
Bioorganic & Medicinal Chemistry 13 (2005) 5647–5657
Validation of a histamine H3 receptor model through
structure–activity relationships for classical H3 antagonists
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Abstract—Histamine H3 receptor is a G protein-coupled receptor whose activation inhibits the synthesis and release of histamine
and other neurotransmitters from nerve endings and is involved in the modulation of different central nervous system functions.
H3 antagonists have been proposed for their potential usefulness in diseases characterized by impaired neurotransmission and they
have demonstrated beneficial effects on learning and food intake in animal models. In the present work, a 3D model of the rat his-
tamine H3 receptor, built by comparative modeling from the crystallographic coordinates of bovine rhodopsin, is presented with the
discussion of its ability to predict the potency of known and new H3 antagonists. A putative binding site for classical, imidazole-
derived H3 antagonists was identified by molecular docking. Comparison with a known pharmacophore model and the binding
affinity of a new rigid H3 antagonist (compound 1, pKi = 8.02) allowed the characterization of a binding scheme which could also
account for the different affinities observed in a recently reported series of potent H3 antagonists, characterized by a 2-aminobenz-
imidazole moiety. Molecular dynamics simulations were employed to assess the stability and reliability of the proposed binding
mode. Two new conformationally constrained benzimidazole derivatives were prepared and their binding affinity was tested
on rat brain membranes; compound 9, designed to reproduce the conformation of a known potent H3 antagonist, showed higher
potency than compound 8, as expected from the binding scheme hypothesized.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The superfamily of G protein-coupled receptors
(GPCRs) includes a large number of membrane-associ-
ated proteins, involved in the regulation of a variety of
physiological processes. The abundance of these recep-
tors, their ubiquitous distribution, their involvement in
different diseases, and the large number of endogenous
substances and drugs interacting with them have led to
the study of these proteins as traditional targets for
medicinal chemistry research. Recently, the use of
three-dimensional (3D) models of GPCRs, built by com-
parative modeling from the rhodopsin crystallographic
structure, proved to be useful for drug design and struc-
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ture–activity relationship (SAR) investigations. Among
the endogenous substances exerting their effects through
GPCRs, histamine interacts with four types of receptors,
which differ in distribution, pharmacology, and func-
tion. The H1 receptor

1 is a post-synaptic one, principally
involved in allergic reactions; the H2 receptor has post-
synaptic localization and is primarily involved in the
regulation of gastric secretion; the H4 one is mainly
located in cells of immunological relevance, such as T
cells, neutrophils, and monocytes.2,3 The third receptor
subtype (H3) was identified by Arrang et al. in 1983,4

and it is expressed with the highest abundance in the
central nervous system. The H3 receptor has generally
pre-synaptic localization and inhibits the synthesis and
release of histamine5 and other neurotransmitters, like
acetylcholine,6 serotonin,7 noradrenaline,8 and dopa-
mine.9 Its involvement in different brain functions, like
learning processes and regulation of food intake, has
led to the proposal of H3 antagonists for different ther-
apeutic applications,10,11 especially in the treatment of
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Alzheimer�s disease,12 attention deficit hyperactivity
disorder (ADHD),13 epilepsy,14 and obesity.15

The first H3 antagonists maintained the imidazole ring
of the natural agonist, histamine, and were characterized
by the presence of a polar fragment, connected to the
imidazole through an alkyl spacer, and by the presence
of an ending lipophilic group.16 The central polar frag-
ment can be very different, including guanidine, amide,
amine, ether, carbamate, thiourea, or isothiourea
groups,17 or heterocyclic rings, like pyridine,18 oxadia-
zole,19 imidazole,20,21 thiazole,22 and their benzocon-
densed analogs,23,24 but it can also be replaced by
non-polar groups, like in the alkyne derivative ciprali-
sant (GT-2331).25 The polar fragment can be neutral
at physiological pH, as in the reference antagonist thio-
peramide,26 or mainly protonated, as the isothioureic
fragment of the potent antagonist clobenpropit27

(Fig. 1). Compounds having the above-mentioned struc-
tural features will be referred to as �classical� H3 antago-
nists, to differentiate them from H3 antagonists lacking
the imidazole ring, which have been recently de-
scribed.28–33

Several structure–activity relationship studies based on
molecular models of classical H3 antagonists have been
reported, leading to pharmacophore34 or 3D-QSAR35

models. In particular, recent investigations by De Esch
et al. pointed out that thioperamide and clobenpropit
could be mutually superposed following a common
pharmacophore model,36 and that the cyclohexyl substi-
tuent of thioperamide could be replaced by the benzyl
one found in clobenpropit with only a moderate reduc-
tion of receptor affinity.37 The proposed pharmacophore
model suggested the existence of two lipophilic pockets
in the H3 receptor antagonist binding site, and the pos-
sibility that both a neutral and a strongly basic polar
fragment could be accommodated with similar arrange-
ments at the same binding site.34

A series of potent classical H3 antagonists, 2-(imidazo-
lyl-alkyl-amino)-benzimidazole derivatives recently
Figure 1. Classical H3 receptor antagonists and the newly synthesized

compound 1 employed for binding site identification, represented in

the protonation state applied for molecular modeling calculations.
described by our group,38 includes compounds with
subnanomolar binding affinity at rat brain H3 receptors.
This series is characterized by a polar fragment inscribed
into a 2-aminobenzimidazole nucleus, also containing a
lipophilic portion, which has moderate basicity (pKa

around 6.5) and can therefore be regarded as a bridge
structure between neutral and strongly basic polar
groups. SAR investigations on this series led us to
modify the spacer length (two or three methylenes)
and to explore the effect of N-methylation at the 2-
aminobenzimidazole group.39 We observed that com-
pounds with the shorter spacer were less potent and that
the SAR profiles for N-methyl derivatives were opposite
in the two cases (Table 1). These results were hardly
explained by pharmacophore analysis, and they needed
a topographical model of rat H3 receptor to be
rationalized.

The superfamily of GPCRs can be divided into five ma-
jor classes; within each class the sequence homology
among different proteins is generally low, but consider-
able similarity in their tertiary structure is presumed
from topological properties (i.e., hydrophobic and
hydrophilic domains) and from conserved structural
and functional domains, like disulfide bonds or the
E/DRY motif.40,41 Bovine rhodopsin (BR) is the major
representative of class A GPCRs, which also includes
receptors for the biogenic amines like dopamine, seroto-
nin, noradrenaline, and histamine, and it is the only one
whose crystallographic coordinates are available.42 The
building of a reliable receptor model by homology mod-
eling requires high sequence similarity.40 However,
although in the case of GPCRs the similarity is generally
low, the alignment can be based on key features, like
hydrophobicity patterns, structural (disulfide bonds)
and functional (aromatic clusters, E/DRY motif,
NPXXY motif) microdomains. In fact, BR had been
generally employed as a template for homology model-
ing of receptors belonging to this class,43,44 even if atten-
tion should be paid to model validation, assessing its
ability to explain known SAR.45

Many studies have contributed to characterize the
binding site of histamine within the H3 receptor, where
two acidic amino acids proved to be necessary for
agonist binding. One of these is D114 (Asp114, or
D3.32, according to the numbering rules proposed by
Table 1. Binding affinity at rat H3 receptors of 2-aminobenzimidazole

derivatives

Compound R1 R2 n pKi
a

2 H H 2 7.25

3 CH3 H 2 6.26

4 H CH3 2 7.71

5 H H 3 8.90

6 CH3 H 3 8.60

7 H CH3 3 6.83

a From Refs. 38 and 39.



Scheme 1. Reagents and conditions: 2-methyl-2-propanol, reflux, 20 h,

N2 atmosphere.

Scheme 2. Reagents and conditions: (a) DMF, 140 �C, 3 h, N2

atmosphere; (b) 3-methyl-1-butanol, 130 �C, 18 h, N2 atmosphere.
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Ballesteros et al.),40 highly conserved through class A of
GPCRs46,47 and among all aminergic receptors,48 which
is presumed to bind the charged amino group of the nat-
ural ligand.49,50 Mutation of the corresponding D3.32 in
the H1 receptor revealed that this amino acid is essential
for both agonist and antagonist binding.51 Mutagenesis
studies of the amino acids in TM5 of the H3 receptor
have highlighted that a mutation of E206 (Glu206 or
E5.46) to Ala decreased the affinity of histamine and
of the subtype selective agonist R-a-methylhistamine
by more than 2000 times.49 This amino acid is thought
to interact with the imidazole ring of histamine, on the
basis of mutagenesis data of the corresponding amino
acids in the H1

52,53 and H2 receptors.50 Moreover, this
amino acid corresponds to Ser207 of the b2 receptor,
which was found to interact with the catechol ring of
adrenaline.54 Mutagenesis data on the H4 receptor,
which has the highest sequence similarity with the H3

subtype, are in accordance with the essential role of
D3.32 and E5.46 for histamine binding.55 Given the
presence of the imidazole ring in H3 agonists, like hista-
mine, and in the classical H3 antagonists, it is reasonable
to suppose that the binding site of the two kinds of
ligands is common, at least in part.

Sequence alignment and docking of ligands within a 3D
receptor model strongly influence the definition of the
putative binding site and of the binding scheme for li-
gands. A validation of the model, based on SAR consid-
erations and on the design and synthesis of new ligands,
is therefore necessary to afford its usefulness in drug de-
sign. Three models of the H3 receptor have been recently
reported, leading to corresponding hypotheses of inter-
action with two classes of antagonists. The first model,
proposed by Stark et al.,56 analyzed the binding mode
of proxyfan (3-benzyloxypropyl-imidazole) and its
derivatives, having a phenol ether as the so-called polar
fragment; their imidazole ring is hydrogen-bonded to
E206 in TM5, whereas no interaction is reported for
the oxygen atom. The second model, described by Yao
et al.,57 proposed a different binding mode for H3 li-
gands, both agonists and antagonists, with no interac-
tion between histamine imidazole and E206. The third
model reported the binding mode of histamine only,
which interacted with both E206 and D114.49 Although
describing interesting aspects of the binding site shape,
these models did not deeply investigate the role of the
central polar fragment of classical H3 antagonists in
receptor binding.

In this work, we built a 3D model of rat H3 receptor and
we developed a binding scheme for classical H3 antago-
nists, starting from the hypothesis that their imidazole
ring interacts with E206, pointing our attention to the role
of the central polar fragment found in basic (i.e., cloben-
propit) and neutral (i.e., thioperamide) ligands, looking
for a common interaction model. The model thus ob-
tained was employed to rationalize the SARs previously
observed for the aforementioned series of 2-aminobenz-
imidazole derivatives. Moreover, new compounds, en-
dowed with limited conformational flexibility, were
synthesized and tested on rat brainmembranes to validate
some structural requirements of the putative binding site.
2. Chemistry

Newly synthesized compounds, 1, 8, and 9 were pre-
pared following different synthetic routes. According
to Scheme 1, N-benzyl-N 0-cyclohexyl-4-(1H-imidazol-4-
yl)-piperidine-1-carboxamidine (1) was synthesized by
reaction of 4-(1H-imidazol-4-yl)-piperidine (10) with
benzyl-cyclohexyl-carbodiimide (11). 4-(1H-Imidazol-4-
yl)-piperidine was synthesized as described by Wind-
horst et al.58 and benzyl-cyclohexyl-carbodiimide was
prepared following the procedures by Jaszay et al.59

and Liu et al.60 The two 2-aminobenzimidazole deriva-
tives with reduced conformational freedom, 2-[4-(1H-
imidazol-4-yl)-piperidin-1-yl]-1H-benzimidazole (8) and
2-[3-(1H-imidazol-4-ylmethyl)-piperidin-1-yl]-1H-benz-
imidazole (9), were synthesized by the condensation of
2-chlorobenzimidazole with 10 and 3-(1H-imidazol-4-
ylmethyl)-piperidine (12), respectively, as represented
in Scheme 2. The last intermediate, 3-(1H-imidazol-4-
ylmethyl)-piperidine, was prepared following the syn-
thetic route proposed by Vollinga et al.61
3. Pharmacology

H3 receptor affinity of the newly synthesized compounds
was measured by displacement of [3H]-(R)-a-methylhis-
tamine ([3H]RAMHA) bound to rat cerebral cortex syn-
aptosomes. The antagonist activity of the tested
compounds was evaluated on electrically stimulated
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guinea-pig ileum, by inhibition of RAMHA-induced
responses.62
4. Results and discussion

The present work was carried out in different phases.
After the first one, consisting of the building of the rat
H3 receptor 3D model, two different strategies were ap-
plied to assess its ability to reproduce the SARs for H3

antagonists. We first looked for a binding mode that
could be applied to classical H3 antagonists having
strongly basic, neutral, or slightly basic polar groups
and then we validated this binding hypothesis on the ba-
sis of known SARs and with the synthesis of new
compounds.

The rat H3 receptor model was built following standard
comparative modeling procedures, described in Section
5, starting from the three-dimensional structure of bo-
vine rhodopsin and the sequence alignment reported in
Figure 2. During the homology modeling phase, the
most relevant choice was to avoid the modeling of the
long third intracellular loop, keeping the backbone
structure of rhodopsin. The refined model was analyzed
with the program PROCHECK 3.5.463 and resulted
acceptable from a biophysical point of view, with an
overall G-factor of �0.53. The Ramachandran plot
reported in Figure 3 highlights the presence of only four
Figure 2. Sequence alignment between bovine rhodopsin and rat histamine H

and numbering of H3 receptor amino acids in the bottom lines. The putativ
amino acids in the disallowed region: T15 in the amino
terminal portion, R347 in the second intracellular loop,
L432 and H437 in the carboxy terminal portion; these
amino acids are positioned very far away from the puta-
tive binding site of the H3 ligands.

The resulting model reveals a cavity allowing the accom-
modation of the agonist histamine between the charged
carboxyls of E206 and D114, as suggested by sequence
analysis and mutagenesis data (see Section 1). Antago-
nist docking started from the assumption that classical
H3 antagonists would share with the natural agonist
the interaction between their imidazole ring and E206.
This hypothesis is based on the partial structural simi-
larity between histamine and imidazole-containing H3

antagonists (i.e., the imidazole ring, the spacer, and
the basic or polar portion) and on established SAR anal-
ysis.36,64 Clobenpropit and thioperamide (Fig. 1) were
the first two compounds docked within the binding site
cavity. These two compounds were chosen as represen-
tatives of imidazole antagonists having a strongly basic
and a neutral polar group in their side chain, respective-
ly. Explorative runs of molecular dynamics simulations
on the complexes between the receptor and the two
antagonists revealed that, besides E206 and D114, two
tyrosine residues, Y189 belonging to the extracellular
loop 2 and Y374 in TM6, are positioned in proximity
of the ligands and could participate in the interaction
(Figs. 4A and B). Moreover, the two lipophilic groups,
3 receptor. Numbering of rhodopsin residues is reported in the top lines,

e transmembrane domains of the H3 receptor model are shaded.



Figure 3. Ramachandran plot for the H3 receptor model. Amino acids

in the disallowed region: T15, R347, L432, and H437.

S. Lorenzi et al. / Bioorg. Med. Chem. 13 (2005) 5647–5657 5651
the p-Cl-benzyl of clobenpropit and the cyclohexyl one
of thioperamide, could be allocated in two different
pockets, which were named P1 and P2 (Fig. 4). These
pockets are mainly of lipophilic nature; the bigger one,
P1, is deeply inserted between helices 3, 6, and 7 and
Figure 4. Energy-minimized molecular dynamics average structures of thiope

yellow carbons), and VUF5228 (D, violet carbons) within the proposed H3

represented with white carbons. Hydrogen bonds are indicated with red dotte

In (C), a section of the binding site surface colored according to lipophilicit
the p-Cl-benzyl substituent of clobenpropit is surround-
ed by L117, C370, W371, F367, W402, and N404. The
other pocket, P2, is delimited by Y91, W110, H187,
F398, W399, and W402, the last residue being at the
boundary between the two pockets. The existence of a
pocket corresponding to P1 had been proposed by
Yao et al.57 in their model of H3 receptor; although
some amino acids (i.e., C370 and N404) are common
to both models, they inserted the antagonists more deep-
ly within the pocket. A similar binding cavity had also
been described in a recently reported homology model
of the dopamine D2 receptor.

65 The D2 antagonist spip-
erone had been docked with the basic group close to
D3.32 (corresponding to our Asp114) and its phenyl-tri-
azaspiro[4.5]decanone substructure inserted in a region
mainly composed of amino acids belonging to TM 3,
6, and 7, corresponding to many of those defining our
P1 pocket. The role of this region in ligand recognition
is supported by the observed changes in binding affinity
deriving from mutations in adjacent amino acids (N7.43
and D2.50).

The role of the interaction between the imidazole ring
and E206 is challenged by mutagenesis experiments,
indicating that E206A mutation did not significantly
modify the KD value for the radioligand [125I]-iodopr-
oxyfan.49 Iodoproxyfan, 4-[3-(4-iodo-benzyloxy)-pro-
pyl]-1H-imidazole, has only an ether oxygen as the
ramide (A, orange carbons), clobenpropit (B, magenta carbons), 1 (C,

receptor binding site. Amino acids involved in polar interactions are

d lines. Pockets P1 and P2 are indicated by the blue lines in (A) and (B).

y (brown: most lipophilic; blue: most hydrophilic) is also represented.



Figure 5. Root mean square distances (RMSD) calculated for com-

pound 1 and the H3 receptor residues within a sphere of 6 Å around

the ligand, during 1 ns MD simulation, after an equilibration time of

100 ps.
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polar portion, and it is reasonable to suppose that it
would hardly interact with D114 by means of this atom,
possibly leading to a different binding scheme. In fact,
automated docking of iodoproxyfan in our H3 receptor
model gave, besides solutions characterized by the inter-
action of the imidazole with E206, also different solu-
tions, where the imidazole ring interacted with D114
and the lipophilic moiety was deeply inserted within
the P1 pocket.

A superposition of clobenpropit and thioperamide simi-
lar to that resulting from these studies had been previ-
ously suggested on the basis of a pharmacophore
model.34 This had led to the synthesis of a derivative of
clobenpropit with two lipophilic groups at the isothiou-
rea moiety, resulting a potent H3 antagonist
(VUF5228, N-(4-chlorobenzyl)-N-cyclohexyl-S-[3-(4(5)-
imidazolyl)- propyl]isothiourea, pKi = 9.3).34 This com-
pound, having a flexible chain spacer, was docked within
our H3 receptor model and the complex was submitted to
MD simulations, giving a pattern of interactions similar
to those of clobenpropit and thioperamide. The imidaz-
ole ring interacted with E206, while the charged isothiou-
rea was hydrogen-bonded to D114 and Y374; the
p-Cl-benzyl and the cyclohexyl substituents were posi-
tioned within the P1 and P2 pockets, respectively
(Fig. 4D). As no conformationally constrained com-
pounds directly deriving from the superposition of clo-
benpropit and thioperamide have been described, we
prepared compound 1, in which the rigid imidazolyl-pi-
peridine scaffold of thioperamide carries a basic guani-
dine group, substituted by a cyclohexyl and a benzyl
group attached to different nitrogens (Fig. 1). This com-
pound revealed a good affinity for rat H3 receptors
(pKi = 8.02, Table 2), and the limited pKi reduction, with
respect to clobenpropit and thioperamide (pKi = 9.3266

and 8.59,67 respectively) led us to the conclusion that
the binding site could actually accommodate two bulky
lipophilic substituents linked to the central basic polar
group in the conformation supposed by the pharmaco-
phore model described by De Esch et al. and confirmed
by our conformationally constrained derivative.

Compound 1 was docked within the H3 receptor model;
the position of the ligand and the whole pattern of inter-
actions were maintained during 1 ns MD simulation
performed on the complex (Fig. 5). The interaction of
1 with the H3 receptor consisted of a hydrogen bond be-
tween the imidazole ring and the carboxyl group of E206
Table 2. H3 receptor affinity and antagonist potency of newly

synthesized compounds

Compound pKi
a,b pKb

b,c

1 8.02 ± 0.12 8.83 ± 0.12

8 7.13 ± 0.09 8.22 ± 0.09

9 7.81 ± 0.02 8.53 ± 0.12

a Inhibition of [3H]RAMHA-specific binding to rat cerebral cortex

membranes.
bMeans ± SEM of four independent determinations.
c Antagonism of RAMHA-induced inhibition of twitch response of

guinea-pig isolated ileum. pKb values were obtained according to

Furchgott�s method.73
and of two additional hydrogen bonds taken by the gua-
nidine group with D114 and Y374 (Fig. 4C). In its cat-
ionic state, the guanidinium fragment acted as a
hydrogen bond donor toward the oxygen of Y374. Even
if electron delocalization reduces the ability of phenolic
oxygens to receive hydrogen bonds, the occurrence of
this kind of interaction is supported by some cases ob-
served in the PDB68 (PDB IDs: 1KZJ, 1MCH, 1N1M,
1HSB). It is also worth noting that Y374 is conserved
among the histamine receptors and it is spatially close
to W371, the tryptophan residue supposed to be in-
volved in receptor activation;40,41 this interaction could
therefore be critical for the antagonist behavior of these
ligands. In analogy with the results obtained for cloben-
propit and thioperamide, the tyrosine residue Y189 re-
mains close to the ligand without interacting with it,
but forming a hydrogen bond with the other tyrosine
Y374. As expected from the superposition of clobenpro-
pit and thioperamide, the two lipophilic groups (i.e., the
benzyl and the cyclohexyl ones) occupied the two pock-
ets P1 and P2, respectively. Compound 1 was also
docked within the H3 receptor by means of an automatic
docking procedure, looking for possible alternative dis-
positions. Among the solutions with high estimated
binding energy, three main clusters were obtained, in
which the imidazole ring, besides the accommodation
in proximity of E206, was positioned in the two pockets
P1 and P2. These alternative solutions resulted not sta-
ble when submitted to geometry optimization and MD
simulations, loosing some of their polar interactions.

After the identification of the aforementioned binding
site, several classic H3 antagonists were successfully
docked and submitted to MD simulations (e.g., ciprali-
sant and derivatives, ciproxifan, and imoproxifan) giv-
ing solutions consistent with the proposed binding
scheme (data not shown). The ability of this model to
reproduce SARs was deeply investigated considering a
series of potent H3 antagonists having a flexible chain
and a 2-aminobenzimidazole moiety.38,39 An interesting
SAR profile had been previously reported for these com-
pounds (see Section 1 and Table 1): while for derivatives
with shorter chain (2–4) the methylation of the exocyclic
nitrogen led to a decrease in affinity and the methylation
of the endocyclic one to an increase in potency, the
opposite was observed for compounds with longer chain



Figure 7. Newly synthesized H3 antagonists, 8 and 9, with limited

conformational freedom.
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(5–7), which showed the highest potency for the parent
(5) and the 2-N-methylamino derivative (6). Docking
and MD simulations provided an interpretation of these
SARs. The two parent compounds 2 and 5 were docked
into the binding site, arranging the imidazole ring be-
tween E206 and Y189, and the 2-aminobenzimidazole
group close to D114 and Y374. The two complexes were
submitted to MD simulations and the energy-minimized
average structures obtained from 30 representative
snapshots of MD trajectory are represented in Figure
6A. The imidazole rings interact not only with the car-
boxyl group of E206 but also with the hydroxyl function
of Y189. This interaction pattern is comparable to that
found for the imidazole ring in the crystal structure of
histamine bound to female-specific histamine binding
protein (PDB ID: 1QFT).69 On the basis of the analysis
of the structure of bovine rhodopsin bound to retinal
and of mutagenesis data from aminergic receptors, a
role of EL2 in the definition of the binding site of amin-
ergic receptors has been recognized. In particular, the
amino acids immediately following the conserved cys-
teine residue in EL2 (i.e., Y189 in the H3 receptor) were
defined as potentially able to face the binding site.70

However, the supposed role of these amino acids in H3

antagonist binding is far from being demonstrated. In
fact, no experimental data have been reported about its
importance in antagonist binding, and thioperamide
binds with comparable potencies to H3 and H4 receptor,
where Y189 is replaced by a glutamic acid.71 These obser-
vations, and the fact that a direct interaction was only
observed in the MD runs for 2-aminobenzimidazole
derivatives, do not support a crucial role for this residue.

While the imidazole rings of the two compounds main-
tained the original polar interactions, the benzimidazole
moieties showed different arrangements, influenced by
the different length of the polymethylene chain. In fact,
the more potent compound 5 was able to interact with
both D114, through its endocyclic NH, and Y374,
accepting a hydrogen bond through the other benzimid-
azole nitrogen; on the contrary, the shorter compound 2
gave a different arrangement, placing its benzimidazole
nucleus into the lipophilic pocket P1. This resulted in
worse polar interactions, as illustrated by the sum of
the distances between the four couples of atoms in-
volved in polar interactions: 10.93 ± 0.27 Å for com-
pound 5 and 13.16 ± 0.86 Å for compound 2,
evidencing both a longer mean value and wider
oscillations for compound 2; this could be related to
Figure 6. Energy-minimized molecular dynamics average structures of compo

and 6 (B, magenta and yellow carbons, respectively), and compounds 8 and 9

site. Amino acids involved in polar interactions are represented with white c
the different affinity of the two compounds. Docking
and MD simulations on the methylated derivatives gave
results consistent with the data reported in Table 1. In
fact, while for the longer compounds only methylation
of the exocyclic nitrogen was allowed to preserve polar
interactions, N-methylation of the benzimidazole in
the shorter series led to a better steric arrangement
which, in the absence of strong polar interactions, could
be responsible for the small increase of affinity observed
for compound 4 over 2 (Fig. 6B).

To further evaluate the stability of the ligand–receptor
interactions, MD simulations were performed for the
complexes between the H3 receptor and compounds 1,
2, and 5 with mobile protein backbone, applying only
constraints necessary to maintain the starting tertiary
structure of the protein. No relevant differences from
the previously described ligand–receptor interactions
were observed, except for the slightly greater mobility
of the ligands. In particular, the sum of the distances
between interacting groups increased more for the less
potent compound, 2 (16.54 ± 0.88 Å), than for the
more potent one, 5 (11.21 ± 0.37 Å).

To finally validate our model, we prepared two new
benzimidazole derivatives with limited conformational
freedom. We observed that the conformation of the
three-methylene chain in the putative active form of 5
(Fig. 6A) resembled the shape of a piperidine ring.
The imidazole ring and the attached methylene group
occupied the space of a 3-equatorial substituent on this
hypothetical ring. Compounds 8 and 9 (Fig. 7) were
therefore synthesized and tested, having predicted a bet-
ter fit of the H3 receptor binding site for 9. As expected,
the second compound showed higher affinity than the
first (8: pKi = 7.13, (±)9: pKi = 7.81), even if it was less
unds 2 and 5 (A, violet and green carbons, respectively), compounds 4

(C, green and orange carbons, respectively) in the H3 receptor binding

arbons. Hydrogen bonds are indicated with red dotted lines.
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potent than the corresponding open compound 6
(pKi = 8.6.0). The pharmacological characterization of
the newly synthesized compounds 1, 8, and 9 is reported
in detail in Table 2. The limited, but significant drop of
pKi could be due to the fact that the racemate of 9 was
tested, or to an unfavorable steric effect of the piperidine
ring, but it is our opinion that only qualitative, yet use-
ful, indications can be expected from approximate mod-
els like the one presented here. Docking and MD
simulations revealed that 9 was able to undertake the
same pattern of interactions as the other 2-aminobenz-
imidazole derivatives and also 8 could be accommodat-
ed in the binding site in a good arrangement (Fig. 6C);
however, the mean value of the distances describing po-
lar interactions with the amino acids of the binding site
was lower for compound 9, in accordance with its higher
experimental affinity. No quantitative structure–activity
relationship was sought for the distances between inter-
acting groups and the potency of the compounds,
because of the approximations in model building and
the low number of degrees of freedom.

Two models of the rat H3 receptor have previously been
published, in which H3 receptor antagonists had been
docked.Theposition of our putative binding site is similar
to that presented in the work by Stark et al.,56 but the
interaction between the imidazole ring and the receptor
is quite different. In that model the imidazole ring inter-
acts with two acidic residues (E206 and E191), while in
the present model it interacts with an acidic amino acid
and a tyrosine residue. In our model, D114 interacts with
the polar portion of all the H3 antagonists under investi-
gation; in the model proposed by Stark et al. the bulky
cyclohexyl ring of thioperamide prevents the interaction
between D114 and its thiourea group. In the second H3

receptor model, reported by Yao et al.,57 both agonists
and antagonists have been placed within the P1 pocket,
in an arrangement completely different from that pro-
posed here.

In conclusion, a model of the H3 receptor is presented,
with its validation through the analysis of SARs for clas-
sical H3 antagonists and the synthesis of new com-
pounds. The ability of this model to explain and
predict structure–activity profiles for a series of classical
H3 antagonists resulted satisfactory on a qualitative
scale; the high flexibility of the model implies that differ-
ent solutions can be found, and the consideration of
average conformations from stabilized MD simulation
helps in the evaluation of new ligand structures.
5. Experimental

5.1. Chemistry

5.1.1. General methods. Melting points of intermediates
and final compounds were not corrected, and were
determined with a Büchi instrument (Tottoli) and with
Gallenkamp melting point apparatus. The final com-
pounds were analyzed for C, H, and N: the percentages
we found were within ±0.4 of the theoretical values. 1H
NMR spectra were recorded on a Bruker 300
spectro-meter (at 300.13 MHz); chemical shifts (d scale)
are reported in parts per million (ppm) relative to the
central peak of the solvent. 1H NMR spectra are report-
ed in order: multiplicity and number of protons. Abbre-
viations are the following: Im, imidazolyl; Bz,
benzimidazolyl; Pip, piperidyl. Mass spectra were
recorded using a Finnigan MAT SSQ 710 instrument.
Reactions were monitored by TLC, on Kieselgel 60 F
254 (DC-Alufolien, Merck). Final compounds and inter-
mediates were purified by chromatography on prepara-
tive Gilson MPLC, using a SiO2 column (MN-Kiesegel
25–40 lm Macherey-Nagel). Abbreviations for solvents
are the following: Et2O, diethyl ether; DCM, dichloro-
methane; EtOH, ethanol; DMF, dimethyl formamide.

5.1.2. N-Benzyl-N 0-cyclohexyl-4-(1H-imidazol-4-yl)-pi-
peridine-1-carboxamidine dioxalate (1 Æ 2C2H2O4). A
solution of 1.05 mmol (0.24 g) of benzyl-cyclohexyl-car-
bodiimide (11) and 1.25 mmol (0.19 g) of 4-(1H-imi-
dazol-4-yl)-piperidine (10) in 1 ml of 2-methyl-2-
propanol was heated at reflux temperature for 20 h under
nitrogen atmosphere. The solvent was evaporated under
reduced pressure and the crude product was purified by
column chromatography [SiO2 methanol (NH3 5%
w/w)]. The free basewas treatedwith a saturated ethanolic
solution of oxalic acid to yield 0.40 mmol (0.22 g, 38%) of
dioxalate of 1, after crystallization from EtOH abs/Et2O.
Mp 197–198 �C dec.

1H NMR (DMSO-d6): d 1.00–1.27 ppm (m, 5H), 1.52–
1.75 (m, 7H), 2.00 (d, 2H), 2.91 (s, 1H), 3.16–3.24 (t,
3H), 3.68 (d, 2H), 4.41 (d, 2H, CH2), 7.07 (s, 1H, Im-
5-H), 7.29–7.43 (m, 5H, Benzyl), 7.57 (d, 1H), 8.16 (s,
1H, Im-2-H). MS (CI) 366 [M+1]+. Anal. (C22H31N5 Æ
2C2H2O4 Æ 1/2 H2O) C, H, N.

5.1.3. 2-[4-(1H-Imidazol-4-yl)-piperidin-1-yl]-1H-benz-
imidazole dihydrochloride (8 Æ 2HCl). A solution contain-
ing 2.98 mmol (0.45 g) of 4-(1H-imidazol-4-yl)-
piperidine (10) and 1.97 mmol (0.30 g) of 2-chlorobenz-
imidazole in 3 ml ofDMFwasheated at 140 �Cfor 3 hun-
der nitrogen atmosphere. The reaction mixture was then
treated with aqueous sodium carbonate and extracted
with ethyl acetate. The organic layer was dried over sodi-
um sulfate and evaporated under reduced pressure. The
crude product was purified by column chromatography
(SiO2 dichloromethane/methanol (NH3 5% w/w)/metha-
nol 100:2:8).

The free base was treated with EtOH saturated with HCl
to yield 0.58 mmol (0.20 g, 29%) dihydrochloride of 8,
after crystallization from EtOH abs/Et2O. Mp 260 �C
dec.

1H NMR (DMSO-d6) d 1.68–1.81 (m, 2H, Pip), 2.10 (d,
2H, Pip), 3.12 (t, 1H, Pip), 3.42 (t, 2H, Pip), 4.32 (d, 2H,
Pip), 7.24–7.27 (m, 2H, Bz), 7.36–7.40 (m, 2H, Bz), 7.48
(s, 1H, Im-5-H), 8.77 (s, 1H, Im-2-H). MS (CI) 268
[M+1]+. Anal. (C15H17N5 Æ 2HCl Æ H2O) C, H, N.

5.1.4. 2-[3-(1H-Imidazol-4-ylmethyl)-piperidin-1-yl]-1H-
benzimidazole dihydrochloride (9 Æ 2HCl). A mixture con-
taining 1.53 mmol (0.50 g) of 3-(1H-imidazol-4-ylmeth-
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yl)-piperidine (12) and 0.77 mmol (0.12 g) of 2-chloro-
benzimidazole was added to 5 ml of 3-methyl-1-butanol
and heated at 130 �C for 18 h under nitrogen atmo-
sphere. The reaction mixture was then treated with
diethyl ether and the resulting precipitate was filtered
off and purified by column chromatography (SiO2

dichloromethane/methanol (NH3 5% w/w) 20:1).

The free base was treated with EtOH saturated with HCl
yielding 0.45 mmol (0.16 g, 60%) dihydrochloride of 9,
after crystallization from EtOH abs/Et2O. Mp 188–
190 �C.

1H NMR (DMSO-d6) d 1.25–1.3 (m, 1H, Pip), 1.52-1.57
(m, 1H, Pip), 1.72–1.83 (m, 2H, Pip), 2.00 (s, 1H, Pip),
2.59–2.76 (m, 2H, Pip), 3.08 (t, 1H, Pip), 3.27 (t, 1H,
Pip), 3.81 (d, 2H, CH2), 7.23–7.26 (m, 2H, Ph), 7.34–7.36
(m, 2H, Ph + Im-5-H), 8.80 (s, 1H, Im-2-H). MS (CI) 282
[M+1]+. Anal. (C16H19N5 Æ 2HCl Æ EtOH) C, H, N.

5.2. Pharmacology

5.2.1. Binding assays. Rat (Wistar) cerebral cortex mem-
branes were incubated for 30 min with [3H]RAMHA
0.5 nM and the compounds were studied (1 nM–10
lM), in Tris–HCl 50 mM, pH 7.4, NaCl 50 mM, EDTA
0.5 mMand rapidly filtered under vacuum (AAWPMilli-
pore filters 0.8 lm). Specific binding was defined as the
binding inhibited by thioperamide 10 lM, and the pKi

values were calculated from the IC50 values estimated in
displacement curves of the compounds tested versus
0.5 nM [3H]RAMHA according to Cheng–Prusoff�s
equation.72

5.2.2. Functional assays. Portions of guinea-pig ileum
were mounted on a coaxial platinum electrode assembly
in a 10 ml water-jacketed organ bath containing Krebs–
Henseleit solution aerated with 95% O2–5% CO2 and
maintained at 37 �C. Single electrical pulses were deliv-
ered to the tissue (0.1 Hz, 1 ms, 20–40 mA) from a stim-
ulator (LACE Elettronica Model ES-3, Ospedaletto PI,
Italy). Cumulative concentration–response curves for
the inhibition of electrically stimulated contractions
were determined for the H3 selective agonist RAMHA
(1 nM–1 lM). The tissues were allowed to equilibrate
with the compounds under study (1 nM–10 lM) for
30 min before the generation of concentration–response
curves to the agonist. pKb values (�apparent pA2�) were
determined according to Furchgott�s equation.73

5.3. Model building and molecular modeling

The initial alignment between the amino acid sequences
of bovine rhodopsin (BR) (Swiss-Prot ID P02699) and
rat histamine H3 receptor (Swiss-Prot ID Q9QYN8)
was performed using the program ClustalW,74 with
PAM25075 scoring matrix, opening gap penalty of 10,
end gap penalty of 10, extending gap penalty of 0.05,
and separation gap penalty of 0.05. The alignment was
inspected and modified in the region of the second extra-
cellular loop to allow the formation of a disulfide bond
between the two cysteines C107 in TM3 and C188 in
EL2. The final alignment is reported in Figure 2.
The high-resolution crystallographic coordinates of BR
(PDB ID 1U19)42 were taken from the RCSB Protein
Data Bank.68 Employing the Biopolymer module of Syb-
yl 6.8 software,76 the amino acids in the transmembrane
(TM) regions of BR were mutated to those of the rat H3

receptor, and the loop regions were inserted by the Pro-
tein Loop Search procedure. The long third intracellular
loop of the H3 receptor was not modeled; the backbone
of BR loop was maintained, replacing the amino acid
side chains with those of the corresponding amino acids
in the H3 receptor. The model of the H3 receptor was
submitted to geometry optimization with the MMFF94s
force field77 implemented in Sybyl, with a dielectric con-
stant of 1 and a non-bonded cutoff of 8 Å, applying a
stepwise procedure. Initially, the backbone of the TMs
was kept fixed, while the backbone of other regions
and all the side chains were submitted to 20,000 steps
of energy minimization employing the Powell method.78

Distance constraints were then introduced between the
backbone atoms of the TMs involved in hydrogen
bonds, and the whole structure was energy minimized
for three runs of 20,000 steps each, gradually reducing
the force constant of the constraints (100, 50, and
25 kcal/(mol Å2), respectively). In a fourth run, the con-
straints were removed and the receptor was fully mini-
mized to a gradient of 0.02 kcal/(mol Å).

Ligand structures were built by the standard sketch op-
tions of Sybyl and they were submitted to geometry
optimization with MMFF94s force field to a gradient
of 0.01 kcal/(mol Å) before the docking procedure. Clo-
benpropit, VUF5228, and compound 1 were considered
protonated at the isothiourea or guanidine group. Li-
gands were merged into the putative binding site, allow-
ing the imidazole ring to interact with E206 and the
polar group with D114. The Ns–H tautomer of the neu-
tral imidazole ring was considered for all ligands, being
the one able to interact with the carboxyl function of
E206. The ligand accommodation was refined by 100
steps of the Dock Minimize procedure in Sybyl with
the MMFF94s force field; the geometry of the ligand–re-
ceptor complexes was then optimized to a gradient of
0.05 kcal/(mol Å), keeping the position of the protein
backbone atoms fixed.

Besides the interactive docking procedure, the program
AutoDock 3.0.579 was employed to dock the antagonist
1 into the receptor binding site, starting from a mini-
mum energy conformation placed in an arbitrary orien-
tation. A grid of 80 · 80 · 80 points with 0.375 Å of
spacing interval, centered on the carboxyl carbon of
D114 was chosen, and docking solutions were searched
applying a genetic algorithm–local search procedure,
with standard parameters.80 The 100 solutions obtained
were ranked and clustered on the basis of their estimated
binding energy, as calculated by AutoDock.

Molecular dynamics simulations were performed with
Macromodel 8.0,81 employing the MMFF94 force field
with a time step of 1.5 fs, a dielectric constant of 1
and a non-bonded cutoff of 8 Å, keeping fixed the posi-
tion of the backbone atoms. Starting from minimum
energy conformations of the receptor-ligand complexes,
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the temperature was gradually raised to 310 K during an
equilibration period of 100 ps and it was maintained for
1 ns, collecting 200 snapshots every 5 ps. The average
structures obtained from 30 representative snapshots
of MD trajectory were energy minimized with the
MMFF94s force field to a gradient of 0.05 kcal/(mol Å),
with fixed protein backbone.

For the complexes between the H3 receptor and com-
pounds 1, 2, and 5 MD simulations were also performed
with mobile protein backbone atoms. Distance con-
straints were applied between the backbone N and O
atoms of TM regions involved in hydrogen bonds, with
a force constant of 500 kJ/(mol Å2) and a tolerance of
0.3 Å to keep the a-helix secondary structure, and a po-
sition constraint was introduced for all the backbone
atoms, with a low force constant of 50 kJ/(mol Å2) and
a tolerance of 1.0 Å.

During MD simulations, at each snapshot, the sum of
four distances between interacting groups of the H3

receptor and the ligand was monitored: (1) the distance
between the carboxyl oxygen of E206 and Ns of the
imidazole ring; (2) the distance between the oxygen of
Y189 and Np of the imidazole ring; (3) the distance be-
tween the carboxyl oxygen of D114 and the endocyclic
NH of the benzimidazole ring; and (4) the distance be-
tween the oxygen of Y374 and the N atom of the benz-
imidazole ring.
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