 9.17 8.57 8.60 8.74 8.70 8.68 8.75
30 8.97 8.94 9.00 8.81 8.88 8.93 9.10
48 8.94 outlier outlier outlier 7.80 outlier 8.13
25 8.86 8.79 8.40 8.89 8.87 8.68 8.96
22 8.77 8.53 8.82 8.57 9.39 9.27 8.33
6 8.60 8.93 8.86 8.93 8.53 8.54 8.96
7 8.60 8.41 8.70 8.80 9.07 9.11 9.11
23 8.57 7.94 8.15 8.14 8.48 8.18 8.46
28 8.45 8.25 8.57 8.44 8.62 8.55 8.20
29 8.23 8.17 8.40 8.36 8.42 8.58 7.91
34 8.22 7.59 7.84 8.03 7.95 8.31 8.10
8 8.17 8.54 8.07 7.90 8.72 8.74 7.77
16 8.03 8.85 outlier 8.50 8.83 8.68 8.30
31 7.92 8.49 8.09 7.84 8.03 8.26 outlier
26 7.71 8.72 8.84 8.04 8.69 8.38 7.79
9 7.66 outlier 7.87 7.76 8.47 8.55 7.45
15 7.52 7.17 7.41 7.45 7.46 7.41 7.92
33 7.46 7.81 7.62 7.45 7.38 8.05 7.41
44 7.38 6.86 6.91 6.93 7.24 7.02 7.32
14 7.35 outlier outlier outlier outlier outlier outlier
32 7.25 7.36 7.19 7.27 na(a) na 7.46
42 7.19 7.50 7.19 7.34 7.61 7.64 7.48
43 7.15 6.95 7.21 7.49 7.05 7.13 6.98
39 6.94 6.83 7.02 7.09 7.04 7.15 6.99
3 6.80 6.67 6.41 6.87 6.27 6.50 7.03
38 6.71 6.89 6.80 6.91 7.35 7.00 6.64
35 6.69 6.69 6.73 6.64 5.92 5.82 7.05
36 6.67 6.64 6.68 6.76 6.20 6.07 6.63
37 6.67 6.96 6.85 6.43 6.87 6.61 6.95
40 6.66 6.87 7.01 6.98 7.28 6.96 6.79
41 6.64 6.71 6.68 6.65 6.67 6.90 6.31
18 6.62 outlier 6.46 outlier outlier outlier outlier
46 6.60 outlier outlier 6.43 7.18 6.85 6.51
45 6.54 6.37 6.37 6.41 6.58 6.54 6.52
17 6.49 7.09 6.79 6.40 6.85 6.62 6.94
4 6.31 6.38 6.47 6.66 6.68 6.52 6.73
47 5.72 outlier outlier outlier 5.65 5.67 5.81

a Not included in the analysis.
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Predictive r2 is calculated as

where SD is the sum of the squared deviations between
the actual activities of the compounds in the test set
and the mean activity of the training set compounds and
“press” is the sum of the squared deviations between
predicted and actual activities for every compound in
the test set. A predictive r2 value of 1 means that the
CoMFA model is perfectly predictive for the test set,
while prediction of a mean value of the training set for
every member in the test set yields a predictive r2 ) 0.
The actual and corresponding CoMFA-predicted pKi
values for the compounds of the test set are plotted in
Figure 5. As expected, the CoMFA model J, derived
from alignment Ic, was found to be the most predictive
with a fairly good predictive r2 ) 0.76 compared both
to the predictive r2 ) 0.63 of model N (alignment IIb)
and to the predictive r2 ) 0.52 of model Q (alignment
III).
All of the results of this study provide useful struc-

tural information on the melatoninergic pharmacophore.
Since no significant difference in terms of predictive
power exists between alignments Ic and IIb, neither of
these two models can be used preferentially. However,
their good predictivity validates the folded structure of
all the molecules having the ethylamido side chain in a
similar position to the constrained template 33 as a
model for the melatoninergic pharmacophore. Further-
more, they confirm the essential roles of the “melatonin-
ergic-like” methoxy group and the N-H of the amido
function in drug-receptor interactions. Finally, align-
ment III, following superposition mode 2, was found to
be less predictive. It is probable that the weight of the
“accessory binding site” was overestimated. However,
the possibility of a strong interaction between the drug
and the receptor at this site cannot be discounted.
The CoMFA steric and electrostatic fields for the most

predictive analysis J are shown in Figure 6. From a
statistical perspective, variations in activity are ex-
plained equally by steric and electrostatic fields (52%
and 48%, respectively). The yellow contours represent
regions of unfavorable steric effect (20% contribution),
while the green contours represent regions of high steric
tolerance (80% contribution). Green regions are situ-
ated close to the 2-position of the indolic and naphtha-
lenic rings, the melatoninergic methoxy group, and also
the N-acyl chain. The presence of yellow regions near
the end of these N-acyl chains indicates that activity
would not be favored by too large a chain. This is clearly
illustrated in Figure 6b where the most active compound
12 is embedded in the CoMFA contour plot. The blue
contours describe regions where positively charged
groups enhance activity (80% contribution), and red
contours describe regions where negatively charged
groups enhance activity (20% contribution). It should
be noted that the blue contours surround the ethylene
chains fixed to the aromatic rings and the alkyl part of
the acyl chains, while the small red regions are close to
the oxygen atoms of the N-acyl groups and methoxy
groups. It is remarkable that the electrostatic-contrib-
uting groups of the tricyclic compound 33 are badly
positioned with respect to the blue and red regions
(Figure 6c). Assuming the CoMFA model J as the most

probable, we propose a pharmacophore structure as
represented in Figure 7, where the conformation of
melatonin is in a folded form. The pharmacophore
structure is characterized by three distances: the height
of the amidic N1 above the plane of the indol ring (1.95
Å); the distance between N1 and the centroı̈d of the
indole ring Du38 (3.77 Å); and the distance between N1

predictive r2 ) 1 - (“press”/SD)

Figure 5. Calculated pKi values versus actual pKi values of
the training set and of the test set for analysis J (top), analysis
N (center), and analysis Q (bottom).
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and the melatoninergic O24 (4.94 Å). Our pharmacoph-
ore model is structurally comparable to the folded model
proposed by Jansen,30 the only difference being in the
orientation of the carboxamido group. However our
pharmacophore structure is different of the structure
proposed by Sugden22 and of that proposed by Navajas,23
which both are extended forms of melatonin.

Conclusion
We have derived 3D QSAR drug-receptor models

using the CoMFA methodology for a set of structurally
different molecules which have affinity for the melato-
nin receptors in chicken brain membranes. Since most
of the molecules studied had a high degree of flexibility,
the alignment rules used the most constrained molecule

Figure 6. Stereoscopic representation of CoMFA model J. The contour levels are made using actual STDEV*COEFF values.
Green contours (contribution level 0.8) indicate regions where an increase in steric bulk would increase the affinity. Yellow contours
(contribution level 0.2) indicate regions where steric bulk is detrimental to the target values. Red contours (contribution level
0.2) indicate regions where negatively charged groups would increase the affinity. Blue contours (contribution level 0.8) indicate
regions where positively charged groups would increase the affinity. Included within the CoMFA contours is compound 1 (top),
compound 12 (center), and compound 33 (bottom).

Figure 7. Melatoninergic pharmacophore based on the CoMFA model J. The folded structure is characterized by three
distances: the height of the amidic N1 above the plane of the indole ring (1.95 Å); the distance between N1 and the centroı̈d of
the indole ring Du38 (3.77 Å); and the distance between N1 and the melatoninergic O24 (4.94 Å).
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as a template and were based on previous structure-
activity information about drug-receptor interactions.
Two of the models obtained in this study are reasonably
predictive and provide useful structural information on
the melatoninergic pharmacophore. In particular, they
allow the assumption that the active conformation of
most of the studied molecules is in a folded form if we
consider the spatial position of the ethylamido side chain
relative to the aromatic ring. Further experiments on
drug-receptor docking will allow this model to be tested
critically.
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