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BACKGROUND AND PURPOSE

Despite growing evidence that inhibition of 0.6B2-containing (0:632*) nicotinic acetylcholine receptors (nAChRs) may

be beneficial for the therapy of tobacco addiction, the lack of good sources of 0.6B2*-nAChRs has delayed the discovery of
a6P2-selective antagonists. Our aim was to generate a cell line stably expressing functional nAChRs with a6B2 properties, to
enable pharmacological characterization and the identification of novel a6B2-selective antagonists.

EXPERIMENTAL APPROACH

Different combinations of the a6, 2, B3, chimeric a6/3 and mutant B3Y?”3% subunits were transfected in human embryonic
kidney cells and tested for activity in a fluorescent imaging plate reader assay. The pharmacology of rat immune-immobilized
06B2*-nAChRs was determined with '?l-epibatidine binding.

KEY RESULTS

Functional channels were detected after co-transfection of w6/3, p2 and p3Y?73% subunits, while all other subunit combinations
failed to produce agonist-induced responses. Stably expressed 0.6/33233"273-nAChR pharmacology was unique, and clearly
distinct from 04p2-, a3p4-, a.7- and o1p18e-nAChRs. Antagonist potencies in inhibiting 06/33233"23-nAChRs was similar

to their binding affinity for rat native a632*-nAChRs. Agonist affinities for a682*-nAChRs was higher than their potency in
activating a.6/3B2B3Y#35-nAChRs, but their relative activities were equivalent. Focussed set screening at a.6/3B233"#735-nAChRs,
followed by cross-screening with the other nAChRs, led to the identification of novel a6B2-selective antagonists.

CONCLUSIONS AND IMPLICATIONS

We generated a mammalian cell line stably expressing nAChRs, with pharmacological properties similar to native
06B2*-nAChRs, and used it to identify novel non-peptide, low molecular weight, a6p32-selective antagonists. We also propose
a pharmacophore model of a6B2 antagonists, which offers a starting point for the development of new smoking cessation
agents.

Abbreviations
5-1-A-85380, 3-[(25)-2-azetidinylmethoxy]-5-iodopyridine dihydrochloride; A-85380, 3-[(2S)-2-azetidinylmethoxy]-
pyridine; ABT-418, 3-methyl-5-[(2S)-1-methyl-2-pyrrolidinyl]isoxazole hydrochloride; compound A, N-(1-
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azabicyclo[2.2.2]oct-3-y1)(5-(2-pyridyl)thiophene-2-carboxamide); DHBE, dihydro-B-erythroidine; FLIPR, fluorescent
imaging plate reader; GH4C1, rat pituitary tumour-derived; GTS-21, 3-(2,4)-dimethoxybenzylidene anabaseine
dihydrochloride; HEK, human embryonic kidney; M2, second transmembrane domain; MG-624, N,N,N-triethyl-2-
[4-(2-phenylethenyl)phenoxy]ethanaminium iodide; MLA, methyllycaconitine; nAc, nucleus accumbens; nAChR,
nicotinic acetylcholine receptor; NS-1738, N-(5-chloro-2-hydroxyphenyl)-N'-[2-chloro-5-(trifluorom ethyl)phenyl]urea;
RJR-2403, (E)-N-methyl-4-(3-pyridinyl)-3-buten-1-amine oxalate; sazetidine A, 6-[5-[(2S)-2-azetidinylmethoxy]-3-
pyridinyl]-5-hexyn-1-ol dihydrochloride; TC-2216, 5(R)- or 5(S)-7-(3-pyridinyl)-1,7-diazaspiro[4.4]nonane; TC-2559,
4-(5-ethoxy-3-pyridinyl)-N-methyl-(3E)-3-buten-1-amine difumarate; TC-5619, N-[(2S,3R)- or N-[2R,3S)-2-(pyridin-3-
ylmethyl)-1-azabicyclo[2.2.2]octan-3-yl]-1-benzofuran-2-carboxamide; 0.6B2*-nAChRs, nicotinic acetylcholine receptors

containing the 06 and 2 subunit

Introduction

After the first nicotinic acetylcholine receptor (nAChR) was
isolated from muscular tissue and fish electric organ
(Changeux et al., 1969; 1970), 11 nAChR subunits have been
cloned from the mammalian nervous system (the 02-0.7, 09,
010 and B2-B4 subunits), which can assemble to form a
variety of ligand-gated pentameric ion channels permeable to
Ca?', Na* and K* ions (Itier and Bertrand, 2001). Three major
subtypes of neuronal nAChRs have been extensively
described: the a4p2*- and o7-nAChRs, expressed predomi-
nantly in the central nervous system (CNS), and the a334*-
nAChRs, abundant in the peripheral nervous system (for
nomenclature, see Lukas et al., 1999; Alexander et al., 2009).
These receptors have different pharmacological characteris-
tics and are involved in a multiplicity of distinct pathologies
(Lena and Changeux, 1998; Lindstrom, 2003; Gotti et al.,
2006Db).

In the last decade, another subtype of neuronal nAChRs
has been attracting the attention of the scientific community:
the a6p2*-nAChR nicotinic acetylcholine receptors contain-
ing both the o6 and the B2 subunits (a6B2*-nAChRs) are
selectively distributed in a few CNS areas, namely the dopam-
inergic mesostriatal pathway and the retina, the optic nerve
and its visual afferents (Champtiaux et al., 2002; Zoli et al.,
2002; Moretti et al., 2004; Gotti et al., 2005; 2010; Cox et al.,
2008). Much evidence has been collected on the functions of
06B2*-nAChRs on dopaminergic neurons, indicating that
they mediate ACh-elicited currents in the somato-dendritic
compartment (Klink et al., 2001; Champtiaux et al., 2003)
and nicotine-induced dopamine release at the terminal level
(Klink et al., 2001; Champtiaux et al., 2003; Salminen et al.,
2004; Grady etal., 2007). The dopaminergic system has a
ventral component, comprising cell bodies in the ventral
tegmental area and terminals in the nucleus accumbens (nAc)
and tuberculum olfactorium, and a dorsal component, com-
prising cell bodies in the substantia nigra and terminals in the
caudate putamen. Notably, different studies suggest that
06B2*-nAChRs preferentially modulate the ventral over the
dorsal dopaminergic pathway and therefore dominate
control of dopaminergic neurotransmission in the nAc
(Drenan et al., 2008; Exley et al., 2008), a main neurochemi-
cal target of addictive drugs (Di Chiara, 2000; Wise, 2002).
Indeed, some recent papers have started to elucidate the
functional role of 06B2*-nAChRs in vivo showing their
involvement in mediating the effects of systemic nicotine in
dopamine release, locomotion and reinforcement (Drenan
et al., 2008; Pons et al., 2008; Brunzell et al., 2010; Gotti et al.,
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2010). This suggests that a.6B2*-selective antagonists able to
cross the blood-brain barrier would be promising drugs to
affect nicotine addictive properties and therefore for the
therapy of tobacco dependence, with higher selectivity for
the dopaminergic system and potentially fewer side effects
than other therapeutic approaches (Gotti et al., 2010).
Immunoprecipitation and immunopurification tech-
niques coupled with cell-specific lesions have revealed that
06B2*-nAChR in the mesostriatal system are heterogeneous
in terms of subunit composition, with a6B2p33 receptors pre-
dominant in ventral striatum and a6043283 receptors domi-
nating in the dorsal striatum and in the midbrain (Gotti et al.,
2010). It is generally accepted that heteropentameric recep-
tors have two binding sites per receptor molecule, located at
the interface between an o and a $ subunit, and that func-
tional receptors comprise two o subunits, carrying the prin-
cipal component of the ACh binding site, two B subunits,
carrying the complementary component of the ACh binding
site and a fifth subunit, which does not participate in ACh
binding. Assuming that the B3 subunit, which is thought to
lack the principal and complementary components of the
binding site (Groot-Kormelink et al., 1998), is in the fifth
position, it may be argued that native 063233 receptors have
two a6B2 binding interfaces and pure o6 pharmacological
properties, whereas a.60:4p233 receptors have an a6p2 and an
04B2 binding interface and mixed a6 and o4 pharmacologi-
cal properties. A source providing a good quantity of an
isolated population of functional, pure o6 receptors (that is,
06B2B3 receptors) would be the optimal reagent for primary
screening aimed at identifying 06B2 selective ligands.
Despite the cDNA sequence of the human a6 subunit
being first described in 1996 (Elliott et al., 1996), there have
been no reports, to date, of the functional expression of
human a6B2B3- or 060:4p2B3-nAChRs in mammalian expres-
sion systems. The first attempts to obtain the expression of
functional nAChRs containing the o6 subunit were made in
Xenopus laevis oocytes. Although co-expression of the o6
subunit with the B4 subunit formed functional channels,
co-expression of the a6p2 and 06B2B3 subunit combinations
either failed to form functional receptors, or was inefficient
and yielded channels with very poor responses (Gerzanich
etal., 1997; Kuryatov et al., 2000; Broadbent et al., 2006).
More promising results were obtained with the construction
of chimeric subunits having the extracellular domain (where
the principal component of ACh binding site is located) of
the o6 subunit, and the transmembrane and intracellular
domains of the a3 and the a4 subunit (06/3 and o6/4 chi-
meric subunits respectively; Kuryatov et al., 2000; Dowell



et al.,, 2003; Papke et al., 2008). Co-expression of chimeric
06/3 and 0.6/4 subunit with the B2, or the with the B2 and (33
subunit gave functional receptors potently inhibited by
o-conotoxin MII, a high affinity antagonist of native a632*-
nAChRs (Mogg et al., 2002), suggesting that the 06 properties
of the principal component of the ACh binding site are con-
served in these chimeras. However, the oocyte expression
system does not provide a cellular reagent suitable for con-
tinuous passage and is not considered a good source for
isolated population of receptors for a functional assay, which
is required to identify and develop ligands with selective
06B2 properties.

Functional co-expression of avian or rat o6 with B2 sub-
units in mammalian cell lines has been reported but had a
very low efficiency and/or resulted in very low ACh-activated
currents (Fucile et al., 1998; Walsh et al., 2008). In addition,
co-expression of the human chimeric 06/4 subunit with the
B2 subunit in human embryonic kidney (HEK) cells did not
result in functional receptors (Evans et al., 2003), whereas
co-expression of the rat or human o6/3 subunit with the 2
and B3 subunits in mammalian cell lines has never been
reported. Interestingly, the co-expression of a human B3
subunit with a valine-serine mutation in position 9” of the
second, pore-lining transmembrane domain (M2; the B3V¥"*
subunit) resulted in a gain of function when co-expressed
with a variety of nAChR subunit combinations in oocytes,
including the a6p2B3 subunit combination (Broadbent et al.,
2006). However, co-expression of the a6B233'** combina-
tion in mammalian cell lines has not previously been
reported. It is noteworthy that Tumkosit et al., 2006 gener-
ated a6B2- and o06B2B3-HEK cell lines expressing mature
receptors in the cell membrane, which bind cholinergic
ligands and are sensitive to nicotine-induced up-regulation;
at present, however, there is no report describing functional
nAChR activity with these cell lines.

Here we show the generation of a HEK cell line stably
co-expressing functional human o6/3p233V?7* yielded recep-
tors with pharmacological properties similar to rat native
06B2*-nAChRs. Primary screening of focussed compound
sets, followed by selectivity comparison of activity against
other nAChR subtypes, led to the identification of selective,
non-peptide, low molecular weight a6B2*-nAchR antago-
nists. Superimposition of three of these molecules provides
the generation of the first pharmacophore model of a6p2
antagonists.

Methods

Cell lines

Wild-type HEK293 and HEK293T cell lines were obtained
from the American Type Culture Collection (CRL-1573 and
CRL-11268, respectively). Stable cell lines co-expressing the
human nAChR subunits a3 and B4 (a34-nAChRs) and the
human nAChR subunits o1, 1, § and & (¢1f18e-nAChRs)
were obtained from Millipore Corporation (Catalogue
Numbers: CYL3057 and CYL3052, respectively).

Animals
All animal care and experimental procedures were in accor-
dance with Italian national legislation and the European
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Communities Council Directive of 24 November 1986 (86/
609/EEC). Adult male pathogen-free Sprague Dawley rats (8
weeks old, weight 250-300 g; Charles River) were used.

nACHhR subunit cDNA, o6/3 subunit chimera
and B3Y?7% subunit mutant

Human nAChR 06, 2 and 3 subunit cDNAs were amplified
from human brain marathon Ready cDNA template (Clon-
tech, Mountain View, CA, USA) using pfu turbo DNA poly-
merase (Agilent Technologies, Cedar Creek, TX, USA). Primers
were derived from published sequences of human o6 (NCBI
Reference Sequence: NM_004198), B2 (NM_000748) and B3
(NM_000749) subunits. These subunit cDNAs were subcloned
into expression vector pcDNA3.2 (Invitrogen, Carlsbad, CA,
USA). The human nAChR o3 subunit cDNA used as a tem-
plate for chimeric receptor generation (NM_000743) was
obtained from Millipore Corporation. nAChR B3Y?”* mutant
was constructed by QuikChange Site-Directed Mutagenesis
kit (Agilent Technologies). The primer sequences used were:

Forward-ATCCACATCGGTCTTGTCTTCTCTGACAGTTTTCC
Reverse-GGAAAACTGTCAGAGAAGACAAGACCGATGTGGAT.

A chimeric 06/3 cDNA, encoding a protein of 504 amino
acids, in which amino acids 1-237 corresponded to amino
acids 1-237 of the N-terminus of a6 (NP_004189, where the
unprocessed methionine is amino acid 1) and amino acids
238-504 corresponded to amino acids 239 to 505 of the
C-terminus of o3 subunit (NP_000734, again where the
unprocessed methionine is amino acid 1), was constructed by
In-Fusion technology (Clontech). Essentially, PCR primers
were designed to amplify each segment and contain 15 bp
overlap with the adjacent segment. The two DNA segments
were joined to the vector pcDNA3.2, linearized by restriction
enzymes Notl and Ascl, by the In-Fusion enzyme.

All constructs were sequence confirmed using Big Dye
Terminator V1.1 Cycle Sequencing kit and ABI 370XL auto-
mated sequencer (Applied Biosystems, Foster City, CA, USA).
Sequence analysis was performed with Lasergene (DNA Star,
Madison, WI, USA) software program.

Transient transfection and stable cell

line generation

Cells were grown in DMEM HAMS F12 medium supple-
mented with 10% foetal bovine serum and 4 mM glutamine
(Invitrogen) at 37°C unless otherwise stated. Transfections
were carried out with combinations of nicotinic receptor
subunits at equimolar ratios using Lipofectamine 2000 (Invit-
rogen) according to manufacturer’s instructions.

Following overnight incubation, the transfected HEK293T
cells were plated into 384 well assay plates at 30 000 per well
in the presence of 10 mM sodium butyrate and incubated for
4 h at 37°C, followed by 24 h at 30°C before being assayed.

For stable cell line generation, expression vectors for
human a:6/3, p3** and B2 nAChR subunits were transfected
into HEK293 cells using Lipofectamine 2000 and the cells
were split to 35 mm Petri dishes after overnight incubation.
48 h after transfection, medium was replaced to contain
800 ug-mL™ geneticin, 200 ug'mL™ hygromycin B and
1 ug-mL™" of puromycin. Following 14 days antibiotic selec-

British Journal of Pharmacology (2011) 163 313-329 315



AM Capelli et al.

tion, the resulting stably transfected population was single
cell dilution cloned in 96 well plates to obtain individual
colonies. Clonal cell lines were expanded from wells contain-
ing single colonies in the continued presence of selection
antibiotics. A clonal cell line which gave robust Ca* influx
responses to both nicotine (80 uM) and epibatidine (200 nM)
addition in a fluorescent imaging plate reader (FLIPR) Ca*-
imaging assay was identified for further characterization and
cryopreserved at 1.4 x 107 cells-mL™" in 10% DMSO and 90%
dialysed foetal bovine serum.

Stable cell lines co-expressing the human nAChR subunits
o4 and B2 (NCBI Reference Sequence: o4 NM_000744 and 2
NM_000748) were generated by electroporation of HEK293
cells with pCINS-04 plasmid vector and subsequent lipo-
fectamine transfection of pCIH1-B2 plasmid vector, which
carry G418 and hygromycin resistance markers, respectively
(Rhodes et al., 1998), selection in 400 ug-mL™" geneticin G418
and 100 ug-mL™ hygromycin-B followed by single cell dilu-
tion cloning. A clonal cell line that gave functional expres-
sion of 042 nAChRs was selected following characterization
in a FLIPR-Ca*" imaging assay.

Generation of rat pituitary tumour-derived (GH4C1) cells
expressing human 07-nAChRs (Capelli et al., 2010) was per-
formed as described for the generation of the GH4Cl1 cells
expressing rat a7-nAChRs (Virginio et al., 2002). Raw data
representative of the functional activity of this cell line are
shown as supplementary information (Figure S1).

FLIPR assay

a6/3B2B3V73-nAChRs. Frozen a6/3p2B3V**-HEK293 cells
were thawed 48 h before an experiment, centrifuged, resus-
pended in DMEM HAMS F12 growth medium supplemented
with 10% foetal bovine serum and 1% non-essential amino
acid solution (Invitrogen) at a density of 6 x 10° cells-mL™
and plated in coated clear bottom black 384 wells plates
(Greiner) at 30 000 cells per well. Cells were then incubated
at 37°C, 5% CO, for 24 h and at 30°C, 5% CO, for 24 h. On
the day of the experiment, cells were washed twice with
Universal Buffer (145 mM NaCl, 5 mM KCIl, 1 mM MgCl,,
2 mM CaCl,, 20 mM HEPES, 5.5 mM glucose, pH = 7.3) con-
taining 0.5 mM probenecid and the intracellular Ca** content
measured using the Ca* chelating dye FLUO-4-AM (Invitro-
gen) in conjunction with a FLIPR (Molecular Devices, Sunny-
vale, CA, USA). Briefly, the cell permeant dye Fluo-4 was
prepared to a concentration of 1 mM in 100% DMSO and
10% Pluronic F127. The dye was then diluted with buffer
to a final concentration of 2 uM and placed on the cells.
After 45-60 min dye loading incubation at 37°C, the
un-incorporated dye was removed from the cells by washing
(80 uL, 3 times) with buffer, and a final volume of 30 uL per
well of buffer was left in each well. The plates were then
placed in the FLIPR, and fluorescence (excitation 488 nm,
emission 510-580 nm) measured starting from 30 s before
drug addition and monitored for 10 min.

In order to discriminate the agonist/partial agonist and
antagonist/desensitizing activity of compounds in the same
experiment, a FLIPR dual addition protocol was established.
In the first addition, 10 uL. compound solution was added to
the plate, in order to detect compound ability to activate the
channel; the second addition occurred after 10 min and con-
sisted in adding, to the same plate, 10 uL of the standard
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agonist solution, at a final concentration giving 80% of
maximal effect (ECg), in order to determine compound
capability to prevent agonist activation. In the case of
06/3B2B3V?7*5-HEK293 cell assay, the standard agonist solu-
tion was 200 nM nicotine. Maximum fluorescence values
were recorded after the first and second addition and fitted
for activation and inhibition concentration response curves
respectively.

Focussed sets of compounds were initially tested for their
inhibitory/desensitizing activity at a6/3p233"%"* receptors at
a single concentration (single shot screening), in a FLIPR
single addition protocol. Briefly, the compound was added to
the cells offline, the plate incubated for 10 min and then
placed in the FLIPR; 200 nM nicotine was then added to the
cells and the fluorescence measured. After prioritization of
positive hits, selected compounds were tested as a range of
concentrations in the FLIPR dual addition protocol as
explained above, that is with fluorescence measured both
after the compound addition (first addition) and the follow-
ing nicotine addition (second addition), to obtain a complete
agonist and antagonist/desensitizing concentration response
curve respectively.

0432-, a3p4-, alB1de- and o7-nAChRs. a4p2-HEK293, a3p4-
HEK293, a7-GH4C1 and alf18e-HEK293 cell line FLIPR
assays were performed with approximately the same proce-
dure of the 06/3p2B3V?7*-HEK293 cell line FLIPR assay, with
very slight modifications. 04B2-HEK293 cell plates, differ-
ently from 06/3B2p3"?7*-HEK293 cell plates, were kept at
30°C, 5% CO, for 48 h; incubation at 30°C was not performed
for 034-HEK293 and o1B18e-HEK293 cells. a7-GH4C1 cells
were grown in Ham’s F10 medium (Invitrogen) supple-
mented with 15% heat inactivated horse serum, 2.5% fetal
bovine serum and 1 mM glutamine. Standard agonist solu-
tion was 100 nM epibatidine for 04f2-HEK293 and o3fp4-
HEK293, 10uM nicotine for o7-GH4C1 and 100 uM
succinylcholine for o1318e-HEK293 (final concentration).

Binding to immuno-immobilized rat

native a6£2*-nAChRs

Antibodies were produced and characterized as described
by Moretti efal. (2010). For preparation of immuno-
immobilized native receptors, rats were killed by decapita-
tion, the brain quickly removed from the skull, the superior
colliculus dissected and 2% Triton X-100 extracts prepared as
reported previously (Gotti et al., 2005).

The affinity-purified anti-o6 antibodies were bound to
microwells (MaxiShorp; Nalge Nunc International, Naper-
ville, IL, USA) by incubating overnight at 4°C at a concentra-
tion of 10 pg-mL™" in 50 mM phosphate buffer, pH 7.5. On
the following day, the wells were washed to remove the
excess of unbound antibodies and then incubated overnight
at 4°C with 200 uL of 2% Triton X-100 superior colliculus
membrane extracts.

The receptors immobilized by the corresponding subunit-
specific antibodies were incubated overnight at 4°C with
200 uL.  of '*l-epibatidine 0.1 nM (specific activity
2200 Ci-mmol™ Perkin-Elmer) for inhibition experiments
and at concentrations ranging from 0.005 to 1 nM for satu-
ration experiments. All of the incubations were performed in



a buffer containing 50 mM Tris-HCI, pH 7, 150 mM NaCl,
S mM KCI, 1 mM MgCl,, 2.5 mM CaCl,, 2 mg-mL™" bovine
serum albumin, and 0.05% Tween 20. Specific ligand binding
was defined as total binding minus the binding in the pres-
ence of 100 nM cold epibatidine.

After incubation, the wells were washed seven times with
ice-cold phosphate buffer solution containing 0.05% Tween
20, and the bound radioactivity recovered by incubation with
200 pL of 2N NaOH for 2 h. The bound radioactivity was then
determined by means of liquid scintillation counting in a
gamma counter.

Data analysis

Data analysis from FLIPR experiments was performed with
ActivityBase software (IDBS, Guildford, UK). Non-linear curve
fitting of the agonist/partial agonist concentration response
curves (first addition) led to the evaluation of the maximal
effect (Enax) and the concentration giving 50% of maximum
effect (ECso). The En.x was expressed as percentage of the
maximal activation given by nicotine in the same experiment
(Emax%). The intrinsic activity (IA) was defined as the ratio
between the En.x of the compound of interest and the Ep.x of
nicotine. Non-linear curve fitting of the inhibition concen-
tration response curves (second addition) lead to the estima-
tion of the concentration giving 50% of maximum inhibition
(ICso).

The experimental data obtained from the binding experi-
ments performed using antibody-bound receptors were
analysed by means of a non-linear least square procedure
using the LIGAND program as described by Munson and
Rodbard (1980). The radioligand dissociation constant (Kp)
value and the unlabelled compounds inhibition constant (K;)
values were obtained by simultaneously fitting the results of
3-4 independent experiments. The selection of the best fit
(i.e. one-site vs. two-site model) and the evaluation of the
statistical significance of the parameters were based on the
F-test for the ‘extra sum of square’ principle. A P-value of
<0.05 was considered statistically significant.

Data are expressed as mean * SEM of n experiments,
unless otherwise indicated.

Computational work

Nicotinic set generation. Nicotinic ligands were selected from
the AurSCOPE Ion Channels databases (Aureus Sciences,
Paris, France) using a query in the Biology field (ephys) with
target name defined as ‘nicotinic acetylcholine receptor - all
subtypes’ and parameter ‘ECs, OR ICso OR K; OR K;, OR K, OR
K.pp (any unit, no range)’. Then, all the compounds and their
biological data matching the criteria above were exported in
SMILES format (Daylight) and pruned using filters developed
in GlaxoSmithKline (GSK) for the removal of reactive and
undesirable molecules, as well as of those characterized by
non appropriate physico-chemical properties for a CNS drug
assessed with the use of a statistical model developed within
GSK (Aureus_nicotinic_training_set).

Structure and pXCsy data of the compounds tested in
house in the nicotinic assay panel were exported from GSK
repositories. Potency and efficacy cut-offs were applied as
follows: pECsy = 6 AND Enax = 20% for agonists; pECsy = 6
AND En.c = 50% for positive modulators; pICsy, = 6 for

Stable expression of human a6B2-nAChRs

antagonists, except for ol antagonists where 5.5 = pICso = 6
was used. All the compounds and their biological data
matching the criteria above were exported and then pruned
with the same CNS and structural filters used to filter the
derivatives extracted from the Aureus repository. The GSK
derivatives selected were then clustered with a standard
complete-link clustering. Representatives covering all the
clusters were chosen (in_house_nicotinic_representative_set).

The in_house_nicotinic_representative_set and the
Aureus_nicotinic_training_set derivatives were described with
reduced graph (Gillet ef al., 2003; Harper et al., 2004), topo-
logical pharmacophore (Schneider et al., 1999) and Daylight
fingerprints descriptors. Then, their similarity with respect to
in house repository compounds described in the same way
was calculated with the use of a tool developed in house.
Three similarity searching methods were used to identify
compounds from the databases with each query molecule and
each similarity method. Both the reduced graph and the
topological pharmacophore similarity cut-offs were set to 0.8
while structural similarity (Tanimoto index and Daylight fin-
gerprints as descriptors) was set at 0.85 at maximum. Finally,
the compounds retained were filtered by applying a molecular
weight cut-off of 400 and calculated lipophilicity of 4
(clogP; Daylight Chemical Information System: http://
www.daylight.com, accessed February 2009). Finally, the com-
pounds carrying undesirable chemical features were removed
with the use of Daylight SMARTS developed ad hoc.

Post-processing of single shot hits. Focussed set single shot hits
were prioritized according to their percentage efficiency
index (Abad-Zapatero and Metz, 2005) followed by pruning
using filters developed for the removal of derivatives charac-
terized by non-appropriate physico-chemical properties for a
CNS drug i.e. MW: 250-400, cLogP: 2-3.5, rotatable_bonds:
=4, tPSA = 90, aromatic_rings = 3. Focussed set concentra-
tion response curve hits characterized by pICsy = 6.0 were
clustered with the use of Ward cluster algorithms (Ward,
1963)

Pharmacophore model generation. Three selective a6p2
antagonists (compounds 1-3) were chosen to build a 3D
pharmacophore model. Their 3D structure was generated
starting from their Daylight SMILES with the use of
smiles_to_mae script (version 22110, Schrodinger), imported
into Maestro (Schrodinger) and minimized with the use of
1000 steps of PRCG minimizer, OPLS-2005 force field, in a
water-implicit solvent model (BatchMin V9.6, Schrodinger:
http://www.schrodinger.com). All pharmacophore modelling
work was performed with program Phase (Schrodinger).
Ligand conformational searches were carried out using the
ConfGen routine available within Phase and default param-
eters. Standard Phase pharmacophore features (i.e. H-bond
acceptor, H-bond donor, aromatic rings, hydrophobic groups)
were selected and default parameters were used to generate
common alignments. Pharmacophore models were visually
inspected within Maestro.

Materials
N'-4-biphenylyl-N*-(1-methylethyl)glycinamide (compound
1; see Figure 4 for structures of compounds 1-6) was pur-
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chased from Enamine Ltd (Kiev, Ukraine), 2-(1-pyrrolidinyl)-
N-{4-[(trifluoromethyl)oxy]phenyl}acetamide (2) and 2-[5-(4-
fluorophenyl)-3-isoxazolyllhexahydro-1H-azepine (3) from
Asinex [Ltd (Moscow, Russia), S-ethyl-N-(5-methyl-1,
3-thiazol-2-yl)-3-thiophenecarboxamide (4) and 2-[(2-chloro-
4-fluorophenyl)oxy]-N-(2,2,6,6-tetramethyl-4-piperidinyl)
acetamide (5) from Princeton Biomolecular Research
(Monmouth Junction, NJ, USA), (1R,55)-8-methyl-8-
azabicyclo[3.2.1]oct-3-yl  4-(ethyloxy)benzoate (6) from
Chembridge Corporation (Moscow, Russia). (—)-Nicotine
di(+)tartrate salt (+/-)-5-Br-nicotine, 3-methyl-5-[(2S)-1-
methyl-2-pyrrolidinyl]isoxazole hydrochloride (ABT-418),
succinylcholine, 5-hydroxyindole and ivermectin (also
known as MK-933) were purchased from Sigma-Aldrich
(Milan, Italy). (+/-)-Epibatidine (-)-cytisine, 6-[5-[(2S)-2-azeti
dinylmethoxy]-3-pyridinyl]-5-hexyn-1-ol ~ dihydrochloride
(sazetidine A), 3-[(2S)-2-azetidinylmethoxy]-5-iodopyridine
dihydrochloride (5-1-A-85380), 4-(5-ethoxy-3-pyridinyl)-N-
methyl-(3E)-3-buten-1-amine difumarate (TC-2559), N,
N,N-triethyl-2-[4-(2-phenylethenyl)phenoxy]ethanaminium
iodide (MG-624), (E)-N-methyl-4-(3-pyridinyl)-3-buten-1-
amine oxalate (RJR-2403, also known as TC-2403 or
metanicotine), o-conotoxin MII, a-conotoxin PIA, methylly-
caconitine (MLA), dihydro-B-erythroidine (DHBE), mecamy-
lamine, benzoquinonium, N-(5-chloro-2-hydroxyphenyl)-
N’-[2-chloro-5-(trifluorom  ethyl)phenyl]urea  (NS-1738),
ondansetron, etomidate, a-bungarotoxin, a-conotoxin
AulB, pancuronium and naltrexone were from Tocris
Cookson (Bristol, UK). 3-[(2S)-2-Azetidinylmethoxy]-pyridine
(A-85380) was purchased from Peakdale Molecular Ltd
(Chapel-en-le-Frith, High Peak, UK).

5(R)- or 5(S)-7-(3-Pyridinyl)-1,7-diazaspiro[4.4|nonane
(single isomer, unknown absolute stereo) (TC-2216) and
o-conotoxin MII[H9A;L15A] were custom synthesized by
Syngene International Ltd (Bangalore, India) and NeoMPS
(Strasbourg, France) respectively. Varenicline, tilorone
hydrochloride, N-(1-azabicyclo[2.2.2]oct-3-y1)(5-(2-pyridyl)
thiophene-2-carboxamide) (compound A; Dickinson et al.,
2007), 3-(2,4)-dimethoxybenzylidene anabaseine dihydro-
chloride (GTS-21, aka DMBX), N-[(2S,3R)- or N-[2R,
35)-2-(pyridin-3-ylmethyl)-1-azabicyclo[2.2.2]octan-3-yl]-1-
benzofuran-2-carboxamide (single isomer, unknown absolute
stereochemistry) (TC-5619) and suberyldicholine were syn-
thesized in GlaxoSmithKline (GSK).

Structural confirmation of

selected compounds

Structural confirmation of selected compounds (reported in
Figure 4) was carried out on both liquid and solid samples.
LC/MS measurements were carried out using an ACQUITY™
UPLC- SQD system (Waters Corporation, Milford, MA, USA)
operated in positive and negative ES ion mode (100-
1000 amu mass range). The chromatographic conditions
used were: column, Acquity BEH C18 (50 x 2.1 mm, 1.7 um
particle size) kept at 40°C; mobile phase A-10 mM acq.
NH,HCOj; adjusted to pH 10 with ammonia, B - MeCN;
flow rate, 1 mL-min’; gradient from 3 to 99% B in 1.06 min
(linear) lasting for 0.39 min - stop time 1.5 min. UV detec-
tion 220-350 nm. 'H NMR spectra were recorded on a
Varian Inova (600 MHz) spectrometer.
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Results

The o6/3 subunit forms functional receptors
on{;/ when co-expressed with the B2 and
B3V?73 subunit

The functional activity of different nicotinic receptor subunit
combinations was assessed after transient transfection in
HEK293T cells. Co-expression of the wild-type a6 subunit
with either the B2 subunit alone (data not shown), or the 2
and the B3 subunits, did not result in any functional
response.

The valine-serine mutation in the 9" position of the M2
segment of the 3 subunit (V273S) is believed to facilitate
channel gating, and co-expression of the ‘gain of function’
B3V273 mutant with wild-type 06 and B2 subunits resulted in
functional receptors in Xenopus laevis oocytes (Broadbent
et al., 2006). However, when we co-transfected the wild-type
06 and B2 subunit with the mutant B3V?’* in HEK293T cells,
we did not obtain functional activity (see Figure 1).

We therefore considered the chimeric a6/3 subunit strat-
egy, which was known to give functional receptors when
co-expressed with the wild-type B2 and B3 subunits in
oocytes (Kuryatov et al., 2000). Co-expression of our 06/3
subunit with the wild-type B2 and B3 subunits in HEK293T
cells was not functional, whereas co-transfection of the chi-
meric 06/3, the wild-type B2 and the mutant B3"?”* resulted
in a robust response in the FLIPR assay, following agonist
activation (see Figure 1). The functional calcium activation
induced by either ACh (500 uM) or epibatidine (100 nM) was
completely blocked by 10 uM oa-conotoxin MII. The Ca?*
response was absent in control plasmid transfected cells, or
cells co-transfected with the B2 and B3 subunits.

Pharmacological profile of o6/3B23"7%
receptors stably expressed in HEK293 cells
Preliminary experiments, performed following transient
co-transfection in HEK293T cells of the a6/3, 2 and B3V¥"*
subunits revealed that a.6/3p233"%"* receptors were activated
by different nicotinic receptor agonists and inhibited with
high potency by the 06B2-selective antagonists a-conotoxin
MII and o-conotoxin PIA (data not shown). We therefore
generated a recombinant HEK293 cell line stably expressing
a6/3B2B3V?7* receptors and characterized their pharmacology
with a set of 35 well-known nicotinic ligands (see Table 1).
The ability of 200 nM nicotine (final concentration) to
activate the a6/3p2B3Y*”* receptors in this cell line to yield
Ca* influx in the FLIPR assay is shown in Figure 2. The
addition of nicotine (1st addition) was followed by an
increase of Ca* influx, as detected by an increase in FLUO-
4-AM fluorescence, which reached a maximum in 1-2 min,
and then a slow decrease of the response over time, reflecting
receptor desensitization and a gradual return to intracellular
Ca* homeostasis. The addition, after 8 min, of the same
nicotine solution (2nd addition), was not able to restore Ca**
influx to initial peak levels, confirming receptor desensitiza-
tion. After extensive washing, intracellular Ca** returned to
homeostatic concentrations and FLUO-4-AM fluorescence
returned to background levels. Addition of 200 nM nicotine
(3rd addition) was able to restore the Ca?" influx response to
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Functional responses obtained with different combinations of wild
type (06, B2 and B3) and modified (0:6/3, B3¥?73%) nAChR subunits
following transient transfection into HEK293T cells, as tested in the
FLIPR Ca?* influx assay. Upon addition of 500 uM acetylcholine (A) or
200 nM epibatidine (B) at 10 s, normalized responses (as % of basal
fluorescence units) were recorded. Subunit combination labels are
above the corresponding curves. Traces from the subunit combina-
tions that were inactive or poorly active, including a6B2p33,
a6B2B3"273, B2B3 and control plasmid transfection, overlie and are
un-labelled. CoTxMIl, cells were co-incubated with 10 uM
a-conotoxin MIL.

initial levels, revealing the recovery of the receptor from
desensitization (see Figure 2).

In the first addition, nicotine was able to dose-
dependently increase Ca** influx in 06/3B2B3"*’** receptors
expressing cells, with a pECs, value of 7.4 = 0.09 (mean *
SEM; n = 10). Among the compounds tested, none gave the
same level of activation as nicotine. Among the chemicals
able to significantly increase Ca* influx, epibatidine, A-85380
and [-A-85380 were those with higher IA (0.8) and potency
(pECso = 10.0 = 0.07, 9.5 = 0.1 and 9.1 * 0.04, respectively;
n = 10). Also sazetidine A had high potency (pECso = 9.3 =
0.07; n=8), but lower intrinsic activity (IA = 0.6). Varenicline
and cytisine are partial agonists, which were slightly more
potent than nicotine (pECso=8.0 = 0.1, n=9 and pECso = 7.7
+ 0.1, n = 10 for varenicline and cytisine, respectively), with
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The figure shows the activation, desensitization and recovery from
desensitization of human 0:6/3323Y%3-nAChRs stably expressed in
HEK293 cells, as tested in the FLIPR Ca?* influx assay. Cells were
loaded with the fluorescent Ca?* indicator dye FLUO-4-AM and trans-
ferred to the FLIPR platform for the measurement of increases in
intracellular Ca?*. Increases in the relative fluorescence units repre-
sent increases in intracellular Ca*". Following the first addition of
200 nM nicotine, there was a peak of fluorescence change, reflecting
channel activation and slow desensitization. Addition of the same
quantity of nicotine to the same cells (second addition) did not yield
an effect, confirming receptor desensitization. When cells plate was
extensively washed with the assay buffer, residual fluorescence dis-
appeared and addition of 200 nM nicotine (third addition) caused a
further fluorescence increase, revealing recovery from desensitiza-
tion. Data are from a representative experiment repeated at least
three times with similar results.

varenicline having a lower intrinsic activity than cytisine
(IA =0.3 and 0.6, respectively). Other compounds, known to
have agonist or partial agonist properties at other nAChR
subtypes, were partial agonists with lower potency than nico-
tine. Figure 3A shows representative activation curves for
nicotine, A-85380, sazetidine A, varenicline and cytisine.

Compounds activating a:6/3B2B3Y*"* receptors (in the first
addition), were able to dose-dependently inhibit the Ca*
influx induced by the addition, after 10 min, of 200 nM nico-
tine (second addition). Compound inhibitory potency was
comparable with their potency in activating receptors in the
first addition (see Table 1). Overall, these data confirmed that
a6/3B2B3Y?7* receptors underwent desensitization. Represen-
tative desensitization curves for nicotine, varenicline, sazeti-
dine A, cytisine and A-85380 are shown in Figure 3B.

Some nicotinic ligands were not able to significantly
increase Ca® influx in o6/3B2B3"?7* receptors expressing
cells, but inhibited the following response to 200 nM nico-
tine, therefore displaying antagonist properties. The com-
pounds that inhibited nicotine response with higher potency
were a-conotoxin MII and a-conotoxin PIA (pICso of 8.3 =
0.05 and 7.6 = 0.07, respectively; n = 11), followed by MLA,
an o7 antagonist that also blocks other nAChR subtypes
(pICsp 0f 7.0 = 0.07, n=7; Gotti et al., 2000; Mogg et al., 2002;
Karadsheh et al., 2004; Briggs et al., 2006). Other compounds
with submicromolar antagonist potency for «6/3B2p3"%7%
receptors were the o-conotoxin MII analogue o-conotoxin
MII[H9A;L15A], the B2* antagonist DHBE and the a7 agonist/
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Figure 3

Functional calcium concentration response curves of some nicotinic ligands in a FLIPR Ca*" influx assay, two-step addition protocol. (A)
Representative concentration response curves to the agonists nicotine, varenicline, sazetidine A, cytisine and A-85380, in the first addition. The
antagonists o-conotoxin MIl, a-conotoxin MII[H9A;L15A], a-conotoxin PIA, methyllycaconitine, and DHBE did not significantly increase calcium
response (data not shown). Data were expressed as percentage of the maximum response to nicotine. (B) Representative concentration response
curves to the agonists nicotine, varenicline, sazetidine A, cytisine and A-85380 for the inhibition of channel activation induced by the subsequent
addition of 200 nM nicotine. Data were expressed as percentage of the response in the absence of inhibitor. (C) Representative concentration
response curves to the antagonists o-conotoxin MIl, a-conotoxin MII[H9A;L15A], o-conotoxin PIA, methyllycaconitine, and dihydro--
erythroidine for the inhibition of channel activation induced by the subsequent addition of 200 nM nicotine. Data were expressed as percentage
of the response in the absence of inhibitor.
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04P2 antagonist GTS-21 (de Fiebre et al., 1995; Harvey et al.,
1996; Briggs et al., 1997; van Haaren ef al., 1999; McIntosh
et al., 2004). Representative inhibition curves for a-conotoxin
MII, a-conotoxin MII[H9A;L15A], a-conotoxin PIA, MLA and
DHBE are shown in Figure 3C.

Comparison of a6/3B2B3"?”* pharmacology
with that of other nAChR subtypes

To better describe the features of a:6/332B3Y*"*S receptors, we
compared their pharmacology with that of the other main
nAChR subtypes (see Table 1).

The antagonists a-conotoxin MII, o-conotoxin PIA and
o-conotoxin MII[H9A;L15A] were the compounds that best
differentiated the 06/3B2B3"*"* from the other receptor sub-
types. These conotoxins, in fact, while displaying medium to
high affinity for a6/3B2p3V*"* receptors, were generally inac-
tive (up to 1 uM) at the other nAChR subtypes, with the only
exception of o-conotoxin MII and o-conotoxin PIA inhibit-
ing also a3B4-nAChRs, but with 63- and 10-fold lower
potency respectively.

In addition to the pharmacology of the conotoxins men-
tioned above, 0:6/3B2B3V*"* receptors were distinguishable
from the a1B13¢, a7 and 034 subtypes by their response to
other compounds. Unlike a1318e-nAChRs, they were com-
pletely insensitive to inhibition by the neuromuscular block-
ing agents, succinylcholine and o-bungarotoxin. The latter
compound also differentiated between 06/33283V%7** and o7
receptors, being a very potent antagonist at o7 but inactive at
06/3B2B3V?7* receptors. Similarly, tilorone, TC-5619 and
compound A were potent agonists at a7 receptors and almost
inactive at 06/3p2B3Y?*>. DHBE was a relatively potent
antagonist at a.6/3p233V** receptors (pICso = 6.7 = 0.08, n =
13), but inactive at o3pf4-nAChRs. Finally, many ligands
activating or inhibiting 06/3p2p3"%’* receptors had a much
lower potency at the a1B13¢, 0.7 and 034 subtypes: nicotine,
for example, was approximately 800-, 100- and 400-fold more
potent at a6/3p2B3Y*”*S than a1B18¢, 0.7 and a.3B4 receptors
respectively (see Table 1).

Many well-known o4p2 agonists or partial agonists, such
as epibatidine, A-85380, sazetidine A, 5-1-A-85380, vareni-
cline, cytisine, nicotine, TC-2559, 5-Br-nicotine, TC-2216,
ABT-418 and RJR-2403, were able to activate 06/3p2p3V*7*
receptors, but failed, or were weak activators of Ca* influx in
04B2-HEK293 cells. The same compounds, however, were
able to desensitize both a6/3B2p3"** and 042 receptors,
with similar potencies (see Table 1). The fact that some
agonists or partial agonists were able to desensitize o4p2
receptors without activating them, seems to suggest that the
04p2-HEK293 cell line expresses 04p2-nAChRs with a preva-
lent (04);(32), stoichiometry (Zwart et al., 2008).

Comparison of a6/3B2B3"?”* pharmacology
with that of rat native a6B2*-nAChRs

The compounds that distinguished o6/332p3"%* more
clearly from other nicotinic receptor subtypes were tested also
in displacement experiments of '*I-epibatidine binding to
immuno-immobilized «6B2*-nAChRs, a preparation that
contains 06B2(B3) and a604P2(B3) subtypes (Gotti etfal.,
2005). Previous experiments showed that compounds with
good selectivity for 06p2*-nAChRs revealed two binding com-

322 British Journal of Pharmacology (2011) 163 313-329

ponents in similar preparations: a high affinity component,
corresponding to the a.6B2 interface and a component of low,
micromolar affinity, corresponding to the 04p2 interface (Zoli
et al., 2002; Gotti et al., 2010).

Agonists and partial agonists at human o06/3B2p3"*7*
inhibited '*I-epibatidine binding to rat native a.632*-nAChRs
with displacement curves according to a one-site binding site
model. A-85380 and sazetidine A were the most potent com-
pounds (pK; =10.7 = 0.6 and 10.7 * 0.3, n = 4, respectively),
followed by varenicline, cytisine and nicotine (pK; = 8.9 =
0.7,8.7 £ 0.4 and 8.0 = 0.5, n = 4 respectively). Although the
rank order was conserved, the agonists and partial agonists
affinity for rat native 06p2*-nAChRs was, on average, 12-fold
greater than their potency in activating human o6/3p2p3">7%
(see Table 2).

The antagonists a-conotoxin MII, o-conotoxin PIA and
MLA inhibited 'I-epibatidine binding with displacement
curves according to a two-site binding model (P < 0.01), with
a high affinity component in the nanomolar range (pK; = 8.3
+0.2,n=6,74*04,n=4and 6.7 = 0.5, n = 6, respectively)
and a component in the micromolar range (not reported).
Conversely, the antagonists DHBE and o-conotoxin
MII[H9A;L15A] displaced '*I-epibatidine binding with one-
site curves and lower potency (pK; = 6.2 = 0.6 and 5.5. = 0.6,
n = 6 respectively). In general, there was a good correspon-
dence between the affinity for rat native a6p2*-nAChRs and
human a6/3B2p3"* (see Table 2). Mecamylamine was not
able to displace '*I-epibatidine binding, suggesting a non-
competitive mechanism of action in the inhibition of human
06/3B2B3V?7* receptors. The a7 and ol1B1de antagonist
o-bungarotoxin, inactive at human a6/3p283V** receptors,
was not able to displace specific binding to native
a6p2*-nAChRs.

Generation of the nicotinic focussed set

Three thousand compounds previously tested in the GSK
nicotinic receptor assay panel were extracted (in_house_ni-
cotinic_ligand_set) and requested for cherry-picking. Upon
cluster analysis, 1000 representatives were selected (in_house
_nicotinic_representative_set) and combined with the 116
derivatives selected from the Aureus repository (Aureus_nico-
tinic_training_set). This combined list of derivatives was used
to drive the selection of 1500 in house derivatives according
to their reduced graph and pharmacophoric similarities and
then requested for cherry-picking. Overall, 1886 compounds
were finally plated and tested in single shot mode in the
06/3B2B3V27*-FLIPR Ca®* assay.

Screening of the focussed sets and novel o6p2
antagonists identification
Three focussed sets were screened in single shot mode in the
06/3B2B3V27* FLIPR assay: the nicotinic set (1886 derivatives),
a subset of GSK compounds biased towards the CNS chemical
space (CNS set; 92 694 compounds; A. Pozzan, unpubl. data)
and a small set of derivatives routinely used for cross-
screening (biological fingerprints set; 5237 compounds; A.
Feriani, unpubl. data).

As summarized in Table 3, a high proportion of the
derivatives exhibiting greater than 50% inhibition were dis-
carded upon percentage efficiency index ranking, biasing the
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Table 2

Affinity of representative nicotinic ligands for purified a6p2*-nAChRs from rat superior colliculus. Comparison with their functional potency at
human recombinant a.6/3B2B"273 receptors and rodent native 06p32*-nAChRs

Rat a6p2* Human 06/3p2p3V%73S Rat or mouse 0682*
['#I1]-epibatidine Ca?" entrance o-conotoxin Mlil-sensitive
binding (FLIPR) [3H] dopamine release
pK; PECso (1A) PECso (1A)
Agonists
A-85380 10.7 + 0.6 9.5 + 0.1 (0.8) 8.9 (0.8)
Sazetidine A 10.7 £ 0.3 9.3 £ 0.1 (0.6) ND
Varenicline 89 *+ 0.7 8.0 = 0.1 (0.3) 7.1 (0.4)°
Cytisine 8.7 = 0.4 7.7 + 0.1 (0.6) 7.5 (0.7)?
Nicotine 8.0 £ 0.5 7.4 = 0.1 (1.0) 6.1 (1.0)
pK; pICso PICso
Antagonists
o-Conotoxin Mill 8.3 = 0.2¢ 8.3 = 0.05 8.6% 9.0¢
a-Conotoxin PIA 7.4 = 0.4¢ 7.6 = 0.1 8.8¢
MLA 6.7 = 0.5¢ 7.0 = 0.1 6.4%
o-Cntx MII[H9A;L15A] 55 * 0.6 6.8 = 0.1 ND
DHBE 6.2 + 0.6 6.7 = 0.1 6.0%
Mecamylamine <53 5.5 *0.1 Full inhibition at 10 uM®
o-Bungarotoxin <53 <5.0 No inhibition up to 40 nM®

ECso, concentration giving 50% of maximal activation; IA, intrinsic activity; ICso, concentration giving 50% of maximal inhibition; ND, not
determined.

?Data from Salminen et al. (2004); pECs, and plCso converted from ECso and ICso respectively; IA derived from the maximum release (Rmax)
of compound and the Rmax of nicotine; ICso were determined at a pulse of 3 UM nicotine (submaximal concentration).

Grady et al. (2010); pECso converted from ECso; IA derived from efficacy of compound for activation as % nicotine effect for activation.
‘Data analysis revealed the existence of a second, low affinity binding site in the uM range (not reported).

4Azam and Mclntosh (2005); plCso converted from 1Csp; 1Csg values were determined at a pulse of 3 UM nicotine (submaximal concentration).
*Data from Mogg et al., 2002. Results are the mean = SEM of at least 3 experiments.

Table 3

Summary of the screening performed on human a:6/3p2p3Y%*-nAChRs

Number of compounds tested

Total Positive
Single Progressed i Number of
shot® to CRC® chemotypes® Overlapf
Nicotinic 1886 955 40 13 32.5 12 2
CNS 92 694 11997 151 51 33.8 45
BFP 5237 2476 53 3 5.7 3 1

ICso, concentration giving 50% of maximal inhibition; BFP, biological fingerprints; CNS, central nervous system.

2Compounds giving = 50% inhibition of nicotine-induced Ca?* entrance at 10 uM (nicotinic and CNS set) or 20 uM (BFP set).
PCompounds chosen for determination of activation and inhibition concentration response curves (CRC), according to the filtering criteria
described in Materials and Methods.

‘Compounds inhibiting nicotine response with a plCso = 6.0 and unable to activate the receptors (pECso = 4.7).

dPercentage of hits showing a plCso = 6.0, with respect to those progressed to concentration response curve determination.

*Number of clusters obtained with Ward cluster analysis of the plCso = 6.0 hits.

Number of the plCso = 6.0 hits structurally similar to those of the other hit lists; similarity was assessed with Daylight fingerprints as
descriptors and Tanimoto index greater or equal to 0.85.
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Table 4
Potency of compounds for inhibition of subtypes of nAChRs

06/3p2p3V273S o4p2
Compound plCso plCso
1 6.9 = 0.3 5.5 = 0.09
2 6.3 = 0.05 4.9 = 0.07
3 6.1 = 0.1 4.8 = 0.03
4 6.4 = 0.1 4.8 = 0.08
5 6.4 = 0.06 6.3 £ 0.2
6 6.2 = 0.03 5.7 = 0.05

o3p4 o7 al1p13e
plICso pICso plICso
5.1 = 0.05 5.3 £ 0.1 5.3 = 0.08
<4.7 <4.7 51 *0.2
51 0.3 5.0 = 0.01 5.2 = 0.1
5.1 = 0.09 <4.7 <4.8
5.5 £ 0.07 <4.8 54 +0.2
5.2 = 0.06 <4.85 5.2 = 0.06

Compounds did not activate any nAChR subtype up to 20 uM (pECs < 4.7).
ECso, concentration giving 50% of maximal activation; ICso, concentration giving 50% of maximal inhibition. Results are the mean + SEM

of at least 2 experiments.

selection towards potent and low molecular weight com-
pounds. The use of stringent CNS-like physico-chemical
property cut-offs further narrowed down the number of com-
pounds progressing to determination of concentration
response curves (244 derivatives in total). A high proportion
(~30%) of the nicotinic and CNS set hits assessed by concen-
tration response curves showed a pICs, value greater than 6
and a pECs value less than 4.7 (no significant increase of Ca*
influx was observed up to 20 uM concentration). Several dis-
tinct chemotypes were identified as judged by the number of
clusters obtained with Ward cluster analysis of each hit list.
Furthermore, very limited overlap among the three concen-
tration response curve hit lists was observed as assessed by
the use of Tanimoto index and Daylight fingerprints as
descriptors.

Selectivity of the novel a62 antagonists
Among the compounds tested, six of them had interesting
selectivity profiles (see Table 4).

Compounds 1-4 were 06/3B2B3"**-selective antagonists:
compound 1 displayed the highest potency (pICso = 6.90 =
0.3, n = 3) and selectivity (25-, 63-, 40- and 40-fold vs. 04p2,
03B4, o7 and alflde, respectively); compound 2 was less
potent (pICso = 6.30 = 0.05, n = 3) but similarly selective (25-,
>40-, >40- and 16-fold vs. a4B2, 03B4, a7 and a.1P13e, respec-
tively); compound 3 was not as potent (pICso = 6.10 = 0.1,
n = 3) and less selective (20-, 10-, 13- and 8-fold vs. a4p2,
03B4, o7 and a1B18e, respectively) and compound 4 had an
intermediate potency (pICso = 6.40 * 0.1, n = 3) but slightly
higher selectivity (40-, 20-, >50- and 40-fold vs. 042, 0334,
o7 and o1B18e respectively). Compounds 5 and 6 were dual
06/3B2B3V?7* and 04B2 antagonists (042 : 0.6/3B2B3V** ICs,
ratio was 1 and 3, respectively), partially selective over the
other nAChR subtypes. The chemical structure of compounds
1-6 is reported in Figure 4.

Pharmacophore model generation

Six common-feature pharmacophore models were generated
by Phase using compounds 1-3 (Figure 5). All of them consist
of three features i.e. a positive ionizable, a hydrogen bond-
acceptor and an aromatic ring. Among the top scoring
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solutions, the most satisfactory pharmacophore model was
chosen according to the quality of ligand conformations
upon visual inspection and Phase scores associated with each
solution. In Figure 5 the best pharmacophore model obtained
is shown superimposed with the structures of compounds
1-3. The positive ionizable feature is mapped by the
secondary/tertiary amines of the ligands (light blue sphere), a
HB-acceptor (purple sphere) mapped by the amide carbonyl
group in the side chain of compounds 1-2 and by the isox-
azole nitrogen of compound 3, and an aromatic ring, mapped
by the aromatic groups (brown ring).

Discussion

The present study reports the stable and functional expres-
sion of a human o6B2B3Y?*-nAChR with a6(nono4)p2
properties in a mammalian heterologous expression system.
Native receptors with o6(nona4)B2 properties have an
06323 subunit composition (Gotti et al., 2010), but the func-
tional co-expression of wild-type a6, B2 and B3 subunits was
unsuccessful in our hands, consistent with extensive litera-
ture reports of failed attempts to form functional receptors
with robust responses (Gerzanich et al., 1997; Fucile et al.,
1998; Kuryatov et al., 2000; Broadbent et al., 2006; Walsh
etal., 2008). In addition, we did not find a functional
response after transient transfection of the o6/3B2B33 and
o6B2p3Y#7* subunit combinations in HEK293T cells, even if
the same combinations gave functional receptors in oocytes
(Kuryatov et al., 2000; Dowell et al., 2003; Broadbent et al.,
2006; Papke etal., 2008). These differences remain to be
explained; it cannot be excluded, however, that oocytes, dif-
ferently from mammalian cells, might endogenously express
unknown factors that promote efficient assembly of func-
tional o6/3p2B3 and o6B2B3Y?7* channels, as has been
reported for other receptors (Soloviev and Barnard, 1997).
The pharmacology of a6/33233V** was clearly distinct
from that of the other nAChRs in terms of ligand selectivity,
with o-conotoxin MII and a-conotoxin PIA showing the
greatest selectivity for a.6/3B2B3"*"*S compared with the 0432,
03B4, o7 and a1B1de subtypes. Furthermore, the pharmacol-
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Chemical structure of the novel a6B2*-nAChRs antagonists identified with the screening process (compounds 1-6).

Figure 5

Compounds 1-3 aligned to the top scoring pharmacophore model generated with Phase. The model consists of three features: a positive ionizable

(blue), a hydrogen bond-acceptor (pink) and an aromatic ring (orange).

ogy of human 06/3B233"**-nAChRs was consistent with that
of immuno-immobilized, rat a6pf2*-nAChRs. In fact, there
was general agreement between the potency of competitive
antagonists at a6/3B2B3Y** and their affinity for a6p2*-
nAChRs, as detected by displacement of ['*I]epibatidine
binding (see Table 2). Agonists affinity for a6p2*-nAChRs was
generally higher than their potency in activating
a6/3B2B3Y*7*-nAChRs, but the relative activities were similar,
suggesting that a conformation with high affinity for
agonists, probably reflecting a desensitized state of

06B2*-nAChRs, was predominant at equilibrium conditions
with an agonist.

Conversion of the hydrophobic residue in position 9’ of
the M2 segment of nicotinic subunits (leucine or valine) to a
hydrophilic residue (serine or threonine) has been shown to
particularly change the efficacy of gating, increase agonist
sensitivity and, in the a7 case, to abolish the inhibitory
properties of channel blockers and turn some competitive
antagonists into agonists (Revah et al., 1991; Bertrand et al.,
1992; Labarca etal., 1995; 2001; Groot-Kormelink et al.,
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1998; Drenan etal., 2008). The functional properties of
a6/3B2B3V27S receptors were similar to those of native a.6p2*-
nAChRs (as from dopamine release assays in rodent striatal
slices or synaptosomes) in terms of compound efficacy and
relative activities, but different potencies were observed for
some compounds (see Table 2). With the current set of data,
however, it is not possible to decide if these discrepancies
were due to the V9’S mutation on the 3 subunit or to other
factors, such as technical limitations associated with compar-
ing different functional assays (FLIPR vs. dopamine release),
the difficulty in separating the 06B2* and o4(nono6)p2*
effects in native tissue, the presence of mixed a6p2 and a4p2
interfaces in the a6p2*-nAChR population, and/or to species
differences.

Overall, our results demonstrate that there are no major
differences between human, recombinant a6/3p233Y%"** and
rodent, native a6pB2* receptor in terms of competitive ligand
pharmacology; however, because of the V9’S mutation, we
cannot exclude the possibility that some agonists may
display a higher potency at 06/3B2B3"?7*% receptors. More-
over, it is important to emphasize that, as only the extracel-
lular N-terminal domain of the a6/3 chimera belongs to the
o6 subunit, the o6/3B2B3Y%* cell line cannot be used to
identify 0632 channel blockers, or to study a6B2 receptors in
terms of pore opening mechanism, desensitization and inac-
tivation, properties that directly depend on residues in the
transmembrane segments and the loops between them.

Approximately, 100 000 compounds were screened in the
06/3B2B3V27* FLIPR assay. As summarized in Table 3, approxi-
mately 30% of the nicotinic and the CNS sets concentration
response curve hits showed a pICs in the uM range. Several
distinct chemotypes were identified as judged by the high
number of Ward clusters of each hit list compounds. At the
same time, the hit lists exhibit very limited overlap, suggest-
ing that the focussed screening approach was valuable in
providing structurally distinct a6p2 chemotypes.

Among the compounds tested, compounds 1-4 exhibited
good selectivity for the a6/3p2B3Y**S over all the other
nAChHR subtypes, including the a4p2. On the contrary, com-
pounds 5 and 6, although showing good selectivity for the
06/3B2B3V?7* vs. the 03p4, 0.7 and o1B18e subtypes, were also
042 antagonists with similar potencies. The chemotypes
identified, by virtue of their low molecular weight, low
molecular complexity and CNS-like properties, could offer
promising starting points for initiating hit-to-lead or lead-
optimization processes. Furthermore, these small and rela-
tively rigid molecules could represent an ideal set for
exploiting key ligand interactions.

A preliminary pharmacophore model of 062 antagonists
was generated for the most selective compounds identified in
this study (compounds 1-3, Figure 4). It consists of three
pharmacophoric features i.e. a positive ionizable group, a
hydrogen bond-acceptor and an aromatic ring. As shown in
Figure 5, the two most potent compounds 1-2 can also com-
monly overlap their pendant phenyl ring (compound 1) and
the CF; group (compound 2), which could potentially map an
accessory hydrophobic pocket. The presence of an additional
hydrophobic feature might explain their higher potency with
respect to compound 3. Compound 4 (Figure 4) shares both a
hydrophobic feature and a hydrogen bond-acceptor group
with compounds 1-3 but it lacks a basic centre. This seems to
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suggest that an alternative binding mode is also possible and
it can be partially common to the binding mode described.
Chemical exploration around all these compound series
should be carried out to validate this hypothesis.

Compounds 1-3 share some pharmacophoric features
with other nicotinic antagonists, like DHBE, MLA and the o7
antagonist chemotypes recently reported by Peng etal.
(2010). However, these features (i.e. the presence of a positive
ionizable group and a HB-acceptor) have a different spatial
orientation in the a6B2 antagonist pharmacophore model
that can account for their selectivity towards the other nico-
tinic subtypes. This observation is consistent with the analy-
sis performed by Horenstein et al. (2008) about the existence
of chemotype-dependent motifs of o7 agonists.

It has been known for several years that high levels of
06B2*-nAChRs are expressed in the key areas of the reward
circuit, the NAc and the ventral tegmental area, where they
mediate dopamine release and neuronal firing, respectively
(Le Novere et al., 1996; Mogg et al., 2002; Champtiaux et al.,
2003). Nevertheless, because of the lack of appropriate selec-
tive antagonists for systemic administration, robust evidence
that inhibition of 06B2*-nAChRs interferes with the reinforc-
ing properties of nicotine has been obtained only in recent
times. In fact, the first studies showing that local infusion
of the non-brain penetrant, o6B2-selective antagonist
o-conotoxin MII diminished intravenous nicotine self-
administration in rat, date to 2010 (Brunczell et al., 2010;
Gotti ef al., 2010). These results were in agreement with pre-
vious data showing that a6 knock-out mice do not acquire
acute, intravenous nicotine self-administration (Pons et al.,
2008). Overall, these findings support the use of 0682 antago-
nists to reduce the addictive properties of nicotine. Here we
report the structure of the first, non-peptide, low molecular
weight o6B2-selective antagonists (compounds 1-4), which
may represent starting templates for the development of tool
compounds with appealing physico-chemical and pharmaco-
kinetic properties for preclinical experiments, as well as for
the discovery of novel drugs with an optimum profile for the
therapy of tobacco dependence.

Current literature suggests that a strategy involving
antagonism at central nAChRs could potentially lead to
development of novel antidepressant therapeutics (Shytle
et al., 2002; Andreasen et al., 2009). The use of compounds in
animal models of depression, concomitant to genetic dele-
tion of specific nAChR subunits, has revealed that the
antidepressant-like effects of the non-selective nicotinic
antagonist mecamylamine is dependent on the f2 and/or the
o7 subunits (Caldarone et al., 2004; Rabenstein et al., 2006).
In accord with these findings, the a4fB2-selective antagonist
TC-2216 has antidepressant activity (Lippiello et al., 2006;
2008). Here we report the structure of two dual a6B2/04p2
antagonists (compounds 5 and 6), which may represent start-
ing points for the development of antidepressants with a
novel mechanism of action.

The present study has revealed that many nicotinic com-
pounds, commonly known as 0482 ligands, interact also with
06/3B2B3V?*-nAChRs (see Table 1) and, consequently, a.632*-
nAChRs. Interestingly, we found that the smoking cessation
agent varenicline is a partial agonist at 0.6/332p3"**-nAChRs,
with very low intrinsic activity. It cannot be excluded there-
fore that the efficacy of varenicline, generally attributed to its



partial agonist activity at 04p2-nAChRs, may be mediated
also by its weak partial agonist/antagonist-like properties at
06B2*-nAChRs. Similarly, TC-2216 is a partial agonist at
06/3B2B3V?7*-nAChRs, suggesting that a6p2*-nAChRs may
be important for TC-2216 efficacy in animal models of
depression.

Recent literature suggests that selective loss of o6B2*-
nAChRs is associated with the initial phases of Parkinson’s
disease and dementia with Lewy bodies (Ray et al., 2004; Quik
and McIntosh, 2006; Gotti et al., 2006a). Very recently, the
structure of the first a6B2-selective agonist has been reported
(compound 20a of Breining et al., 2009) and proposed for the
development of therapeutic agents for these diseases. The
06/3p2B3V27*-HEK293 cell line generated in the present study
can be used for the identification of additional scaffolds for
06B2-selective agonists, in a way similar to the process that
led to the identification of 06B2-selective antagonists.

In conclusion, we have generated a 0.6/332p3"*"*-HEK293
cell line that stably expresses receptors with pharmacological
properties similar to native a6p2*-nAChRs. In addition, we
have identified the first non-peptide, low molecular weight
06P2-selective antagonists. Finally, we describe a pharma-
cophore model for 06B2-nAChR antagonists, which may help
to develop new tools for the investigations of the role of a6p2
receptors in animal models of different pathologies, as well as
novel agents for the treatment of tobacco addiction.
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Supporting information

Additional Supporting information may be found in the
online version of this article:

Figure S1 Functional responses of human o.7-nAChRs stably
expressed in rat GH4C1 cells, as tested in a FLIPR Ca*" influx
assay, two-step addition protocol. (A) Representative
responses to 11 different concentrations of the agonist nico-
tine and the antagonist MLA (raw data). Each graph repre-
sents the functional activity over time (y axis: relative
fluorescence units, representing increases in intracellular
Ca*; x axis: time) in a specific plate well. The time points of
the first addition (nicotine or MLA, at varying concentra-
tions) and the second addition (10 uM nicotine) are indicated
by a yellow and green arrow respectively. Nicotine and MLA
concentration in the first addition is indicated below each
graph. (B) Left panel: representative concentration response
curve to nicotine, in the first addition; data are expressed as
percent of maximum response to nicotine. Right panel: rep-
resentative concentration response curve to MLA, for the
inhibition of channel activation induced by the subsequent
addition of 10 uM nicotine; data are expressed as percent of
maximum response in the absence of MLA.
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