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Comparative molecular field analysis (CoMFA) is applied to antagonists of the 5-HT3 receptor.
Analysis is done separately on three published sets of arylpiperazines and on a combination of
the three sets. d-Tubocurarine, a conformationally restricted 5-HT3 ligand, is used as a template
to assist in selecting the conformation of the antagonists for CoMFA alignment. Two forms of
the arylpiperazines (neutral and protonated) and three different kinds of calculated charges
(Gasteiger-Hückel, AM1, and AM1 with solvation effect included) are compared. Protonated
structures give better statistical results than the neutral species. The way in which charges
are calculated does not greatly affect the results. In terms of molecular fields, the behavior in
each separate set of compounds cannot be extrapolated to the combined set of 47 compounds.
The average value of r2cv from PLS cross-validation on the combined set is 0.70 and varies
between 0.56 and 0.80 depending on the orientation of the molecules in the coordinate system.
The CoMFA model is tested on four compounds not in the training set: quipazine, N-
methylquipazine, 4-phenyl-N-methylquipazine, and KB-6933. Mean agreement of experimental
and predicted pKi values of the antagonists is 0.7 log unit. Novel structural modifications are
interpreted by the CoMFA model.

Introduction

Of the many subtypes of serotonin (5-hydroxy-
tryptamine) receptors, 5-HT3 is rather unique. The
other serotonin receptors are G-protein-coupled, whereas
5-HT3 is a ligand-gated ion channel in neurons.1 No
three-dimensional structure of the 5-HT3 receptor is
available, but many high-affinity, selective ligands have
been discovered using traditional medicinal chemistry
strategies and using molecular modeling.
Over the last 10-15 years, pharmacology has con-

tributed to an understanding of the 5-HT3 receptor’s
mediation in conditions and diseases of the central
nervous system. Chemotherapy’s troublesome side ef-
fects of nausea and vomiting can be rapidly ameliorated
by administration of 5-HT3 antagonists. Three of these
pharmaceutical agents have been introduced into medi-
cal practice: ondansetron2 (1990; 1), granisetron3 (1991;
2), and tropisetron4 (1992; 3) (Figure 1). Research on
5-HT3 receptor antagonists continues5 because of po-
tential uses in the treatment of psychosis, anxiety,
migraine, schizophrenia, pain, substance abuse, and
memory impairment. Some of the other well-studied
antagonists include zatosetron (4),6 bemesetron (5),7
ramosetron (6),8 azasetron (7),9 itasetron (8),10 cilasetron
(9),11 zacopride (10),12 lerisetron (11),13 and alosetron
(12).14

Substantial progress has been made in understanding
the 5-HT3 pharmacophore, but due to a broad diversity
in ligand structures, questions remain for some of the

newer structural classes. A good review about chemical
structures and proposed pharmacophores can be found
in the book of King, Jones, and Sanger.15 Perhaps the
most well-known 5-HT3 pharmacophore is the one
proposed by Hibert.16 It consists of three components
(13): (1) an aromatic ring, (2) a carbonyl-containing
linking moiety, and (3) an out-of-plane basic center.
These components have a rather specific spatial ar-
rangement.

Since Hibert published his model in 1990, a number
of refinements and extensions to this model have been
proposed.17-21 As additional compounds have been
synthesized and reported, it became recognized that the
pharmacophoric requirements were broader than ini-
tially envisioned. The second component of the phar-
macophore, the carbonyl moiety, is not essential for high
affinity.22 This component can be better defined as a
hydrogen-bonding region. One of the newer 5-HT3
ligands that helps define the pharmacophoric require-
ments is quipazine (14), which exhibits 5-HT3 antago-
nist properties23 as well as agonist character in some
preparations.24 Although quipazine lacks a carbonyl
group, the negative electrostatic potential energy field
generated by the quinoline nitrogen may resemble that
generated by a carbonyl group.19 Indeed, Hibert et al.16
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anticipated that the lone pair of the quipazine nitrogen
may play a role equivalent to the carbonyl oxygen.

The discovery of quipazine has stimulated much
interest in additional arylpiperazines as a new class of
5-HT3 antagonists.13,25-31 Whereas quipazine itself
binds to several serotonin receptors, some of the newer
members of this class are highly selective 5-HT3 an-
tagonists.
Beyond molecular modeling associated with the well-

studied three-component pharmacophore model, quan-
titative structure-activity relationship (QSAR) analyses
of 5-HT3 ligands have been difficult and few have been
published. One particularly successful QSAR study19
on 5-HT3 antagonists reported using three novel com-
puted descriptors: (1) a distance between a lipophilic
region generated by the aromatic ring and a hydrophilic
area near the basic nitrogen or center, (2) the maximum
value of the lipophilic field, and (3) the maximum value
of the negative electrostatic field near the carbonyl
group. Unfortunately, in their multiple regression
analysis the authors omitted, without explanation,
several antagonists that they mention in their paper;
also the authors did not reveal details of how the
distance was measured. Nevertheless, a very respect-
able QSAR equation with r2 equal to about 0.8 was
obtained.
Techniques for determining three-dimensional quan-

titative structure-activity relationships (3D-QSAR) in

general,32,33 and comparative molecular field analysis
(CoMFA),34-36 in particular, have proven useful in
understanding the biological activities of compounds. To
date, over 200 applications of CoMFA to various types
of bioactive compounds have been published. For a set
of related chemical structures, CoMFA has a demon-
strated ability to find steric and electrostatic features
that differentiate their bioactivities. In some cases,
CoMFA and traditional QSAR (Hansch) models can be
rationalized with respect to each other. In other cases,
a CoMFA model can be found where the traditional
(Hansch) approach fails. Valid CoMFA models, if
established, can be used to screen design ideas for new
structures within or close to the compound space
spanned by the training set.
To the best of our knowledge, only two prior CoMFA

studies have been published on 5-HT3 receptor ligands.37
One involved a set of 39 partial agonists in a series of
pyrrolothienopyrazines giving rcv2 as high as 0.46.20 The
other prior study is more germane to the work here and
involved a set of 24 antagonists.29 The compounds were
arylpiperazines with four fused rings. The CoMFA
analysis, giving rcv2 of ca. 0.7, was tested only on
Gasteiger-Marsili partial atomic charges derived from
electronegativities. Although Anzini et al.28 wrote that
their CoMFA model had good predictive capacity, they
did not test it on any structures not in their training
set. Also they were careful to warn that the molecules
in their study were so similar to each other that their
CoMFA model may not be broadly applicable.
Here we undertake a larger analysis on 47 arylpip-

erazines consisting of the 24 compounds from the Anzini
et al.29 paper plus compounds from two additional

Figure 1. Examples of potent 5-HT3 receptor antagonists.
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papers: Castan et al.30 and Orjales et al.13 The struc-
tures in these three sets are shown in Tables 1-3. For
convenience, in the remainder of this paper, we will
refer to these three as the A, C, and O sets, respectively.
Additional sets of compounds were sought for inclusion
in our analysis, but either no comparable biological data
were available for them or the structures were too
dissimilar to include.
As is well-known, the alignment of the molecules is

key to obtaining a meaningful CoMFA. As the flexibility
of the molecules increases, more possibilities for align-
ment exist. A rigid template is always desired for this
reason. It can be seen in Tables 1-3 that the com-
pounds have relatively few rotatable bonds, but a
template that could help pin down the few remaining
degrees of freedom would be useful.1 d-Tubocurarine

(15) was chosen as a template because (1) it has been
reported to reversibly block the 5-HT3 receptor,38-40 (2)
the three-dimensional structure is known from X-ray
crystallography,41 and (3) the conformation is relatively
rigid. We assume that the 5-HT3 ligands share a
common structural framework in their interactions with
the receptor.1 Using this template, we can envisage a
bioactive conformation for the ligands of the 5-HT3
receptor as detailed in the next section.

Computational Methods
The starting molecular structure for d-tubocurarine was

obtained from a published X-ray crystallographic study.37 An
assessment of the conformational flexibility of d-tubocurarine
is presented in Figure 2. The SYBYL molecular modeling
package42 and the TRIPOS force field43 were used to sample
conformational space44 starting from the crystallographic
geometry. Ten picoseconds of molecular dynamics were run.
As can be seen in the figure, the basic conformation of the
macrocycle does not change significantly. During the simula-
tion, the side chains flex and the plane of one phenyl ring tips
with respect to the solid-state conformation. The rest of the
structures overlap well.
Because the X-ray study of d-tubocurarine was done to

standards of a quarter century ago (final R value of only 9.1%),
the structure was first optimized by semiempirical molecular
orbital calculations using the AM1 Hamiltonian45 as imple-
mented in MOPAC.46
The 47 antagonists were built with Quanta/CHARMm

software, a commercially available molecular modeling pro-
gram.47 Standard bond lengths and angles were used. With
the CHARMm force field48,49 and partial atomic charges, the
molecular geometries of d-tubocurarine and the antagonists
were each separately energy-minimized using the adopted-

Table 1. Benzofuro[2,3-c]quinoline, Benzo[k]phenanthridine,
and Related Piperazinyl 5-HT3 Receptor Antagnists of Anzini et
al.29

compd X n R R′ pKi

16a O 0 -N(C2H4)2NH 7.49
16b O 0 -N(C2H4)2N-CH3 7.90
16c O 0 -N(C2H4)2N-C2H5 7.28
16d O 0 -S(C2H4)N(CH3)2 6.39
16e O 1 -N(C2H4)2NH 7.94
16f O 1 -N(C2H4)2N-CH3 8.80
16g O 1 -N(C2H4)2N-C2H5 7.27
16h O 1 -S(C2H4)N(CH3)2 5.00
16i O 2 -N(C2H4)2NH 7.91
16j O 2 -N(C2H4)2N-CH3 8.42
16k O 2 -N(C2H4)2N-C2H5 7.84
16l O 2 -S(C2H4)N(CH3)2 7.34
16m 2 -N(C2H4)2NH 8.27
16n 2 -N(C2H4)2N-CH3 8.46
16o 2 -N(C2H4)2N-C2H5 8.10
16p 2 -S(C2H4)N(CH3)2 5.00
17a -N(C2H4)2NH H 6.88
17b -N(C2H4)2N-CH3 H 8.02
17c -N(C2H4)2N-C2H5 H 7.79
17d -S(C2H4)N(CH3)2 H 5.00
17e -N(C2H4)2NH OCH3 7.18
17f -N(C2H4)2N-CH3 OCH3 7.38
17g -N(C2H4)2N-C2H5 OCH3 6.65
17h -S(C2H4)N(CH3)2 OCH3 5.00

Table 2. 3- and 4-Substituted-2-(1-piperazinyl)quinoline
5-HT3 Receptor Antagonists of Castan et al.30

compd X R pKi

18a direct bond a-b CH3 10.15
18b CH2 H 10.00
18c CH2 CH3 10.01
18d S CH3 9.40
18e CH3N CH3 8.50
18f no bond a-b CH3 9.27

Table 3. Piperazinylbenzimidazole 5-HT3 Receptor
Antagonists of Orjales et al.13

compd R R1 R2 pKi

19a CH3 H H 7.3
19b CH2CH3 H H 7.1
19c (CH2)2CH3 H H 8.0
19d cyclo-C3H5 H H 8.8
19e CH2Ph H H 9.2
19f CH2Ph (5)F H 9.5
19g CH2Ph (5)Cl H 9.5
19h CH2Ph (5)CH3 H 8.8
19i CH2Ph (5)CH3O H 7.2
19j CH2Ph (5)OH H 9.5
19k CH2Ph (6)CH3O H 8.4
19l CH2Ph (6)OH H 9.0
19m CH2Ph (4)CH3O H 6.7
19n CH2Ph (7)CH3O H 9.4
19o CH2Ph (5)CH3 (6)CH3 8.7
19p CH2Ph (5)Cl (6)Cl 8.5
19q H H H 7.5
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based Newton-Raphson and a convergence criteria of 0.01
kcal/mol (energy difference between iterations).
Next each 5-HT3 antagonist (Tables 1-3) was manually

aligned on the d-tubocurarine model. The superimposition
was based on a serotonin-like substructure embedded in
d-tubocurarine. This substructure was selected based on
molecular modeling and overlap of optimized serotonin and
d-tubocurarine structures. The alignment of an AM1-opti-
mized model of serotonin itself with the embedded substruc-
ture of d-tubocurarine can be seen in Figure 3, which also
shows the resemblance between the most active compound in
each of the three sets and the target substructure of d-
tubocurarine.
The aligned conformations were ported from Quanta to

SYBYL for CoMFA analysis. In SYBYL, the molecules were

reoptimized with the TRIPOS force field using the default
conjugate gradient algorithm,50 a convergence criterion in the
energy gradient of 0.001 kcal/(mol Å), and as recommended,
charges were not included in the energy evaluations.43 These
further energy minimizations did not substantially alter the
conformations but did help guarantee that the aligned 5-HT3

ligands are strictly comparable.
We present results corresponding to six separate CoMFA

runs: each antagonist was calculated in its neutral state and
in the protonated state, and charges were computed by three
different methods (see below). In the protonated species the
proton was added to the distal nitrogen of the piperazine ring.
These six protocols were applied to each of the three sets and
to the combined set.
CoMFA Set Up. 1. Alignment of the Molecules. Using

the conformations derived from d-tubocurarine, the individual
5-HT3 antagonists were multifitted together to achieve an
alignment appropriate for CoMFA. Multifitting is an algo-
rithm for flexibly fitting two or more molecules together so
that paired atoms in different molecules are brought as close
together as possible subject to the constraint of keeping the
molecular mechanics energy of the molecules low.51 The
SYBYL multifitting procedure was used without charges and
with a force constant52 of 5 kcal/(mol Å2) between paired atoms.
Atoms selected for multifitting were as follows. In the A

set, we used all nonhydrogenic atoms shown explicitly in 20,
so both the piperazine-containing compounds and the acyclic
thiols, such as 16d, 17d, etc., could be aligned in an analogous
way. In the C set, we used all atoms (except hydrogens) in
the quinoline and piperazine rings. In the O set, we picked
all the atoms (except hydrogens and substituents) in the
benzimidazole and piperazine rings. For the combined set of
47 compounds, we used the six carbon atoms of the phenyl
ring, a nitrogen in the fused aromatic ring, and the five atoms
in the piperazinyl or sulfur-containing side chain. The mul-
tifitting operations in SYBYL were automated with SYBYL
programming language (SPL) scripts. Figure 4 shows a
stereoview of the combined set of 47 molecules in their final
alignment used in CoMFA.
2. Calculation of the Atomic Charges. Partial atomic

charges were calculated using three different methods: (1)
empirical Gasteiger-Hückel, (2) single-point (no further ge-
ometry optimization) semiempirical molecular orbital calcula-

Figure 2. Relaxed stereoview of the conformations of d-tubocurarine obtained from a short molecular dynamics simulation. The
monomethylated nitrogen was treated as protonated. Because hydrogens can be poorly located by X-ray diffraction, these atoms
were added with standard bond lengths and angles using SYBYL. However, the hydrogens are not shown in this figure to make
the framework atoms easier to see. The simulation was done with defaults in SYBYL, i.e., with a step size of 1 fs, at 300 K, and
without charges or solvent. Structures from the trajectory were subjected to 300 steps of default energy minimization. The starting
X-ray structure is in white, and the energy-minimized structures after 3 and 10 ps of dynamics are shown in orange and cyan,
respectively. The dimethylated nitrogen is near the center foreground. The monomethylated nitrogen is at the bottom left of the
figure.

Figure 3. Superposition of d-tubocurarine (black) with 5-HT3

ligands (gray). Upper left: serotonin. Upper right: 16f. Lower
left: 18a. Lower right: 19e. Open circles represent oxygen
atoms, shaded circles are nitrogens, and the rest are carbon
atoms. Hydrogens are omitted for clarity.
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tions with the AM1 model, and (3) single-point AM1 with the
effect of an aqueous environment included through the solva-
tion model 2 (SM2) continuum model.53 With both semiem-
pirical methods, the point charges were those derived from
fitting the electrostatic potential energy surface as generated
in the Spartan molecular modeling program.54 The semiem-
pirical charges, being dependent on molecular geometry, were
calculated on the final structures after the multifitting align-
ment was performed.55 Although atomic partial charges are
not physical observables and electrostatically fit charges have
their inherent uncertainties,56 one would expect “quality” to
increase in the order (1) < (2) < (3).57
3. CoMFA Lattice. Each of the sets of the overlapped

molecules was surrounded by a 3D grid of points (810 for the
A set, 900 for the C set, 800 for the O set, and 1089 for the
combined set) regularly spaced at 2 Å (the default setting in
SYBYL) in the three dimensions extending at least 4 Å beyond
the union volume occupied by the superimposed molecules. The
probe used to compute the CoMFA steric and electrostatic
fields was the default sp3 carbon atom with a +1 charge. The
energies at each grid point were determined with the TRIPOS
force field. Cutoff values for both fields were set to the
default: 30 kcal/mol.
4. Partial-Least-Squares Calculations. PLS58-60 was

performed separately on each of the three sets and on the
combined set. The standard leave-one-out (LOO) cross-valida-
tion technique was applied to obtain the optimum number of
components (ONC). In addition, CoMFA models were com-
puted using the ONC but without cross-validation. Better
results were obtained without scaling the grid point values,
but the results reported in this paper used the standard scaling
option in SYBYL. Column filtering (minimum σ) was used at
the default value of 2 kcal/mol in the cross-validation part.
5. Statistics. As usual, the merit of the CoMFA models

was judged on the basis of the cross-validated rcv2 (also called
q2 by some authors), PRESS (sum of squared deviations
between predicted and actual property values for all N
molecules in each set), and SEE (standard error of estimate).33
6. Biological Activities. Binding constants Ki (in molar

units) were obtained from the literature.13,29,30 The assays
involved measuring displacement of a radioligand from the
5-HT3 receptor. For purposes of the CoMFA analyses, the
bioactivity data were converted to pKi values.

Results

Anzini et al. Set (A Set). The ONC is 5 for all the
six CoMFA models (Table 4) involving set A. The three
models for protonated species (models 1-3) show higher
r2cv values and lower PRESS values than for the neutral

ones (models 4-6). The r2cv values approach 0.8,
whereas Anzini et al.29 for the same set of structures
obtained 0.70-0.72, depending on the coordinate system
of the grid. The improvement in r2cv is presumably due
mainly to better alignment and conformations. In
comparing the columns in Table 4, the method of
computing charge makes little difference with either the
protonated or neutral models. Non-cross-validated
parameters (r2 and SEE) are better for protonated
systems than for neutral ones, but similar within each
group. The main difference between models 1-3 and
models 4-6 (Table 4) is in the relative contribution of
the fields. The CoMFA models for the protonated
species (1-3) show a high contribution (ca. 82%) of the
steric field (SF) compared to the electrostatic field (EF)
(ca. 18%). With the neutral molecules (models 4-6), the
picture is more complex: Gasteiger-Hückel charges
give a much lower contribution from the SF (39%) than
the AM1/SM2 charges (91%).
Castan et al. Set (C Set). None of the CoMFA

models (Table 5) are good: rcv2 is below 0.2 in all six
cases. Neither the type of charges nor the state of
protonation is able to give a good model. The non-cross-
validated r2 is as high as 0.8.
Orjales et al. Set (O Set). The CoMFA models

(Table 6) are not as strong as with the A set, but at least
the rcv2 values for the protonated species (models 1-3)
are above the threshold61 (0.3) for ruling out chance
correlation. There is no pattern of improvement in r2cv
due to the way of calculating charges, and the non-cross-
validated r2 remains almost constant for all six models.
The steric contribution is more important with the
protonated species (models 1-3) than the neutral ones
(models 4-6).
Combined Set. For the set of 47 molecules, the

values of r2cv are quite good, being above 0.6 in all cases
(Table 7). The non-cross-validated r2 is over 0.9 in
several cases. Models 2 and 3 give an ONC of 3. It has
been proposed that one might expect three components
should be enough to explain the results in a respectable
CoMFA study.33 The statistical parameters do not
change much as the complexity in the charge calculation
method increases or in going from protonated to neutral
species. The steric contribution of the CoMFA models
is consistently above 90% for the protonated species and
around 60-65% for the neutral ones.
A plot of predicted (using model 3 of Table 7) vs actual

values of pKi for the 47 compounds is shown in Figure
5. Also plotted is the evolution of PRESS and r2cv values
as the number of extracted components increases. As

Figure 4. Relaxed stereoview of the 47 compounds aligned as used in the CoMFA calculations.
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usual, increasing the number of the components beyond
the minimum necessary to explain the data adds noise
in the models. Table 8 lists pKi values and residuals
for each of the 47 molecules. The mean value for
residuals in Table 8 is 0.38.
An important observation of CoMFA calculations was

made by Tropsha and his student.62 They found that
the CoMFA model and associated statistics for a set of
aligned molecules are sensitive to their orientation with
respect to the Cartesian coordinate system. To deter-
mine the sensitivity for our set of 47 compounds, CoMFA
models were computed for over 100 arbitrary orienta-
tions. The results are shown in Figure 6. The mean

value of rcv2 is 0.701; the median is 0.697; the minimum
is 0.564; the maximum is 0.803. Thus, the value of rcv2
we presented for the initial orientation appears to be
representative of a wider sampling of orientations.

Discussion

To test the robustness of the 47-compound CoMFA
model, we evaluated four arylpiperazine antagonists not
in the training set: quipazine (14), N-methylquipazine
(NMQ, 20), 4-Ph-NMQ (21), and KB-6933 (22). In each
case, the new structure was built on the computer by
modifying a closely related structure in the training set.

Table 4. CoMFA Models Obtained for 24 Compounds in Set A (Anzini et al.29)a

model 1b model 2c model 3d model 4e model 5f model 6g

ONC 5 5 5 5 5 5
r2cv 0.745 0.781 0.771 0.562 0.533 0.614
PRESS 0.664 0.616 0.629 0.870 0.899 0.864
SEE 0.380 0.362 0.356 0.438 0.442 0.383
r2 0.917 0.924 0.927 0.889 0.887 0.924
F (n1 ) 5, n2 ) 18) 39.610 43.836 45.428 28.893 28.260 99.826
P (r2 ) 0, n1 ) 5, n2 ) 18) 0.000 0.000 0.000 0.000 0.000 0.000
SF contribution 83.2% 83.3% 82.0% 39.0% 57.5% 91.2%
EF contribution 16.8% 16.7% 18.0% 61.0% 42.5% 8.8%

a ONC, optimum number of components; PRESS, predictive sum of squares; SEE, standard error of estimate; r2, amount of variance
explained; F, fraction of explained versus unexplained variance; P, the probability that the observed F-ratio will be obtained by chance
alone, if the target and explanatory variables are truly uncorrelated (i.e., P is the probability that the null hypothesis is satisfied); SF,
steric field; EF, electrostatic field. b Protonated structures with Gasteiger-Hückel partial atomic charges. c Protonated structures with
AM1 charges. d Protonated structures with AM1/SM2 charges. e Neutral structures with Gasteiger-Hückel charges. f Neutral structures
with AM1 charges. g Neutral structures with AM1/SM2 charges.

Table 5. CoMFA Models Obtained for 6 Compounds in Set C (Castan et al.30)a

model 1 model 2 model 3 model 4 model 5 model 6

ONC 2 1 1 2 1 1
r2cv 0.137 0.059 0.059 0.180 -0.002 0.007
PRESS 0.871 0.867 0.867 0.849 0.894 0.890
SEE 0.437 0.617 0.617 0.396 0.581 0.580
r2 0.783 0.523 0.523 0.821 0.577 0.579
F (n1 ) 2, n2 ) 10) 18.003 12.047 12.082 23.005 14.998 15.143
P (r2 ) 0, n1 ) 2, n2 ) 10) 0.003 0.005 0.005 0.000 0.003 0.003
SF contribution 94.7% 95.4% 95.1% 59.9% 68.9% 68.1%
EF contribution 5.3% 4.6% 4.9% 40.1% 31.1% 31.9%

a See Table 4 for definition of symbols.

Table 6. CoMFA Models Obtained for 17 Compounds in Set O (Orjales et al.13)a

model 1 model 2 model 3 model 4 model 5 model 6

ONC 5 5 5 5 5 3
r2cv 0.523 0.349 0.368 0.041 0.136 0.103
PRESS 0.786 0.918 0.905 1.114 1.058 0.981
SEE 0.173 0.172 0.172 0.199 0.171 0.284
r2 0.977 0.977 0.977 0.970 0.977 0.926
F (n1 ) 5, n2 )11) 92.462 94.454 94.139 70.021 95.453 54.357
P (r2 ) 0, n1 ) 5, n2 ) 11) 0.000 0.000 0.000 0.000 0.000 0.000
SF contribution 94.3% 91.6% 91.1% 65.5% 66.2% 68.6%
EF contribution 5.7% 8.4% 8.9% 34.5% 33.8% 31.4%

a See Table 4 for definition of symbols.

Table 7. CoMFA Models Obtained for 47 Compounds in the Combined Seta

model 1 model 2 model 3 model 4 model 5 model 6

ONC 5 3 3 5 5 5
r2cv 0.614 0.683 0.690 0.704 0.688 0.686
PRESS 0.864 0.765 0.756 0.756 0.776 0.779
SEE 0.383 0.476 0.476 0.345 0.356 0.356
r2 0.924 0.877 0.877 0.938 0.935 0.935
F (n1 ) 5, n2 ) 41) 99.826 102.414 102.473 125.021 116.995 117.120
P (r2 ) 0, n1 ) 5, n2 ) 41) 0.000 0.000 0.000 0.000 0.000 0.000
SF contribution 91.2% 92.5% 92.0% 60.5% 64.2% 63.3%
EF contribution 8.8% 7.5% 8.0% 39.5% 35.8% 36.7%

a See Table 4 for definition of symbols.
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The new structure was not energy-minimized to avoid
disturbing the alignment with the CoMFA model.
Charges for the new structure were obtained by single-
point AM1/SM2 calculations.

Two experimental pKi values for quipazine (14) have
been reported: 8.9229 and 8.70.31 The value for qui-
pazine predicted by CoMFA model 3 of Table 7 is 7.28,
giving residuals of 1.64 and 1.42, respectively. NMQ
(20) is predicted more accurately with a residual value
of only 0.26 (8.26 predicted vs 8.52 experimentally31).
To make these CoMFA predictions, the structures of 14
and 20 were constructed from 18f by replacing the ethyl
and methyl side chains (a and b in 18) with hydrogens;
in the case of 14, the terminal methyl on the piperazine
ring was also replaced by hydrogen.
To test the dependence of the predictivity on the

number of structural changes, three different starting
structures, 16b,f,j, were chosen for building the 4-Ph-
NMQ molecule (21). In other words, 21 can be con-
structed on the computer by modification of any of these
different structures in the training set. Three different
pKi values are predicted: 8.15, 8.21, and 8.47. These

can be compared to the experimental value of 8.47. The
variability in predictions gives another indication of the
degree of robustness of the CoMFA model. When fewer
structural modifications have to be made to convert a

Figure 5. Upper graph: pKi values calculated with model 3
of Table 7 vs actual values. Lower graph: evolution of PRESS
and r2cv as the number of PLS components increases.

Table 8. Actual and CoMFA-Predicted Affinities (pKi) and
Residuals for Each of the 47 5-HT3 Receptor Antagonists in the
Combined Set

molecule actual predicted residual

16a 7.49 7.39 0.10
16b 7.90 8.12 -0.22
16c 7.28 7.49 -0.21
16d 6.39 5.93 0.46
16e 7.94 7.62 0.32
16f 8.80 8.36 0.44
16g 7.27 7.72 -0.45
16h 5.00 5.56 -0.56
16i 7.91 8.10 -0.19
16j 8.42 8.83 -0.41
16k 7.84 8.19 -0.35
16l 7.34 6.56 0.78
16m 8.27 7.77 0.50
16n 8.46 8.51 -0.05
16o 8.10 7.87 0.23
16p 5.00 5.38 -0.38
17a 6.88 7.33 -0.45
17b 8.02 8.04 -0.02
17c 7.79 7.42 0.37
17d 5.00 5.43 -0.43
17e 7.18 6.72 0.46
17f 7.38 7.44 -0.06
17g 6.65 6.82 -0.17
17h 5.00 4.76 0.24
18a 10.15 9.85 0.30
18b 10.00 9.36 0.64
18c 10.01 10.08 -0.07
18d 9.40 9.87 -0.47
18e 8.50 9.43 -0.93
18f 9.27 9.09 0.18
19a 7.30 7.30 0.00
19b 7.10 7.94 -0.84
19c 8.00 7.56 0.44
19d 8.80 8.15 0.65
19e 9.20 8.98 0.22
19f 9.50 9.08 0.42
19g 9.50 9.05 0.45
19h 8.80 8.62 0.18
19i 7.20 7.86 -0.66
19j 9.50 8.77 0.73
19k 8.40 8.94 -0.54
19l 9.00 8.99 0.01
19m 6.70 7.65 -0.95
19n 9.40 9.10 0.30
19o 8.70 8.64 0.06
19p 8.50 9.13 -0.63
19q 7.50 6.94 0.56

Figure 6. Histogram showing the distribution of rcv2 values
obtained for the 47-compound set in 103 orientations with
respect to the Cartesian coordinate system. The set of aligned
molecules was rotated in 30° increments about the x, y, and z
axes starting from the initial orientation and from an orienta-
tion offset 45° from the initial one. The vertical scale shows
the percentage of the values that fall in each of the intervals
indicated on the horizontal scale. A normal distribution curve
(hashed) is superposed on the data; the gray curve is smoothed
to the data according to the nonparametric density estimation
method in JMP 3.1.5, a statistical analysis program.
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structure in the training set to the structure to be
predicted, better results (lower residual values) are
obtained.
Compound KB-6933 molecule has been reported to be

one of the more potent 5-HT3 receptor antagonists with
a pKi value similar to that of the most potent compound
in the set of 47. Our prediction for KB-6933, which was
built from 19q, is 9.14 vs 10.18 experimentally.26
Overall for the four test compounds not in the training
set, the mean deviation between experimental and
predicted binding affinities is 0.7((0.7) log unit.
The equations produced from a PLS analysis can

contain large numbers of coefficients, so the usual way
to visualize CoMFA results is through contour maps of
the PLS coefficients. These maps show regions where
differences in molecular fields are associated with
differences in biological activity. The maps do not show
what is common to all molecules of a set, and hence one
cannot expect to generate a complete image of the
receptor. Indeed, it is becoming better recognized that
not all ligands, even similar ones, dock at the same spot
in a given receptor.33 The contour plots, however, do
give a direct visual indication of which parts of the
molecules differentiate the activities of the compounds
in the set under study. The plots also offer an inter-

pretation of how to design new molecules which will
have higher binding affinity.
Figure 7 shows the steric (top panel) and electrostatic

(bottom panel) contour maps deduced for the 47 com-
pounds using model 3 (Table 7). The color code is as
follows: the steric features are green (more bulk in-
creases bioactivity) and yellow (bulkier substituents
decrease bioactivity), and the electrostatic features are
red (more negative charge increases bioactivity) and
blue (the same but for positive charge).
A constant feature of all 5-HT3 antagonists is a basic

nitrogen atom. In our set of 47 compounds, there is not
much diversity around the distal piperazine nitrogen
(only hydrogen, methyl, and ethyl are represented). The
contour plots indicate there is steric hindrance near the
equatorial position of the piperazine nitrogen and that
an increase in pKi values can be achieved with more
positive charge in the axial position (as indicated by the
blue cloud in that region). Considering these ideas, we
introduced some modifications on three of the more
active molecules cited above and predicted the qualita-
tive effect on the pKi of these hypothetical structures.
Substitution at the equatorial position on the terminal
piperazine nitrogen of 16e, 18a, and 19e by Me, Et, Pr,
i-Pr, or t-Bu produces, as expected, a decrease in pKi

Figure 7. Relaxed stereoview of the CoMFA contours for the 47 5-HT3 receptor antagonists. The steric field map is shown on the
top panel and electrostatic on the bottom panel. Contouring levels are at the default values of 80% and 20%. To show more
clearly the spatial relationship of the contours, one of the more active compounds in each of the three sets is also displayed: 16f
(orange) from set A, 18a (white) from set C, and 19e (cyan) from set O.
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values, but even with the bulkiest one, the predicted
decrease is not drastic. Substitution at the axial posi-
tion by -CH2-NH2, -CH2-NH3

+, -(CH2)2-NH3
+,

-CH(CH3)NH2, -CH(CH3)NH3
+, -(CH2)3-NH3

+, or
-(CH2)4-NH3

+ increases (improves) the pKi values, and
the charged substituents increase pKi values more than
the neutral ones.
As mentioned, CoMFA is unable to correlate bioac-

tivity with a region where all the compounds have minor
structural variation. A similar problem was reported
by Argarwal et al.62 in their study of 5-HT1A and 5-HT2
ligands. The steric requirements around the basic
nitrogen of 5-HT3 antagonists have not been extensively
studied, at least in terms of published experimental pKi
values. Monge et al.63 studied different substitutions
on this nitrogen in piperazinylquinoxaline derivatives,
and the more potent compounds were those with limited
chain length such as Et or Pr. The work of Anzini et
al.27 showed that a methyl substituent appears to be
optimal for interaction with the 5-HT3 receptor. Hori
et al.26 found a decrease in the activity of benzimidazole
derivatives when Me is replaced by Et, Pr, or CH2Ph.
Turning to the region of the substituents on the

phenyl ring of the benzimidazoles, the electrostatic
contour plot on the set of 47 compounds shows only a
small red region (indicating an increase of bioactivity
should result from extra negative charge) between
positions 4 and 5 of the benzimidazole ring. This region
may explain why 19f (with a fluoro substituent) is more
active than 19i (with OMe), which displays positive
charge through the hydrogens toward the red region,
but does not explain the relative differences in activity
of 19g (with Cl), 19h (with Me), and 19j (with OH).
If there is one part in the molecular structure of the

combined set where the compounds display the most
structural diversity, it is the “top” portion of the het-
eroaromatic ring. As we can see from the contour plots,
this region is rich with CoMFA contours, and some
interesting conclusions can be derived from these. The
steric plot shows two well-defined regions: a green one
close to the -CH2Ph, which is a characteristic substitu-
ent in the O set, and a yellow region close to the fused
heteroaromatic rings characteristic of the A and C sets.
Bioactivity increases with bulkier substituents in the
volume occupied by the -CH2Ph substituent, something
commonly found.13,26-30

The CoMFAmodeling suggests a limitation in the size
of the substituents on the fused aromatic rings. It

seems that the limitation is imposed by set A as it can
be inferred from the yellow cloud enveloping this
aromatic region. The more active compounds in the
combined set are those synthesized by Castan et al.30
The electrostatic field plot presents two types of re-
gions: a red one close to the -CH2Ph substituent and
three blue lobes surrounding the fused rings. We used
the most active compound (18a) to design hypothetical
modifications according to this plot. First, the methyl-
ene of carbon atom b (see structure in Table 2) was
substituted by an oxygen, and the predicted pKi value
decreases slightly (9.67 vs 9.85 for 18a in Table 8).
Substitution of both hydrogens on carbon b by two
chlorine atoms leaves the pKi value essentially un-
changed (9.87 vs 9.85). When only one hydrogen is
substituted by chloro, a chiral center appears. The
S-enantiomer increases the pKi value (10.20 vs 9.85),
whereas the R-enantiomer decreases the value (9.54 vs
9.85) as could be expected. Within the realm of struc-
tures that seemed within the scope of our CoMFA
model, we found no new structures with significantly
better predicted binding affinity than those compounds
already reported in the literature.
Finally, Figure 8 shows the CoMFA contour plot for

model 3 (Table 7) but using 90% and 10% contouring
levels instead of the default 80% and 20%. By compar-
ing Figures 7 and 8, the regions most strongly influenc-
ing the bioactivity can be seen. These influential
regions are localized in the “top” part of the molecular
set.
A thorough investigation of the effect of different ways

of calculating charges in the CoMFA results has been
reported recently for a set of 37 benzodiazepine receptor
ligands.57 Kroemer et al. concluded that a good com-
promise between computational effort and quality of
results can be achieved with electrostatically fit charges
from semiempirical molecular orbital theory. Overall,
our results were not highly sensitive to the method used
to compute charges, perhaps because of the dominance
of the steric field in almost all cases.
In conclusion, a fairly robust CoMFA model has been

obtained for the combined set of 47 arylpiperazines that
bind to the 5-HT3 receptor. On the other hand, poor
models were found for two of the smaller subsets. With
the other subset (set A), we obtain somewhat better
results than previously reported29 perhaps because of
using the d-tubocurarine structure as a template for
conformational alignment. By using a large training

Figure 8. Relaxed stereoview of the CoMFA contours of the steric and electrostatic fields at the 90% and 10% levels.
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set of compounds, our analysis yielded a CoMFA model
with reasonably good demonstrated predictivity. As
additional arylpiperazines with antagonistic 5-HT3 ac-
tivity are reported in the literature, further insights into
the requirements for bioactivity can be obtained.64
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