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08193 Bellaterra, Spain

Received January 3, 2002

A three-dimensional quantitative structure-affinity relationship study (3D-QSAR), using the
comparative molecular field analysis (CoMFA) method, and subsequent computational simula-
tion of ligand recognition have been successfully applied to explain the binding affinities for
the 5-HT4 receptor (5-HT4R) of a series of benzimidazole-4-carboxamides and carboxylates
derivatives 1-24. The Ki values of these compounds are in the range from 0.11 to 10 000 nM.
The derived 3D-QSAR model shows high predictive ability (q2 ) 0.789 and r2 ) 0.997). Steric
(contribution of 43.5%) and electrostatic (50.3%) fields and solvation energy (6.1%) of this novel
class of 5-HT4R antagonists are relevant descriptors for structure-activity relationships.
Computational simulation of the complexes between the benzimidazole-4-carboxamide UCM-
21195 (5) and the carboxylate UCM-26995 (21) and a 3D model of the transmembrane domain
of the 5-HT4R, constructed using the reported crystal structure of rhodopsin, have allowed us
to define the molecular details of the ligand-receptor interaction that includes (i) the ionic
interaction between the NH group of the protonated piperidine of the ligand and the carboxylate
group of Asp3.32, (ii) the hydrogen bond between the carbonyl oxygen of the ligand and the
hydroxyl group of Ser5.43, (iii) the hydrogen bond between the NH group of Asn6.55 and the
aromatic ring of carboxamides or the ether oxygen of carboxylates, (iv) the interaction of the
electron-rich clouds of the aromatic ring of Phe6.51 and the electron-poor hydrogens of the carbon
atoms adjacent to the protonated piperidine nitrogen of the ligand, and (v) the π-σ stacking
interaction between the benzimidazole system of the ligand and the benzene ring of Tyr5.38.
Moreover, the noticeable increase in potency at the 5-HT4R sites, by the introduction of a chloro
or bromo atom at the 6-position of the aromatic ring, is attributed to the additional electrostatic
and van der Waals interaction of the halogen atom in a small cavity located between
transmembrane domains 5 and 6.

Introduction

Since the discovery of the neurotransmitter serotonin
(5-hydroxytryptamine, 5-HT) in 1948, the knowledge
about its role in (patho)physiological processes, both
peripherally and centrally, is steadily growing.1 The
actions of 5-HT are mediated by a number of specific
receptors which have been classified into 7 classes (5-
HT1-7) including 15 different subtypes.2-5 The 5-HT4
receptor (5-HT4R) is a member of the G-protein-coupled
receptor (GPCR) superfamily, and it is positively linked
to adenylyl cyclase in the central nervous system
(CNS).6 The 5-HT4Rs have been found in several animal
and human peripheral tissues, such as the gastrointes-
tinal tract,7-9 the heart,10 and the bladder11 where they
mediate a variety of pharmacological responses. Thus,

in addition to the clinical use of 5-HT4R agonists
(cisapride, renzapride) as prokinetic agents in the
treatment of gastrointestinal motility disorders,12,13 a
number of potential therapeutic indications for antago-
nists of this receptor are currently under investigation,
including irritable bowel syndrome,14-16 arrhythmias,17

and micturition disturbances.18,19 Moreover, the 5-HT4R
facilitates the release of acetylcholine in the CNS, which
suggests that 5-HT4R agonists may have a role in
improving cognitive function.20 In many cases, the
clinical use of currently available drugs acting at the
5-HT4R has been hampered by their lack of selectivity,
and significant efforts have been made toward the
development of potent and selective 5-HT4R antago-
nists,21 such as SDZ205-557, GR113808, SB204070,
and RS39604 (see Figure 1).

In the course of a program aimed at the discovery of
new 5-HT4R agents, we postulated a pharmacophore
model for the recognition of 5-HT4R antagonists.22 This
model consists of an aromatic moiety, a coplanar car-
bonyl group, a protonated nitrogen atom, and a volu-
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minous substituent in the basic amino framework of the
molecule. This pharmacophore model led us to design
a series of new benzimidazole-4-carboxylic acid deriva-
tives, which were characterized as novel potent and
selective 5-HT4R antagonists.23,24 Furthermore, the
amino acid residues of the human 5-HT4R involved in
ligand binding have been identified by site-directed
mutagenesis.25 The structural interpretation of these
experiments, in the context of molecular models of the
transmembrane domain of the receptor constructed from
the crystal structure of rhodopsin (RHO), has recently
permitted us to define the amino acid side chains of the
receptor that interact with the proposed pharmacophore
elements;26 the protonated nitrogen group forms an ionic
interaction with Asp3.32 (nomenclature of Ballesteros
and Weinstein27), the carbonylic oxygen forms a hydro-
gen bond with Ser5.43, the aromatic moiety forms π-σ
aromatic-aromatic interactions with Phe6.52 or Tyr5.38,
and the voluminous substituent extends toward helix
7 of the receptor.

In this work we have synthesized new related ana-
logues28 and carried out both 3D-QSAR studies29 using
the comparative molecular field analysis (CoMFA)30,31

methodology and computational models of the complexes
between these ligands and the transmembrane domain
of the receptor to rationalize the structure-affinity
relationships of benzimidazole derivatives 1-24 acting
at the 5-HT4R.

Materials and Methods

Compounds 1-13 and 20-24 were obtained previ-
ously in our group.24,32 New amides 14-16 were syn-
thesized from benzimidazole-4-carboxylic acids 25-2733

as detailed in Scheme 1. 7-Aminocarboxamides 17-19
were prepared from their corresponding 7-nitro deriva-
tives. Thus, the treatment of 15 or 16 with hydrazine
and Raney nickel yielded 17 and 18, respectively, while
reduction of 16 with hydrazine and palladium on carbon

led to the heterolytic reduction of the C-Br bond to give
19 (Scheme 2). All new compounds (Table 1) were
characterized by IR and 1H and 13C NMR spectroscopy
and gave satisfactory combustion results (C, H, N).

5-HT4 Affinities. Target compounds were assessed
for in vitro affinity at 5-HT4Rs by radioligand binding
assays, using [3H]GR113808 in rat striatum mem-
branes34 (Table 1). In the experimental binding assays,
the compounds were first tested at fixed dose of 10-6

M, and for only those that in the screening process
presented high activity (displacement of the radioligand
g55%), the dose-response curves were determined. The
inhibition constant Ki was defined from the IC50 using
the Cheng-Prusoff equation.35

3D-QSAR/CoMFA Method. The identification of the
bioactive conformation of the compounds under inves-
tigation is a crucial step in CoMFA. The benzimidazole
ring can exist in two different tautomeric forms depend-
ing on whether the N1 (tautomer I) or N3 (tautomer II)
nitrogen of the ring holds the hydrogen (see Figure 2).
Moreover, the carbonyl group at the 4-position of the
benzimidazole ring might adopt two rotamer conforma-
tions: cis (rotamer A) or trans (rotamer B) relative to
the C4-C5 bond of the benzimidazole ring (see Figure
2). Previous studies using NMR and IR techniques and
theoretical calculations have reported structure IA of
carboxamides and structure IIB of carboxylates as the
most stable in solution.32 Structure IA of carboxamides
is stabilized by a hydrogen bond between the N3 atom
of the benzimidazole ring and the NH of the carboxa-
mide group, whereas structure IIB of carboxylates forms
a hydrogen bond between the N3-H moiety of the
benzimidazole ring and the carbonyl of the carboxylate
group. Accordingly, structure IIB of carboxylates con-
tains a buried carbonyl group, in contrast to structure
IA of carboxamides, which possesses a free carbonyl
group that might act as a hydrogen bond acceptor in
the interaction with the receptor. Structure-activity
relationships and mutagenesis experiments suggest that
the carbonyl group is a key pharmacophoric element for
the recognition of 5-HT4 antagonists.22,25,26,32 Thus, we
have considered rotamer A of the carbonyl group as the
bioactive conformation of benzimidazole derivatives
1-24. In consequence, carboxylates must undergo a
conformational change to rotamer A to interact with the
receptor. The energy required for this conformational
change was estimated to be 1.1 kcal mol-1 in solution
for UCM-26995 (21).32

Figure 1. Chemical formulas of 5-HT4R antagonists.

Scheme 1a

a Reagents: (a) CDI, DMF, 40 °C; (b) (1-butyl-4-piperidyl)m-
ethylamine, DBU, DMF, 50 °C.

Scheme 2a

a Reagents: (a) NH2NH2, Raney Ni, EtOH, room temp; (b) (16)
NH2NH2, Pd(C), EtOH, ∆.
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The equilibrium structures of the piperidine-proto-
nated form of derivatives 1-24 were obtained by full
geometry optimization with the AM-1 Hamiltonian
model. The initial conformation of the side chain of
compounds 5, 6, 8-19, 21-24, all of which possess a
methylene unit between the piperidine ring and the
carboxamide or carboxylate moieties, was selected from
the conformation of UCM-21195 (5) or UCM-26995 (21)
in their complex with the transmembrane domain of the
5-HT4R (see below and Results and Discussion). The
initial conformation of the less flexible compounds 1-4,
7, and 20 without this methylene unit was chosen in
such a way that their benzimidazole and piperidine
rings had similar arrangements in space than the

methylene-containing compounds. The entire set of
compounds was oriented in space by superimposing the
heavy atoms of the common and rigid benzimidazole
ring and the piperidine moiety, using UCM-21195 (5)
as the reference compound. The atom-centered atomic
charges used in CoMFA to evaluate the electrostatic
field were computed from the molecular electrostatic
potential36 using the 6-31G* basis set, a common
procedure for simulation of proteins, nucleic acids, and
organic molecules.37 Solvation free energies (∆Gsolv) of
the isolated ligands were calculated with a polarized
continuum model using the 6-31G* basis set. Ki is a
function of both the stabilization of the complex formed
between the ligand molecule and the receptor and the
solvation energy of the ligand. Thus, the QSAR table
for the CoMFA study consisted of the pKi values
(dependent variable) and the steric and electrostatic
fields (independent variables), to mimic the stabilization
energy of the ligand-receptor complex, and ∆Gsolv

(independent variable). The steric and electrostatic
potential fields were calculated at each lattice intersec-
tion of a regularly spaced grid of 2 Å. An sp3 carbon
atom with a van der Waals radius of 1.52 Å carrying a
charge of +1.0 served as a probe atom to calculate steric
and electrostatic fields. The steric and electrostatic
contributions were truncated to (30 kcal mol-1, and the
electrostatic contributions were ignored at lattice in-
tersections with maximal steric interactions. Partial
least-squares (PLS) analysis38-41 was used to derive
linear equations from the resulting matrices. Leave one
out (LOO) cross-validation was employed to select the
number of principal components and to calculate the

Table 1. Experimental and CoMFA-Predicted 5-HT4R Binding Affinities of Benzimidazole Derivatives 1-24

compd R1 R2 R3 X n R Ki ( SEM a (nM) pKi
e (M) pKi

pred e (M)

1 H H H NH 0 Me 719 ( 58 6.14 6.38#

2 H H H NH 0 Et >1000 6.00§ 5.91
3 H H H NH 0 Pr >1000 6.00§ 6.02
4 H H H NH 0 Bu 290 ( 54 6.54§ 6.61
5b H H H NH 1 Bu 13.7 ( 0.9 7.86§ 7.97
6 H H H NH 1 MSAEd 11.4 ( 3.0 7.94§ 7.94
7 Cl H H NH 0 Me 54.0 ( 2.8 7.27§ 7.36
8 Cl H H NH 1 Bu 0.32 ( 0.07 9.49§ 9.32
9 C1 H H NH 1 MSAEd 0.11 ( 0.03 9.96§ 9.99
10 Cl H H NH 1 iBu 0.29 ( 0.04 9.54§ 9.46
11 Cl H H NH 1 pent 0.54 ( 0.10 9.27§ 9.26
12 Cl H CH2Ph NH 1 iBu 69.2 ( 9.3 7.16§ 7.19
13 Cl H Me NH 1 iBu 2.2 ( 0.2 8.66§ 8.66
14 Br H H NH 1 Bu 0.64 ( 0.04 9.19§ 9.17
15 Cl NO2 H NH 1 Bu 44.6 ( 2.0 7.35 7.59#

16 Br NO2 H NH 1 Bu 48.2 ( 6.5 7.32§ 7.32
17 Cl NH2 H NH 1 Bu 22.4 ( 0.6 7.65§ 7.75
18 Br NH2 H NH 1 Bu 27.8 ( 3.3 7.56§ 7.63
19 H NH2 H NH 1 Bu 115 ( 15 6.94§ 6.85
20 H H H O 0 Me >10000 5.00§ 4.91
21c H H H O 1 Bu 24.6 ( 0.5 7.61§ 7.59
22 H H H O 1 MSAEd 26.1 ( 0.0.3 7.58§ 7.59
23 Cl H H O 1 Bu 2.9 ( 0.4 8.54 8.39#

24 Cl H H O 1 MSAEd 2.3 ( 1.1 8.64§ 8.67
a Ki values are mean ( SEM of two to four assays performed in triplicate. Inhibition curves were analyzed by a computer-assisted

curve-fitting program (Prism GraphPad), and Ki values were determined from the Cheng-Prusoff equation. b 5: UCM-21195. c 21: UCM-
26995. d MSAE: [(methylsulfonyl)amino]ethyl. e (§) Compounds of the training set used to develop the CoMFA model. (#) Compounds
used to test the CoMFA model.

Figure 2. Benzimidazole derivatives acting at the 5-HT4R.
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cross-validated statistics. The final CoMFA model was
generated using non-cross-validation and the number
of components suggested by the LOO validation run.
The 3D-QSAR/CoMFA study was carried out with the
QSAR module of the SYBYL 6.5 program,42 using
default parameters. All the quantum mechanical cal-
culations were performed with the Gaussian 98 system
of programs.43

Models of 5-HT4R-Ligand Interaction. The 3D
model of the transmembrane domain of the 5-HT4R was
constructed by computer-aided model building tech-
niques from the transmembrane domain (HELIX an-
notation in the 1F88 PDB file) of the recently reported44

crystal structure of RHO. Conserved residues Asn55

(residue number in the PDB file of RHO) and Asn37

(residue number in the human 5-HT4R sequence) (Asn1.50

in the generalized numbering scheme,27 Asp83 and Asp66

(Asp2.50), Arg135 and Arg118 (Arg3.50), Trp161 and Trp146

(Trp4.50), Pro215 and Pro204 (Pro5.50), Pro267 and Pro274

(Pro6.50), and Pro303 and Pro309 (Pro7.50)) were employed
in the alignment of RHO and human 5-HT4R trans-
membrane sequences. All ionizable residues in the
helices were considered uncharged with the exception
of Asp2.50, Asp3.32, Asp3.49, Arg3.50, and Glu6.30. SCWRL-
2.1 was employed to add the side chains of the non-
conserved residues based on a backbone-dependent
rotamer library.45 A bending angle of 4° 46 has been
incorporated in TMH 3 at position 3.37, facilitating the
experimentally derived interactions between the ligand
and Asp3.32 and Ser5.43, because Thr3.37 adopts the
gauche-conformation during the molecular modeling
procedure. In this conformation, Ser and Thr residues
induce a small bending angle in transmembrane heli-
ces.46 Gauche is the only allowed conformation of Thr3.37

because of the steric clash between the methyl group
and either the carbonyl oxygen of residue i - 3, in trans
or the atoms of Pro4.53 in gauche+. We have recently
provided experimental evidence for this structural dif-
ference of TMH 3 in RHO and the serotonin family of
GPCRs by designing and testing ligands that contain
comparable functional groups but at different inter-
atomic distances.47

The mode of recognition of the ligands was first
determined by ab initio geometry optimization with the
3-21G basis set. The model system consisted of Asp3.32,
Ser5.43, and Asn6.55 (only the CR atom of the backbone is
included) of 5-HT4R and the ligands UCM-21195 (5) and
UCM-26995 (21) (the butyl group attached to the
piperidine nitrogen was replaced by a methyl group).
All free valences were capped with hydrogen atoms. The
CR atoms of the residues were kept fixed at the positions
previously obtained (see above). These optimized, re-
duced models of the ligand-receptor complexes were
used to position UCM-21195 (5) and UCM-26995 (21)
inside the previously obtained transmembrane domain
of the 5-HT4R. Subsequently, the complete system was
energy-minimized.

Quantum mechanical calculations were performed
with the Gaussian 98 system of programs.43 Energy
minimization was run with the Sander module of
AMBER5,48 an all-atom force field,37 and a 13 Å cutoff
for nonbonded interactions. Parameters for UCM-21195
(5) and UCM-26995 (21) were adapted from Cornell et
al.’s force field37 using RESP point charges.49

Results and Discussion

3D-QSAR/CoMFA Model. 3D-QSAR/CoMFA analy-
sis was performed on the benzimidazole-4-carboxamides
and carboxylates 1-24 (see Table 1), characterized as
5-HT4R antagonists. The tautomeric form of the benz-
imidazole ring and the conformation of the carbonyl
group at the 4-position of the benzimidazole ring were
selected from our previous structural analysis32 of the
annular tautomerism in these benzimidazole derivatives
in solution, by using NMR and IR techniques and
theoretical calculations (see Materials and Methods).
The CoMFA model was developed using a training set
of 21 compounds marked with § in Table 1. Randomly
chosen compounds 1, 15, and 23 were not included in
this training set in order to test the derived CoMFA
model predictiveness. Thus, the binding affinities ex-
pressed as pKi (M) toward 5-HT4R of the training set
were related to the independent variables (steric and
electrostatic fields and solvation energies) by the PLS
methodology.38-41

Table 2 shows the statistical properties of the model.
The CoMFA-derived QSAR model shows a high LOO
cross-validated r2 (q2 ) 0.789) and therefore is a useful
tool for predicting the 5-HT4R affinities. In addition,
the model yielded a conventional r2 of 0.997 (eight
principal components). Steric and electrostatic fields and
∆Gsolv contribute 43.5%, 50.3%, and 6.1%, respectively,
to the QSAR equation. As a further test of robustness,
the CoMFA model was applied to the excluded ligands
1, 15, and 23. Clearly the theoretically predicted pKi
values (see # symbol in Table 1) are in agreement with
the experimentally determined values. The quality of
the CoMFA model is also illustrated in Figure 3, which
displays a plot between predicted pKi and observed pKi
(correlation coefficient r2 ) 0.9938) for the whole set
compounds 1-24. The theoretically predicted pKi values
are also listed in Table 1.

Figure 4 illustrates the CoMFA electrostatic and
steric maps using compound UCM-21195 (5) as the
reference structure. Figure 4a shows areas where a high
electron density provided by the ligand increases (red)
or decreases (blue) the binding affinity. In Figure 4b,
green areas depict zones of the space where occupancy

Table 2. Statistical Results of the Generated 5-HT4 CoMFA
Modela

q2 0.789
SEP 0.772
n 8
N 21
r2 0.997
SEE 0.093
F 485.248
p 0.000
contributions
steric, % 43.5
electrostatic, % 50.3
solvation (∆Gsolv), % 6.1

a Statistical properties of PLS model using steric and electro-
static CoMFA fields and ∆Gsolv as independent variables. The LOO
cross-validated r2 value is denoted q2. SEP is the standard error
of prediction. N is the number of principal components used in
the PLS analysis. n is the number of compounds. r2 is the non-
cross-validated value. SEE is the standard error of estimation. F
is the F statistic for the analysis. p is the probability of r2 ) 0,
and contributions give the relative percentage of contribution of
the field or ∆Gsolv.
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by the ligands increases affinity, whereas yellow areas
depict zones where occupancy decreases affinity.

The CoMFA analysis allowed us to rationalize the
observed data of 5-HT4R binding affinities. The elec-
trostatic and steric maps show a high electron density
in the red region and a small favorable (green) area at
the 6-position of the benzimidazole ring. These regions
are indicative of the favorable effect, both electrostatic
and steric, of the introduction of a chloro or bromo atom
at the 6-position of the aromatic ring, which induces a
notable increase in potency at 5-HT4R [Ki(5) ) 13.7 nM

vs Ki(8) ) 0.32 nM vs Ki(14) ) 0.64 nM; Ki(6) ) 11.4
nM vs Ki(9) ) 0.11 nM; Ki(21) ) 24.6 nM vs Ki(23) )
2.9 nM; Ki(22) ) 26.1 nM vs Ki(24) ) 2.3 nM]. It is
important to note that the addition of the chloro atom
does not have the same effect in carboxamides as in
carboxylates. The effect of this addition in the binding
affinity (monitored by the ratio of Ki values) is larger
for carboxamides (42.8 for 5 vs 8; 103.6 for 6 vs 9) than
for carboxylates (8.5 for 21 vs 23; 11.3 for 22 vs 24).
These findings suggest that there might be a small
cavity at the binding site of the 5-HT4R. The orientation
of the chloro atom inside this cavity seems slightly
different for both types of compound and more favorable
for carboxamide derivatives. This different position of
the chloro atom seems to be due to the different mode
of binding of the carboxamide and carboxylate moieties
of the ligands to the side chain of Asn6.55 (see Molecular
Model of the 5-HT4R-Ligand Interaction).

The substituent at the 7-position of the benzimidazole
ring is also critical for ligand binding. The amino or nitro
substitution at the 7-position induces a detrimental
effect on affinity [e.g., Ki(5) ) 13.7 nM vs Ki(19) ) 115
nM; Ki(8) ) 0.32 nM vs Ki(15) ) 44.6 nM vs Ki(17) )
22.4 nM; Ki(14) ) 0.64 nM vs Ki(16) ) 48.2 nM vs Ki-
(18) ) 27.8 nM]. Accordingly, the electrostatic map (see
Figure 4a) shows a blue area in the vicinity of this
position, reflecting that the high electron density pro-
vided by the amino or nitro substituents decreases
binding affinity, and the steric map (see Figure 4b)
displays a yellow (unfavorable) area, which would be
occupied by these substituents.

Similarly, methylation of the 1-N of the benzimidazole
carboxamide 10 produces a reduction on the 5-HT4
affinity [Ki(10) ) 0.29 nM vs Ki(13) ) 2.2 nM]. The
energy cost of desolvating the N1-H ligand (∆Gsolv(10)
) -59.1 kcal/mol) is higher than that of the N1-CH3
ligand (∆Gsolv(13) ) -56.0 kcal/mol). Thus, the ad-
ditional energy penalty of 10 relative to 13, due to
solvation, must be compensated by additional interac-
tions of 10 with the receptor. Thus, it seems reasonable
to propose that the N1-H group of the benzimidazole
ring acts as a hydrogen bond donor in the interaction
with the receptor (see Molecular Model of the 5-HT4R-
Ligand Interaction). Accordingly, the electrostatic map
shows a blue (positive electron density enhances binding
affinity) area at this position of the ring (see Figure 4a).

In regard to the basic amino moiety, the electrostatic
map in Figure 4a shows a region in which positive
charge enhances affinity (blue) near the nitrogen atom.
The steric map illustrated in Figure 4b shows a large
favorable (green) region of the terminus side chain into
which the alkyl group of the (1-alkyl-4-piperidyl)-
methylcarboxamides 5, 6, 8-19 or carboxylates 21-24
fits. The occupation of this area by a bulky group will
have a positive effect on the biological affinity. Further-
more, the presence of at least one methylene unit
between the acyl group and the piperidine ring is
necessary for the binding at 5-HT4 sites. Thus, ana-
logues 1-4, 7, and 20 (no methylene unit) were either
inactive or poorly active in 5-HT4R, and remarkably the
alkyl group in these cases is not accommodated inside
the green area. Also, analogues with a substituent at
the nitrogen atom less voluminous than a butyl group
are devoid of 5-HT4R affinity, except compound 7 (Ki(7)

Figure 3. Plot of the predicted pKi versus the experimental
pKi values for the 5-HT4 CoMFA model (n ) 24, r2 ) 0.9938).
Residuals are shown as error bars.

Figure 4. Electrostatic and steric CoMFA maps showing
contributions to 5-HT4 affinity (plotted as percentage contribu-
tion to the QSAR equation). To visualize the CoMFA steric
and electrostatic fields, contour maps of the product of the
standard deviation associated with the CoMFA column and
coefficient (SD × coeff) at each lattice point were generated.
The color code is as follows. (a) For the electrostatic map, red
denotes regions where positive charge is detrimental to affinity
and blue denotes regions where positive charge enhances the
affinity. (b) For the steric map, yellow denotes regions where
steric bulk is detrimental to affinity and green denotes regions
where steric bulk enhances the affinity. Compound UCM-
21195 (5) is shown for reference.

4810 Journal of Medicinal Chemistry, 2002, Vol. 45, No. 22 López-Rodrı́guez et al.



) 54.0 nM) probably because of the presence of a chloro
atom at the 6-position of the benzimiidazole ring, since
nonsubstituted analogue 1 shows a clear drop in binding
affinity (Ki(1) ) 719 nM). These results are in good
agreement with our pharmacophore model for the
5-HT4R antagonist,22 where both the presence of a
voluminous substituent at the basic nitrogen of the
amino moiety and the distance from this nitrogen to the
aromatic ring are of great importance for high-affinity
binding.

Molecular Model of the 5-HT4R-Ligand Interac-
tion. The ligand binding site of the human 5-HT4R has
structurally been explored by site-directed mutagenesis
experiments.25 This study has revealed that, among
others, Ser5.43-Ala, Phe6.51-Ala, and Phe6.52-Val/Asn6.55-
Leu mutants do not bind the GR113808 antagonist.
Moreover, Asn6.55-Leu mutation reduces the affinity of
GR113808 by a factor of 5.2. It has been suggested26

from these results that GR113808 anchors the 5-HT4R
mainly throughout the ionic interaction with Asp3.32 and
the hydrogen bond with Ser5.43 and Asn6.55.

To identify the arrangement in space of the essential
determinants for recognition of amide UCM-21195 (5)
and ester UCM-26995 (21), we performed ab initio
geometry optimization of the ligands inside the side
chains of Asp3.32, Ser5.43, and Asn6.55. The positions of
the CR atoms of the receptor side chains were kept fixed
at the values obtained in the model of the transmem-
brane domain of the 5-HT4R (see Materials and Methods
for computational details). Figure 5 depicts these energy-
optimized structures. The antagonist-receptor complex
is formed by (i) the ionic interaction between the NH
group of the protonated piperidine and the Oδ atom of
Asp3.32 at the optimized distance between heteroatoms
of 2.55 Å (UCM-21195 (5)) or 2.50 Å (UCM-21195 (21)),
(ii) the hydrogen bond between the carbonyl oxygen of
the ligand and the hydroxyl group of Ser5.43 (2.79 Å for
UCM-21195 (5) and 3.06 Å for UCM-26695 (21)), (iii)
the hydrogen bond between the hydrogens in the amide
group of Asn6.55 and the π electron clouds in the
aromatic ring of the ligand at the optimized distance

between the heteroatom and the centroid of the ring of
3.69 Å (UCM-21195 (5)) or 4.10 Å (UCM-26995 (21))
(Figure 5). This hydrogen bond50 is formed between the
electron-rich π clouds of the aromatic ring of the ligand
and the electron-poor hydrogens of Asn6.55 in a manner
similar to the proposed hydrogen bond between benzene
and water51 and benzene and ammonia.52 Also, the
electronic nature of the ether oxygen of UCM-26995 (21)
facilitates, in contrast to the NH group of UCM-21195
(5), the hydrogen bond with both Asn6.55 (3.25 Å) and
the N3-H group of the benzimidazole ring (Figure 5).
However, this additional hydrogen bond of UCM-26995
(21) with Asn6.55 does not lead to a compound with
higher affinity for the receptor (Ki(5) ) 13.7 nM vs
Ki(21) ) 24.6 nM). This is attributed to the larger energy
penalty of UCM-26995 (21) compared with that of UCM-
21195 (5) (∆Gsolv(21) ) -63.5 kcal/mol vs ∆Gsolv(5) )
-58.7 kcal/mol) to displace the ligand from the extra-
cellular aqueous environment to the binding pocket of
the receptor, and it is attributed to the energy required
to change the conformation of UCM-26995 (21) from the
IIB conformation in free solution to the IIA conforma-
tion in the bound state (see ref 32 and Materials and
Methods).

These optimized reduced models of the ligand-
receptor complex were used to position UCM-21195 (5)
and UCM-26995 (21) inside the transmembrane domain
of the 5-HT4R derived from the recently determined 3D
structure of RHO44 (see Materials and Methods for
computational details). Figure 6 shows the antagonist
binding pocket of the 5-HT4R for both ligands. The
protonated piperidine of both ligands is located between
Asp3.32 and Phe6.51 (Figure 6a shows these interactions
for UCM-21195 (5)). The electron-rich clouds of the
aromatic ring of Phe6.51 interact with the electron-poor
hydrogens of the carbon atoms adjacent to the proto-
nated piperidine nitrogen of the ligand. This type of
C-H‚‚‚π interaction plays a significant role in stabiliz-
ing local 3D structures of proteins.53 It has been shown
that substitution of Phe6.51 by Ala abolishes the binding
of GR113808 to the 5-HT4R.25 The importance of Phe6.51

in the binding of the ligand is also reflected by the fact
that substitution of Asp3.32 by Asn does not decrease
the affinity of piperidine-containing ligands such as
GR113808.25 The Asp3.32-Asn mutation decreases the
binding to the NH moiety of the protonated piperidine,
from an ion pair (Asp3.32) to a charged hydrogen bond
(Asn), but increases the explicit charge in the hydrogens
of the carbon atoms adjacent to the protonated piperi-
dine nitrogen and accordingly the interaction with
Phe6.51.26 The absence of these hydrogen atoms in
serotonin explains why the Asp3.32-Asn mutation has a
significant effect in the binding of serotonin.25 Moreover,
the side chain of Asp3.32 also forms a hydrogen bond with
the neighboring side chain of Thr3.29 (Figure 6a).

On the other hand, the benzimidazole ring of the
UCM-21195 (5) and UCM-26995 (21) is located between
Asn6.55 and Tyr5.38 (see parts b and c of Figure 6). The
Tyr side chain is positioned in a face-to-edge orientation
(T-shaped) to the benzimidazole ring. This type of π-σ
aromatic-aromatic interaction has been described as
a protein structure stabilization.54 Moreover, the N1-H
group of the benzimidazole ring of UCM-21195 (5) is
pointing toward the Oδ atom of Asn5.35 (Figure 6b), and

Figure 5. Ab initio geometry optimization of the antagonist
binding site of the 5-HT4R composed of the side chains of
Asp3.32, Ser5.43, and Asn6.55 (nomenclature of Ballesteros and
Weinstein27): (top) UCM-21195 (5); (bottom) UCM-26995 (21).
Nonpolar hydrogens are not depicted to offer a better view of
the recognition pocket. Figures were created using MolScript,
version 2.1.1,59 and Raster3D, version 2.5.60
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the N1 atom of UCM-26995 (21) is pointing toward the
Nδ atom Asn5.35 (Figure 6c). It is important to note that
the position of this residue in the molecular model of
the 5-HT4R is very arbitrary. We have made the
assumption that TMH 5 extends to position 5.35. This
is based on the observation that TMH 5 prolongs to this
residue in the 3D structure of RHO. However, 5-HT4R
possesses a Pro residue at position 5.37, absent in the
RHO structure. Pro is mostly located in loop regions in
both soluble55 and membrane proteins,56 acting as helix
breaker that might induce the Asn5.35 backbone to adopt
a conformation different from helical. This might locate
the Asn5.35 side chain closer to the ligand binding site
than in the present model or totally away. However, the
fact that methylation of the N1-H moiety of compound
10 results in a reduction of binding affinity suggests a
direct hydrogen bond interaction with the receptor (see
3D-QSAR/CoMFA Model).

The superimposition of the CoMFA electrostatic and
steric plots (see Figure 4) in the modeled 5-HT4R
binding site shows that the green and red areas at the
6-position of the benzimidazole ring, where the Cl/Br
atom are present, are located between TMHs 5 and 6.
Thus, the hydrogen bond of the carbonyl group to Ser5.43

positions the halogen atom between Ala5.39, located four
residues apart from Ser5.43 and thus in the same face of
the helix, and Pro6.59 (see Figure 6d). Analysis of
the conservation pattern at the 5.39 position of all
GPCR sequences denoted as serotonin (88 entries) in
GPCRDB,57 as of November 2001, shows that Ala is only
present in the 5-HT4R, with the exception of the 5-HT5R.
The other serotonin subtypes possess bulkier residues
at this position: 5-HT1 (Thr), 5-HT2 (Val, Met), 5-HT5
(Ala, Thr), 5-HT6 (Val), and 5-HT7 (Thr). Thus, this
small cavity between TMHs 5 and 6 (see Figure 6d) is
only present in the 5-HT4R and in some species of the
5-HT5R. Thus, the higher stabilization in the receptor
binding site of the 6-halogen substituted ligands can be
attributed to the additional electrostatic and van der
Waals interaction of the halogen atom in this pocket
located in transmembrane domains 5 and 6. Surpris-
ingly, the effect of the chloro atom in the binding affinity
is larger for carboxamides than for carboxylates (see 3D-
QSAR/CoMFA Model). The hydrogen bond between the
π electron clouds of the benzimidazole ring of the
carboxamide UCM-21195 (5) and Asn6.55 (see Figure 6b)
optimally places the chloro atom inside the small cavity
between TMHs 5 and 6 (see Figure 6d), whereas the
hydrogen bond between the ether oxygen of the car-
boxylate UCM-26995 (21) and Asn6.55 (see Figure 6c)
places the chloro atom slightly toward TMH 5 (results
not shown). This small change in the orientation of the
chloro atom explains the different effect of 6-halogen
substitution in carboxamides and carboxylates.

Conclusions

3D-QSAR/CoMFA methodology and computational
simulation of ligand recognition have been successfully
applied to explain the 5HT4R binding affinities of a
series of benzimidazole-4-carboxylic acid derivatives of
piperidine 1-24, which represent a class of 5-HT4R
antagonists. Both derived computational models have
facilitated the identification of the structural elements
of the ligands that are key to high 5-HT4R affinity. The

Figure 6. Molecular model of the transmembrane helix
bundle of the 5-HT4R constructed from the 3D crystal structure
of bovine rhodopsin.44 The CR traces of the extracellular part
(top) of TMHs 3 (yellow), 5 (red), and 6 (blue) are shown: (a,
b) UCM-21195 (5); (c) UCM-26995 (21); (d) 8. The 6-Cl
substituted analogue of UCM-21195 is shown in the binding
pocket in a detailed view of the ligand binding site. (a) The
protonated piperidine of the ligand forms an ionic interaction
with Asp3.32 and a C-H‚‚‚π hydrogen bond with Phe6.51. The
side chain of Asp3.32 also forms a hydrogen bond with the
neighboring side chain of Thr3.29. (b, c) The carbonylic oxygen
of the ligand forms a hydrogen bond with the hydroxyl group
of Ser5.43, and the aromatic ring of the ligand forms a hydrogen
bond with the NH group of Asn6.55 and a π-σ stacking
interaction with the benzene ring of Tyr5.38. The ether oxygen
in the carboxylate UCM-26995 (21) forms a hydrogen bond
with Asn6.55. (d) The 6-Cl atom (in white) is placed in a small
cavity between Ala5.39 and Pro6.59. Nonpolar hydrogens are not
depicted to offer a better view of the recognition pocket. Figures
were created using MolScript, version 2.1.1,59 and Raster3D,
version 2.5.60
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most salient features of the electrostatic and steric maps
obtained with the 3D-QSAR/CoMFA methodology are
(i) a region near the protonated nitrogen of the piperi-
dine ring in which positive charge density enhances
binding affinity, (ii) a large favorable region near the
piperidine ring into which voluminous substituents can
be accommodated, (iii) a small favorable area at the
6-position of the benzimidazole ring into which high
electron density substituents such as chloro and bromo
enhance binding affinity, and (iv) unfavorable areas at
the 7- and 1-N positions of the benzimidazole ring. On
the other hand, the computational complexes between
these ligands and the 5-HT4R show the following
interactions: (i) the ionic interaction between the NH
group of the protonated piperidine of the ligand and the
carboxylate group of Asp3.32, (ii) the hydrogen bond
between the carbonyl oxygen of the ligand and the
hydroxyl group of Ser5.43, (iii) the hydrogen bond be-
tween the NH group of Asn6.55 and the aromatic ring of
carboxamides or the ether oxygen of carboxylates, (iv)
the interaction of the electron-rich clouds of the aromatic
ring of Phe6.51 and the electron-poor hydrogens of the
carbon atoms adjacent to the protonated piperidine
nitrogen of the ligand, and finally (v) the π-σ stacking
interaction between the benzimidazole system of the
ligand and the benzene ring of Tyr5.38. These results
provide the tools for predicting the affinity of related
compounds and for guiding the design and synthesis of
new ligands with predetermined affinities and selectiv-
ity. These studies are now in progress, and the results
will be reported in due course.

Experimental Section

Chemistry. Melting points (uncorrected) were determined
on a Gallenkamp electrothermal apparatus. 1H and 13C NMR
spectra were recorded on a Varian VXR-300S or Bruker 300-
AM instrument at 300 and 75 MHz, respectively, on a Bruker
250-AM spectrometer at 250 and 62.5 MHz, respectively, or
on a Bruker 200-AC at 200 and 50 MHz, respectively. Chemi-
cal shifts (δ) are expressed in parts per million relative to
internal tetramethylsilane. Coupling constants (J) are in hertz
(Hz). The following abbreviations are used to describe peak
patterns when appropriate: s (singlet), d (doublet), t (triplet),
m (multiplet), br (broad), ap (apparent). Elemental analyses
(C, H, N) were determined at the UCM’s analysis services, and
the results were within (0.4% of the theoretical values.
Analytical thin-layer chromatography (TLC) was run on Merck
silica gel plates (Kieselgel 60 F-254) with detection by UV light,
iodine, acidic vanillin solution, or 10% phosphomolybdic acid
solution in ethanol. For flash chromatography, Merck silica
gel type 60 (size 230-400 mesh) was used. Unless stated
otherwise, all starting materials and reagents were high-grade
commercial products purchased from Aldrich, Fluka, or Merck.
All solvents were distilled prior to use. Dry DMF was obtained
by stirring with CaH2 followed by distillation under argon.

The benzimidazole-4-carboxylic acids 25-2733 and (1-butyl-
4-piperidyl)methylamine (28)24 were synthesized according to
the literature.

General Procedure for the Synthesis of Benzimida-
zole-4-carboxamides (14-16). To a solution of acids 25-27
(5 mmol) in dry DMF (5 mL) under an argon atmosphere was
added 1,1′-carbonyldiimidazole (CDI, 811 mg, 5 mmol). The
mixture was stirred at 40 °C for 1 h, and then a solution of
1.02 g (6 mmol) of (1-butyl-4-piperidyl)methylamine (28) and
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 761 mg, 5 mmol) in
DMF (10 mL) was added dropwise, and the reaction mixture
was stirred at 50 °C for 20-24 h. The solvent was removed
under reduced pressure, and the crude was taken up in CHCl3

(50 mL) and washed with water (20 mL) and 20% aqueous

K2CO3 (20 mL). The organic layer was dried over Na2SO4 or
MgSO4 and was evaporated to afford the crude product, which
was purified by column chromatography and recrystallization
from the appropriate solvents.

N-[(1-Butyl-4-piperidyl)methyl]-6-bromobenzimidazole-
4-carboxamide (14): yield 35%; chromatography from AcOEt
to AcOEt/EtOH, 4:1; mp 182-184 °C (d) (toluene); 1H NMR
(DMSO-d6) δ 0.89 (t, J ) 7.5, 3H), 1.20-1.44 (m, 6H), 1.58
(m, 1H), 1.72 (d, J ) 12.3, 2H), 1.87 (t, J ) 10.2, 2H), 2.27 (ap
t, J ) 6.6, 2H), 2.89 (d, J ) 11.1, 2H), 3.35 (br t, J ) 6.3, 2H),
7.97 (s, 1H), 8.00 (d, J ) 1.2, 1H), 8.50 (s, 1H), 9.66 (br s, 1H);
13C NMR (DMSO-d6) δ 14.0, 20.2, 28.6, 29.7, 36.0, 44.6, 53.1,
57.9, 114.3, 119.1, 123.0, 124.6, 137.0, 137.9, 144.3, 163.6.
Anal. (C18H25BrN4O) C, H, N.

N-[(1-Butyl-4-piperidyl)methyl]-6-chloro-7-nitrobenz-
imidazole-4-carboxamide (15): yield 84%; chromatography
from CHCl3 to CHCl3/MeOH, 9:1; mp 188-190 °C (d) (AcOEt);
1H NMR (DMSO-d) δ 0.88 (t, J ) 7.1, 3H), 1.18-1.55 (m, 6H),
1.60-1.81 (m, 3H), 2.31 (br t, J ) 12.2, 2H), 2.57 (ap t, J )
7.1, 2H), 3.13 (br d, J ) 12.4, 2H), 3.35 (br t, J ) 5.9, 2H),
7.82 (s, 1H), 8.31 (s, 1H), 9.93 (br s, 1H); 13C NMR (DMSO-d6)
δ 13.8, 19.9, 27.2, 28.4, 35.0, 44.1, 52.3, 56.8, 115.0, 120.4,
122.9, 136.4, 137.9, 141.1, 151.3, 163.4. Anal. (C18H24ClN5O3)
C, H, N.

N-[(1-Butyl-4-piperidyl)methyl]-6-bromo-7-nitrobenz-
imidazole-4-carboxamide (16): yield 95%; chromatography
from CHCl3 to CHCl3/MeOH, 4:1; mp 189-190 °C (d) (AcOEt);
1H NMR (DMSO-d6) δ 0.88 (t, J ) 7.1, 3H), 1.18-1.55 (m, 6H),
1.60-1.81 (m, 3H), 2.30 (br t, J ) 11.7, 2H), 2.56 (ap t, J )
7.6, 2H), 3.12 (br d, J ) 11.7, 2H), 3.34 (br t, J ) 5.9, 2H),
7.96 (s, 1H), 8.28 (s, 1H), 9.86 (br s, 1H); 13C NMR (DMSO-d6)
δ 13.7, 19.8, 27.2, 28.4, 35.0, 44.0, 52.3, 56.8, 102.3, 122.9,
123.1, 136.8, 140.1, 141.0, 150.9, 163.4. Anal. (C18H24BrN5O3)
C, H, N.

General Procedure for the Synthesis of 7-Amino-6-
halobenzimidazole-4-carboxamides (17, 18). To a solution
of 15 or 16 (0.75 mmol) in ethanol (15 mL), Raney nickel and
80% hydrazine hydrate (0.1 mL, 0.002 mmol) were added
dropwise. The reaction mixture was stirred for 15 min and
filtered through Celite. The solvent was removed under
reduced pressure, and the residue was purified by column
chromatography.

N-[(1-Butyl-4-piperidyl)methyl]-7-amino-6-chloroben-
zimidazole-4-carboxamide (17): yield 39%; chromatogra-
phy CHCl3/MeOH/NH3, from 9.5:0.5:0.1 to 9:1:0.1; mp 232-
234 °C (d) (CHCl3); 1H NMR (DMSO-d6) δ 0.89 (t, J ) 7.2,
3H), 1.19-1.46 (m, 6H), 1.55 (m, 1H), 1.70 (br d, J ) 12.3,
2H), 1.89 (br t, J ) 11.4, 2H), 2.28 (ap t, J ) 6.9, 2H), 2.89 (br
d, J ) 10.5, 2H), 3.27 (m, 2H), 6.08 (s, 2H), 7.76 (s, 1H), 8.39
(br s, 1H), 9.57 (br s, 1H), 12.41 (br s, 1H); 13C NMR (DMSO-
d6) δ 13.9, 20.1, 28.5, 29.7, 36.4, 44.3, 53.1, 57.8, 109.2, 111.8,
124.5, 131.8, 134.3, 139.9, 141.7, 164.4. Anal. (C18H26ClN5O)
C, H, N.

N-[(1-Butyl-4-piperidyl)methyl]-7-amino-6-bromoben-
zimidazole-4-carboxamide (18): yield 51%; chromatography
CHCl3/MeOH/NH3, from 9.5:0.5:0.1 to 8:2:0.1; mp 228-230 °C
(d) (CHCl3); 1H NMR (DMSO-d6) δ 0.89 (t, J ) 8.1, 3H), 1.18-
1.47 (m, 6H), 1.55 (m, 1H), 1.70 (br d, J ) 12.3, 2H), 1.88 (br
t, J ) 11.1, 2H), 2.28 (ap t, J ) 7.2, 2H), 2.89 (br d, J ) 11.4,
2H), 3.27 (m, 2H), 6.10 (s, 2H), 7.89 (s, 1H), 8.36 (br s, 1H),
9.54 (br s, 1H), 12.38 (br s, 1H); 13C NMR (DMSO-d6) δ 13.9,
20.2, 28.5, 29.7, 36.1, 44.3, 53.1, 57.8, 98.0, 111.9, 121.4, 127.1,
131.8, 135.2, 141.4, 164.5. Anal. (C18H26BrN5O) C, H, N.

N-[(1-Butyl-4-piperidyl)methyl]-7-aminobenzimidazole-
4-carboxamide (19). A solution of 16 (260 mg, 0.59 mmol)
in ethanol (12 mL) was warmed to 60 °C. Then 10% Pd(C) (72
mg, 0.07 mmol) and 80% hydrazine hydrate (1.65 mL, 0.03
mmol) were added dropwise, and the mixture was refluxed for
30 min. The solvent was removed under reduced pressure, and
the residue was purified by column chromatography (CHCl3/
MeOH/NH3, from 9.5:0.5:0.1 to 8:2:0.1) to yield 175 mg (90%)
of 19: mp 162-164 °C (d); 1H NMR (DMSO-d6) δ 0.90 (t, J )
7.5, 3H), 1.18-1.50 (m, 6H), 1.57 (m, 1H), 1.73 (br d, J ) 12.3,
2H), 2.01 (br t, J ) 11.4, 2H), 2.37 (ap t, J ) 7.2, 2H), 2.97 (br
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d, J ) 11.7, 2H), 3.21 (m, 2H), 5.89 (s, 2H), 6.50 (d, J ) 8.4,
1H), 7.65 (d, J ) 8.1, 1H), 8.36 (s, 1H), 9.64 (br s, 1H), 12.19
(br s, 1H); 13C NMR (DMSO-d6) δ 13.9, 20.0, 27.9, 29.2, 35.8,
43.9, 52.7, 57.4, 104.5, 109.6, 121.7, 124.5, 135.2, 140.4, 165.9.
Anal. (C18H27N5O) C, H, N.

Radioligand Binding Assays at 5-HT4R. Male Sprague-
Dawley rats (Rattus norvegicus albinus), weighing 180-200
g, were killed by decapitation, and the brains were rapidly
removed and dissected. Tissues were stored at -80 °C for
subsequent use and homogenized on a Polytron PT-10 homog-
enizer. Membrane suspensions were centrifuged on a Beckman
J2-HS instrument.

Binding assays were performed according to the procedure
previously described by Grossman et al.34 The striatum was
homogenized in 15 volumes of ice-cold 50 mM HEPES buffer
(pH 7.4 at 4 °C) and centrifuged at 48000g for 10 min. The
pellet was resuspended in 4.5 mL of assay buffer (50 mM
HEPES, pH 7.4 at 4 °C). Fractions of 100 µL of the final
membrane suspension were incubated at 37 °C for 30 min with
0.1 nM [3H]GR113808 (85 Ci/mmol), in the presence or absence
of six concentrations of the competing drug, in a final volume
of 1 mL of assay buffer. Nonspecific binding was determined
with 30 µM 5-HT and represented less than 40% of the total
binding.

Competing drug, nonspecific, total, and radioligand bindings
were defined in triplicate. Incubation was terminated by rapid
vacuum filtration through Whatman GF/B filters presoaked
in 0.05% poly(ethylenimine), using a Brandel cell harvester.
The filters were then washed once with 4 mL of ice-cold 50
mM HEPES, pH 7.4, at 4 °C and dried. The filters were placed
in poly(ethylene) vials to which were added 4 mL of a
scintillation cocktail (Aquasol), and the radioactivity bound to
the filters was measured by liquid scintillation spectrometry.
The data were analyzed by an iterative curve-fitting procedure
(program Prism, Graph Pad), which provided IC50, Ki, and r2

values for test compounds, Ki values being calculated from the
Cheng and Prusoff equation.35 The protein concentrations of
the rat cerebral cortex and the rat striatum were determined
by the method of Lowry,58 using bovine serum albumin as the
standard.

Acknowledgment. This work was supported by the
Ministerio de Ciencia y Tecnologia (Grant BQU2001-
1459), the CICYT (Grant SAF99-073), the DGESIC
(Grant PB97-0282), the Universidad Complutense (Grant
PR486/97-7483), and Fundació La Marató TV (Grant
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