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a  b  s  t  r  a  c  t

This work  presents  the design  and  synthesis  of a  series  of novel  2-benzylquinuclidine  derivatives,
comprising  12  methiodide  and  11 hydrochloride  salts,  and  their  structural  and  pharmacological  char-
acterization  at  the  human  (h)  �7 and  �4�2 nicotinic  receptors  (nAChRs).  The  antagonistic  potency  of
these  compounds  was tested  by Ca2+ influx  assays  on cells  expressing  the  h�7 or  h�4�2  nAChR  subtype.
To  determine  the  inhibitory  mechanisms,  additional  radioligand  binding  experiments  were performed.
The  results  indicate  that  the  methiodides  present  the highest  affinities  for  the h�7  nAChR  agonist  sites,
while  the  same  compounds  bind  preferably  to the  h�4�2 nAChR  ion  channel  domain.  These  results  indi-
icotinic acetylcholine receptors
ompetitive antagonists
oncompetitive antagonists
tructure–activity relationship

cate  that  the  methiodides  are competitive  antagonists  of  the  h�7  nAChR  but noncompetitive  antagonists
of  the  h�4�2  subtype.  Docking  and  molecular  dynamics  simulations  showed  that  the  methiodide  deriva-
tive  8d  binds  to the  h�7 orthosteric  binding  sites  by forming  stable  cation-�  interactions  between  the
quaternized  quinulinuim  moiety  and  the  aromatic  box  in the  receptor,  whereas  compounds  7j and  8j
block  the  h�4�2  AChR  ion channel  by interacting  with  a luminal  domain  formed  between  the  serine
(position 6′)  and  valine  (position  13′)  rings  that overlaps  the  imipramine  binding  site.
. Introduction

The homomeric receptor �7 and the heteromeric receptor �4�2
re the most prominent nicotinic acetylcholine receptors (nAChRs)
n the brain. These pentameric nAChRs present five (i.e., �7 nAChRs)
nd two (i.e., �4�2 nAChRs) agonist binding sites located at the
nterface of the �7/�7  and �4/�2  subunits, respectively. The struc-
ures of the Torpedo AChR at 4 Å resolution (Unwin, 2005) and of the
cetylcholine binding proteins (AChBPs) (e.g., see Celie et al., 2004)
ave been used for many years as models for the whole nAChR
nd for the extracellular domain containing the agonist binding

ites, respectively, as well as models for the entire Cys-loop ligand-
ated receptor superfamily, including GABAA and GABAB, type 3

Abbreviations: nAChR, nicotinic acetylcholine receptor; ACh, acetylcholine; CCh,
arbamylcholine; [3H]MLA, [3H]methyllycaconitine; RT, room temperature; IC50,
igand concentration that produces 50% inhibition (of binding or of agonist activa-
ion); Ki , inhibition constant; nH, Hill coefficient; EC50, agonist concentration that
roduces 50% AChR activation; RMSD, root mean square deviation.
∗ Corresponding author. Tel.: +1 19166470458; fax: +1 19166867310.

E-mail address: hugo.arias@cnucom.org (H.R. Arias).

357-2725/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
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serotonin, and glycine receptors (reviewed in Arias, 2006; Arias
et al., 2006; Albuquerque et al., 2009).

Although nAChRs in general are expressed in neuronal cells
(reviewed in Arias, 2006; Arias et al., 2006; Albuquerque et al.,
2009), �7 nAChRs are also expressed in non-neuronal cells
(reviewed in Romanelli et al., 2007; Mousa and Arias, 2010). Con-
sequently, �7 and �4�2 nAChRs are implicated in diseases such
as drug addiction, depression, neuronal and peripheral inflamma-
tion, and cancer, whereas �7 AChRs are also important components
in the development of Alzheimer’s disease and schizophrenia
(reviewed in Albuquerque et al., 2009; Romanelli et al., 2007;
Mousa and Arias, 2010; Tuppo and Arias, 2005). Several labora-
tories have developed agonists with selectivity for the �4�2 or �7
nAChR subtype (Arias et al., 2010a; Feuerbach et al., 2007; reviewed
in Mazurov et al., 2006; Hurst et al., 2013). Excellent examples
of selective agonists are varenicline, a partial agonist of the �4�2
nAChR that is currently used for the treatment of nicotine addic-
tion, and TC-5619, an �7 nAChR agonist that is in clinical phase
2 for the treatment of cognitive deficits (reviewed in Hurst et al.,

2013). In addition, the interest in nAChRs antagonists has increased
lately because of their possible pharmacological use as antidepres-
sants, anti-addictive, anti-psychotic, and neuroprotective agents, as
potential therapy for organophosphorus nerve agent intoxication,

dx.doi.org/10.1016/j.biocel.2013.08.003
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocel.2013.08.003&domain=pdf
mailto:hugo.arias@cnucom.org
dx.doi.org/10.1016/j.biocel.2013.08.003
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nd because their anti-proliferation, anti-migration, and antian-
iogenic activities suitable for cancer treatment (Ferchmin et al.,
013; Sadek et al., 2012; Paleari et al., 2009; Sheridan et al.,
005; Pérez et al., 2013). Among them, we  can include the
elective �7 nAChR antagonists, N3,N7-diaminophenothiazinium
erivatives (Sadek et al., 2012) and 1-(1-benzyl-1H-indol-3-yl)-
,N,N-trimethylmethanaminium iodides (Pérez et al., 2013), and

he selective �4�2 nAChR antagonists, diazaspirocyclic compounds
Strachan et al., 2012). Thus, an improved understanding of the
unctional and structural interaction of selective �7 or �4�2 nAChR
ntagonists is crucial to the development of safer ligands for differ-
nt therapeutic uses.

The nicotinoid pharmacophore spans two important moieties
hich determine both selectivity and potency: a center contain-

ng a positively charged nitrogen group that interacts with the
ell-characterized “aromatic box” of the nAChR; and a nitrogen-

ontaining heterocycle that form a hydrogen bond with the
omplementary subunit in the receptor and is important for ago-
ist activity (Blum et al., 2010). The work by Crooks et al. (1995)
as led to the discovery of several nAChR antagonists which
otently inhibit selective nAChR subtypes. They showed that N-
-alkylation of the pyridine nitrogen atom of nicotine with C1–C12
arbon chains converted nicotine from a potent agonist into potent
nd subtype-selective nAChR antagonists. This suggests that com-
ounds with a center containing a positively charged nitrogen
roup that interacts with the well-characterized “aromatic box” of
he nAChR linked with a non-pyridinic aromatic ring should act
s nAChR antagonists. Additionally, the bicycle quinuclidine (1-
zabicycle[2.2.2]octane) is frequently mentioned in the design and
ynthesis of potent and selective ligands for the �7 nAChR sub-
ype (Mazurov et al., 2006). Using this approach and looking for
otent and selective antagonists for the �7 nAChR subtype, a new
eries of 2-(substituted benzyl)quinuclidines were designed and
heir chemical identities characterized. Subsequently, the phar-

acological activity of each antagonist was determined by Ca2+

nflux experiments on cell lines expressing human (h) �7 or h�4�2
AChRs, and the mechanisms of inhibition were differentiated by
adioligand binding assays. Finally, the binding site locations and
he structural components of these sites were characterized on each
eceptor subtype by molecular docking and molecular dynamics
tudies.

. Material and methods

.1. Material

[3H]Imipramine (47.5 Ci/mmol) and [3H]cytisine
35.6 Ci/mmol) were obtained from PerkinElmer Life Sciences Prod-
cts, Inc. (Boston, MA,  USA), and [3H]methyllycaconitine ([3H]MLA)
100 Ci/mmol) was purchased from American Radiolabeled Chem-
cals Inc. (St. Louis, MO,  USA). Imipramine hydrochloride and
arbamylcholine dichloride (CCh) were purchased from Sigma
hemical Co. (St. Louis, MO,  USA). (±)-Epibatidine hydrochloride
as obtained from Tocris Bioscience (Ellisville, MO,  USA). �-
ungarotoxin (�-BTx) was obtained from Biotoxins Inc. (St. Cloud,
L, USA).

.2. Methods

.2.1. Chemical synthesis
A new series of 2-(substituted benzyl)quinuclidines and
-methyl-2-(substituted benzyl)quinuclidinium iodides were syn-
hesized as follow: (i) the hydroxyl benzaldehydes (1–4) were
onverted into the corresponding alkyloxy benzaldehydes (5a–5k)
y the classical Williamson methodology using K2CO3 and ethanol
mistry & Cell Biology 45 (2013) 2420– 2430 2421

as base and solvent respectively; (ii) the alkyloxy aldehydes
were coupled with 3-quinuclidinone in a basic media to furnish
the corresponding (Z)-2-benzylidenequinuclidin-3-ones (6a–6k);
(iii) these �,�-unsaturated carbonyl compounds were completely
reduced in two steps using H2, Pd/C and the Wolff-Kishner reac-
tion to produce the 2-(substituted benzyl)quinuclidines (7a–7k);
and finally, (iv) the quinuclidines were quaternized with methyl
iodide in acetone to obtain the N-methyl-2-(substituted ben-
zyl)quinuclidinium iodides (8a–8k).

2.2.2. Chemical characterization
Melting points were determined on a Reichert Galen III hot

plate microscope apparatus and are uncorrected. 1H NMR spectra
were recorded on Bruker ACP-200 or Bruker Avance 400 at 200 or
400 MHz, respectively. 13C NMR  spectra were recorded on the same
instruments at 50 or 100 MHz. The results are detailed in Supple-
mental Information. Chemical shifts are reported in ı values (parts
per million, ppm) relative to an internal standard of tetramethyl-
silane in CDCl3 or DMSO-d6 and coupling constants (J) are given in
Hertz. Precoated silica gel 60 plates (Merck 60 F2540.2 mm)  were
used for TLC. TLC spots were visualized by spraying with Dragen-
dorff’s reagent or by UV light at 254 nm.

2.2.3. Ca2+ influx measurements in cells containing different
AChR subtypes

Ca2+ influx assays were performed on HEK293-h�4�2 and GH3-
h�7 cells using the procedures previously described (Arias et al.,
2010a,b,c, 2011). Briefly, cells were seeded 48 h prior to the experi-
ment on black 96-well plates (Costar, New York, USA) at a density of
5 × 104 per well and incubated at 37 ◦C in a humidified atmosphere
(5% CO2/95% air). The medium was changed to 1% FBS in HEPES-
buffered salt solution (HBSS) (130 mM NaCl, 5.4 mM KCl, 2 mM
CaCl2, 0.8 mM MgSO4, 0.9 mM NaH2PO4, 25 mM glucose, 20 mM
HEPES, pH 7.4) 16–24 h before the experiment. On the day of the
experiment, the medium was removed by flicking the plates and
replaced with 100 �L HBSS/1% BSA containing 2 �M Fluo-4 (Molec-
ular Probes, Eugene, OR, USA) in the presence of 2.5 mM probenecid
(Sigma, Buchs, Switzerland). The cells were then incubated at 37 ◦C
in a humidified atmosphere (5% CO2/95% air) for 1 h. Plates were
flicked to remove excess of Fluo-4, washed twice with HBSS, and
then placed in the cell plate stage of the fluorimetric imaging plate
reader (Molecular Devices, Sunnyvale, CA, USA). To measure the
inhibitory activity of the compounds, each compound was added
at the concentrations indicated in the figures instead of the second
washing step, and pre-incubated for 5 min  at RT. Thereafter, (±)-
epibatidine (0.1 �M)  was added from the agonist plate to the cell
plate using the 96-tip pipettor, and the fluorescence was recorded
for 3 min. For all measurements, a baseline consisting of 5 measure-
ments of 0.4 s each was recorded. The laser excitation and emission
wavelengths are 488 and 510 nm,  at 1 W,  and a CCD camera opening
of 0.4 s.

The concentration–response data were curve-fitted, and the IC50
and Hill coefficient (nH) values were calculated by nonlinear least
squares analysis using the Prism software (GraphPad Software, San
Diego, CA).

2.2.4. Radioligand competition binding experiments
Radioligand experiments were performed using membranes

prepared from HEK293-h�4�2 and SHSY5Y-h�7  cells as described
previously (Arias et al., 2010a,b,c, 2011). We  first compared
the effect of novel ligands on [3H]cytisine binding to h�4�2
nAChRs and on [3H]MLA binding to h�7 nAChRs, using the

method previously developed in our laboratory (Arias et al., 2010a,
2011). To determine the interaction of these compounds with
the nAChR ion channels, additional [3H]imipramine competition
binding experiments were performed as described previously
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Arias et al., 2010a,b). In this regard, nAChR membranes
1.5 mg/mL) were suspended in binding saline (BS) buffer (50 mM
ris–HCl, 120 mM  NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2,
H 7.4) with 4.1 nM [3H]MLA, 7.7 nM [3H]cytisine, or 18 nM

3H]imipramine, in the presence of 0.1 �M (±)-epibatidine (AChRs
re mainly in the desensitized state), and preincubated for 20 min
t room temperature (RT). The nonspecific binding was determined
n the presence of 1 mM  CCh ([3H]cytisine), 1 �M (±)-epibatidine
[3H]MLA), and 100 �M imipramine ([3H]imipramine). The total
olume was divided into aliquots, and increasing concentrations
f the ligand under study was added to each tube and incubated
or 90 min  at RT. AChR-bound radioligand was then separated from
ree ligand by a filtration assay and the radioactivity was deter-

ined by scintillation counting as previously described (Arias et al.,
010a,b,c, 2011).

The IC50 and nH values were calculated by nonlinear least
quares analysis using the Prism software. The IC50 values
ere transformed into inhibition constant (Ki) values using the
heng–Prusoff relationship (Cheng and Prusoff, 1973):

i = IC50

1 + ([[3H]ligand]/K ligand
d )

(1)

here [[3H]ligand] is the initial concentration of [3H]MLA,
3H]cytisine, or [3H]imipramine, and K ligand

d is the dissociation con-
tant for [3H]MLA at the h�7 nAChR (1.86 nM;  Davies et al., 1999),
3H]cytisine at the h�4�2 nAChR (0.3 nM;  Zhang and Steinbach,
003), and for [3H]imipramine at the h�4�2 nAChR (0.83 �M;  Arias
t al., 2010c) and h�7 (1 �M;  Arias et al., 2010b) AChRs, respec-
ively. The Ki and nH values were summarized in Table 4.

.2.5. Homology modeling
To construct the extracellular domain of the h�7 and h�4�2

AChRs, the structure of the AChBP from Lymnaea stagnalis (Ls-
ChBP) in complex with nicotine at 2.2 Å resolution (PDB 1UW6)

Celie et al., 2004) was used as a template for homology modeling.
he target protein and template were aligned using the Multalin
erver (Corpet, 1988). The Torpedo nAChR at a resolution of ∼4 Å
PDB 2BG9) (Unwin, 2005) was used as a template for the construc-
ion of the h�7 and h�4�2 nAChR models, using the MODELLER9v6
Šali and Blundell, 1993). In this study, 100 runs were carried out
sing standard parameters and the outcomes were ranked on the
asis of the internal scoring function of the program. The best model
as chosen as the target model.

.2.6. Molecular docking
In order to obtain information about the most important

AChR–ligand interactions, molecular docking experiments were
erformed using AutoDock 4.0 (Morris et al., 1998) and AutoDock
ina (version 1.1.1) (Trott and Olson, 2010). The energy of bind-

ng of the best docked compounds was calculated by AutoDock
.0, AutoDock Vina, and by molecular mechanics (i.e., difference
etween the energy of the ligand–receptor complex and the sum
f energies of the isolated receptor and ligand).

For the docking to the orthosteric binding sites, the grid maps
ere calculated using the autogrid option and centered on the bind-

ng sites. The volumes chosen for the grid maps were made up of
0 × 60 × 60 points, with a grid-point spacing of 0.375 Å. For the
ransmembrane domains, a grid covering the whole region was
sed instead. The autotors option was used to define the rotating
onds in the ligand. In the Lamarckian genetic algorithm dockings,
he number of individuals in a population of 1500, a maximum

umber of 2.5 × 106 energy evaluations, a maximum number of
7,000 generations, a mutation rate of 0.02, and a cross-over rate
f 0.80, were employed. The protonated enantiomers of 8d,  7j,  and
j docked to the respective nAChR were built using the lowest
mistry & Cell Biology 45 (2013) 2420– 2430

docked-energy binding positions using Gaussian03 (Frisch et al.,
2004), and the partial charges were corrected using electrostatic
potential methodology (Chipot et al., 1992; Ángyán, 1995).

2.2.7. Refinement of the complex by molecular dynamics
simulations

Molecular dynamics (MD) simulations (5–10 ns) were carried
out for (R)-8d, (S)-7j, and (S)-8j docked to the h�7 and h�4�2
nAChRs, respectively. The receptors were solvated and ions (i.e.,
0.2 M NaCl) were added to create an overall neutral system using
the program solvate 1.0 (Grubmueller, 1996). The final system was
submitted to MD simulations using NAMD 2.6 (Phillips et al., 2005)
and the CHARMM force field. The isothermal–isobaric ensemble
was used to perform MD calculations. Periodic boundary condi-
tions were applied to the system in the three coordinate directions.
Pressure of 1 atm and temperature of 300 or 310 K were main-
tained throughout the experiment. Particle mesh Ewald algorithm
was applied to calculate electrostatic forces in our systems. Cutoffs
of 12 Å and time step of 1 fs were used in all simulations. Model
building and analysis were performed by using visual molecular
dynamics (VMD) (Humphrey et al., 1996).

The stability of the cation-� interaction observed for the ligand
in each orthosteric binding site was  evaluated by following the dis-
tance between C-6 from h�7-Trp171 (or h�4-Trp182) and N from
the ammonium group of (R)-8d during 5-ns. For this purpose, the
procedure defined in distance.tcl (which calculates the distance
between two  atom selections) into the VMD  was  used.

The root mean square deviation (RMSD) values were calculated
as described in Supplementary Information. To give an estimation
of the stability of the ligand conformers within the luminal site, the
RMSD variance during the last 3 ns of simulation was  also calcu-
lated. The lower the RMSD variance, the more stable the conformer
is.

3. Results

3.1. Chemical synthesis

A series of novel 2-(substituted benzyl)quinuclidine (7) and
N-methyl-2-(substituted benzyl)quinuclidinium iodides (8) (see
structures in Table 1) were synthesized according to Scheme 1.
The Williamson method was  initially used to couple hydroxyl
benzaldehydes (1–4) and alkyl bromides to produce the corre-
sponding alkyloxy benzaldehydes (5a–k). The 5a–k compounds
were subsequently coupled with 3-quinuclidinone, producing the
�,�-unsaturated ketones (6a–k) (Vijayakumar et al., 2003, 2005).
The C C double bond was hydrogenated using palladium/charcoal
as catalyst, and a modified Wolff-Kishner strategy (Scheiber and
Nemes, 2008) was used to reduce the carbonyl group to furnish
the desired compounds (7a–7k). The corresponding methylammo-
nium iodides (8a–k) were obtained by adding methyl iodide to the
tertiary amines 7. Finally, compound 9 is an intermediate in the
synthesis of 7c and 8c which was quaternized as mentioned above.

3.2. Structure–activity relationships studies using Ca2+ influx
assays

Fig. 1 shows that (±)-epibatidine-induced Ca2+ influx in
HEK293-h�4�2 and GH3-h�7 cells is inhibited by pre-incubation
with compounds 7b–k, 8b–k, and 9. The compounds showed IC50
values in the micromolar or submicromolar range for the h�4�2
and h�7 nAChRs (Table 2). The only exceptions were 7a which

was inactive at both subtypes, and 8a that was  barely active at the
h�4�2 nAChR (IC50 > 100 �M;  Table 2) compared to the h�7 nAChR.
These functional results permitted to analyze the structure–activity
relationships of these compounds based on the substitution pattern
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Table 1
Molecular structures of compounds 7a–k, 8a–k, and 9.

Compound R1 R2 R3

7a H OCH3 H
7b  H O(CH2)2CH3 H
7c  H O(CH2)2CH(CH3)2 H
7d  H O(CH2)5CH3 H
7e  H O(CH2)7CH3 H
7f  O(CH2)2CH(CH3)2 H H
7g  O(CH2)5CH3 H H
7h  OCH3 O(CH2)2CH(CH3)2 H
7i  OCH3 O(CH2)5CH3 H
7j  O(CH2)2CH(CH3)2 OCH3 H
7k  O(CH2)5CH3 OCH3 H
8a  H OCH3 CH3

8b H O(CH2)2CH3 CH3

8c H O(CH2)2CH(CH3)2 CH3

8d H O(CH2)5CH3 CH3

8e H O(CH2)7CH3 CH3

8f O(CH2)2CH(CH3)2 H CH3

8g O(CH2)5CH3 H CH3

8h OCH3 O(CH2)2CH(CH3)2 CH3

O(
OC
OC

o
t
g

(

S
a
�
m

8i OCH3

8j O(CH2)2CH(CH3)2

8k O(CH2)5CH3

n the benzene ring, including the length of the alkyloxy group (C1
o C8), the presence of a hydroxyl group, and the effect of a carbonyl

roup on the quinuclidine ring system.

1) In general, N-methylquinolidinium iodides (8a–8k)  showed
stronger antagonistic activities than their quinolinium chloride

cheme 1. Experimental conditions. (a) K2CO3, R-X, EtOH, reflux, 18 h. (b) KOH, MeOH, r
cetone, RT, 16 h. In this sequence the hydroxybenzaldehydes (1–4) are converted to alk
,�-unsaturated ketones (6a–k). This is followed by catalytic hydrogenation and carbony
ethyl iodide produces the methyl quinolinium salts (8a–k).
CH2)5CH3 CH3

H3 CH3

H3 CH3

(7b–7k) counterparts, and this effect is more marked for the
h�7 subtype.
(2) The para substitution with a long chain increases the selectiv-
ity for the h�7 nAChR (8a-e). A hexyloxy group (8d) at this
position is close to the optimal selectivity for the h�7 nAChR
because both shorter [e.g., methyloxy (8a), propyloxy (8b),

eflux, 24 h. (c) H2, Pd/C, MeOH. (d) H2N–NH2, KOH, diglyme, 180 ◦C, 24 h. (e) CH3I,
oxybenzaldehydes (5a–k), which are coupled with 3-quinuclidinone to form the

l group reduction to furnish the 2-benzylquinuclidines (7a–k). Quaternization with
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Table 2
Inhibitory potency of the studied compounds on the h�4�2 and h�7 nAChRs determined by Ca2+ influx experiments.

Compound h�4�2 h�7 h�7/h�4�2

IC50 (�M) nH IC50 (�M) nH

7a >100 – >100 – –
7b  4.9 ± 1.1 1.19 ± 0.04 6.7 ± 2.9 1.78 ± 0.30 1.4
7c  1.2 ± 0.5 1.40 ± 0.43 2.2 ± 0.1 1.64 ± 0.54 1.8
7d  1.1 ± 0.2 1.25 ± 0.18 2.1 ± 0.1 2.42 ± 0.20 1.9
7e  3.8 ± 0.1 1.14 ± 0.24 3.8 ± 0.2 2.06 ± 0.54 1.0
7f  0.8 ± 0.1 1.34 ± 0.41 3.7 ± 0.3 1.76 ± 0.11 4.5
7g  1.0 ± 0.1 1.50 ± 0.17 3.6 ± 0.1 1.97 ± 0.12 3.6
7h  1.3 ± 0.2 0.99 ± 0.04 4.0 ± 1.0 1.99 ± 0.49 3.2
7i  2.0 ± 0.8 1.38 ± 0.05 3.3 ± 0.4 2.04 ± 0.35 1.6
7j  1.3 ± 0.4 0.98 ± 0.30 13.0 ± 1.7 1.42 ± 0.06 9.8
7k  0.6 ± 0.1 1.14 ± 0.05 2.5 ± 0.2 1.62 ± 0.09 4.0
8a  >100 – 12.5 ± 1.0 2.19 ± 0.34 –
8b  15.2 ± 5.1 0.97 ± 0.17 3.6 ± 0.1 2.34 ± 0.18 0.2
8c  0.4 ± 0.1 0.89 ± 0.09 1.2 ± 0.1 1.99 ± 0.37 3.3
8d  2.5 ± 0.1 1.44 ± 0.27 0.5 ± 0.1 2.26 ± 0.02 0.2
8e  0.9 ± 0.1 1.04 ± 0.01 0.8 ± 0.1 2.08 ± 0.38 0.8
8f  0.9 ± 0.2 1.02 ± 0.13 3.7 ± 0.8 1.87 ± 0.20 4.2
8g  2.4 ± 0.1 1.09 ± 0.07 0.9 ± 0.1 2.06 ± 0.42 0.4
8h  1.8 ± 0.2 1.21 ± 0.25 3.5 ± 0.2 2.18 ± 0.18 1.9
8i  0.4 ± 0.1 1.20 ± 0.19 1.1 ± 0.1 2.02 ± 0.39 3.2
8j  1.7 ± 0.4 0.76 ± 0.05 18.0 ± 2.6 1.98 ± 0.14 10.4
8k  1.0 ± 0.3 0.98 ± 0.04 2.9 ± 0.9 2.29 ± 0.24 2.9

T
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F
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(
7
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9  3.6 ± 0.7 1.10 ± 0.10

he IC50 and nH values were calculated from Figs. 1 and 2, respectively.
3-methylbutyloxy (8c)] and longer [e.g., octyloxy (8d)] sub-
stituents gave higher IC50 values.

3) The presence of a ketone group on the quinuclidine skeleton
(i.e., compound 9, Table 1) decreases the activity at both nAChR
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ig. 1. Inhibitory effect of some compounds shown in Table 1 on (±)-
pibatidine-induced Ca2+ influx in HEK293-h�4�2 cells. Increased concentrations
f  (±)-epibatidine (�) activate the h�4�2 nAChR with potency EC50 = 1.19 ± 0.08 nM
n  = 28). Subsequently, cells were pretreated with several concentrations of: 7a ( ),
b  ( ), 7c ( ), 7e ( ), 7i ( ), 7k ( ) (see panel A), and 8a ( ), 8b ( ), 8c ( ), 8e

 ), 8i ( ), 8k ( ) (see panel B), followed by addition of 0.1 �M (±)-epibatidine.
he response was  normalized to the maximal (±)-epibatidine response which was
et to 100%. The plots are representative of three determinations, where the error
ars  correspond to the standard deviation (SD). The calculated IC50 and nH values
re summarized in Table 3.
12.0 ± 0.3 2.17 ± 0.10 3.4

subtypes. Compare the activity of compound 9 vs 7c and 8c
(Table 2), which do not have the carbonyl group.

The fact that the nH values are close to two for the h�7
nAChR and to one for the h�4�2 nAChR (Table 2) indicates that
the inhibitory process is mediated by a cooperative and non-
cooperative mechanisms, respectively.

3.3. Radioligand binding results

To establish whether the studied antagonists inhibit the recep-
tors by a competitive or non-competitive mechanism, additional
radioligand binding assays were performed. To test the interaction
with the orthosteric sites (competitive), the agonist [3H]cytisine
was used for the h�4�2 subtype (Fig. 3A) and the selective
antagonist [3H]MLA was  used for the h�7 subtype (Fig. 4A).
To test the interaction with the ion channel (non-competitive),
[3H]imipramine was used for both subtypes (Figs. 3B and 4B).

In the case of the h�4�2 nAChR, compounds 7j and 8j
inhibit [3H]cytisine binding very weakly, with Ki values in the
submillimolar-molar concentration range (Table 3). These results
indicate that compounds 7j and 8j practically do not bind to
the orthosteric binding sites but bind with moderate affinities to
the [3H]imipramine binding site (Table 3). The observed nH val-
ues are close to unity, indicating that the compounds bind to
this site in a non-cooperative manner, and thus suggesting that
these compounds bind to just one site. These results support the
idea that compounds 7j and 8j inhibit the h�4�2 nAChR by a
non-competitive mechanism. To determine if the binding affinity
of these compounds changes when the receptor is in the res-
ting or desensitizes state, the Ki value for 7j in the desensitized
state (29 ± 4 �M)  was compared to that in the resting state (in
the presence of 0.1 �M �-BTx; Arias et al., 2010c). The fact that
the calculated Ki value for 7j in the resting state (19 ± 4 �M;
nH = 1.08 ± 0.20) is in the same concentration range as that in the

desensitized state suggests that the compound does not discrim-
inate between these two conformational states. In this regard, no
additional experiments were performed in the resting state for the
other compounds.
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Table 3
Ligand binding affinity for the agonist and ion channel binding sites from the h�7 and h�4�2 nAChRs.

Radioligand Compound h�7 h�4�2

Ki (�M) nH Ki (�M) nH

[3H]MLA 7i 10.1 ± 0.9 1.65 ± 0.22 – –
7j  14.9 ± 1.4 1.00 ± 0.09 – –
8a  2.4 ± 0.2 1.33 ± 0.15 – –
8d  1.6 ± 0.1 1.64 ± 0.14 – –
8j  5.5 ± 0.3 1.05 ± 0.06 – –

[3H]Cytisine 7j – – >1500 0.55 ± 0.08
8j  – – >470 0.79 ± 0.07

[3H]Imipramine 7i 29 ± 5 0.61 ± 0.07 – –
7j  30 ± 4 0.55 ± 0.04 29 ± 4 0.82 ± 0.09
8a  >2700 0.37 ± 0.04 – –

T
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8j  104 ± 15 

he Ki values were calculated from Figs. 3 and 4, according to Eq. (1).

In the case of the h�7 nAChR, the methiodides (8a, 8d
nd 8j)  and tertiary amines (7i and 7j)  bind to the orthosteric
[3H]MLA) sites with higher affinity compared to that for the
�4�2 nAChR (Table 3). Interestingly, the methiodides showed
igher affinity than that for the tertiary amines, suggesting that
he former derivatives inhibit the h�7 nAChR preferably by a com-
etitive mechanism. Interestingly, the Ki values of compounds
i and 7j (tertiary amines), obtained by [3H]imipramine exper-

ments, are in the same concentration range as those obtained
y [3H]MLA experiments, suggesting a dual competitive and non-

ompetitive interaction. However, the nH values obtained for the
3H]imipramine experiments are close to 0.5, except that for 8j.
hese values are in agreement with a negative cooperative interac-
ion, supporting the view that these compounds, except 8j,  inhibit

ig. 2. Inhibitory effect of some compounds shown in Table 1 on (±)-epibatidine-
nduced Ca2+ influx in GH3-h�7 cells. Increased concentrations of (±)-epibatidine
�) activate the h�7 nAChR with potency EC50 = 0.64 ± 0.23 nM (n = 28). Subse-
uently, cells were pretreated with several concentrations of: 7a ( ), 7b ( ), 7c (
, 7e ( ), 7i ( ), 7k ( ) (see panel A), and 8a ( ), 8b ( ), 8c ( ), 8e ( ), 8i ( ),
k ( ) (see panel B), followed by addition of 0.1 �M (±)-epibatidine. The response
as  normalized to the maximal (±)-epibatidine response which was set to 100%.

he plots are representative of three determinations, where the error bars corre-
pond to the standard deviation. The calculated IC50 and nH values are summarized
n  Table 3.
0.78 ± 0.09 75 ± 13 0.92 ± 0.16

[3H]imipramine binding by an allosteric mechanism. Based on
these results, we conclude that the series 7 and 8 derivatives inhibit
the h�7 subtype preferably by a competitive mechanism, whereas
they inhibit the h�4�2 nAChR preferably by a non-competitive
mechanism.

3.4. Molecular docking and molecular dynamics results

Since the compounds were synthesized and tested as racemic
mixtures, each enantiomer (R or S) was  docked separately at the
h�7 or h�4�2 nAChR. The isomers were docked into each orthos-
teric site in an independent manner. Each isomer was docked into
the orthosteric binding sites to establish the structural features

that confer selectivity for either one of these sites. Initial molecu-
lar docking results indicate that (R)-8d interacts preferably with the
five orthosteric sites from the h�7 nAChR [see t = 0 (cyan) in Fig. 5A].
The same results were obtained for (S)-8d.  Each isomer forms
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Fig. 3. Ligand interaction with orthosteric and noncompetitive binding sites at the
h�4�2 nAChR. Interaction of compounds 7j (©) and 8j (�) with the (A) [3H]cytisine
and  (B) [3H]imipramine binding sites, respectively. nAChR membranes were prein-
cubated with 7.7 nM [3H]cytisine or 20 nM [3H]imipramine and then equilibrated
with increasing concentrations of the ligand under study. Nonspecific binding was
assessed at 1 mM CCh or 100 �M imipramine, respectively. Each plot is the combi-
nation of separate experiments each performed in triplicate, where the error bars
correspond to the standard deviation (SD). The apparent IC50 and nH values were
obtained by nonlinear least-squares fit. The Ki values were calculated with Eq. (1)
and summarized in Table 4.
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Fig. 4. Ligand interaction with orthosteric and noncompetitive binding sites at the
h�7 nAChR. (A) Interaction of compounds 7i (�), 7j (�), 8a (©), 8d (�), and 8j (�) with
the [3H]MLA binding sites. (B) Interaction of compounds 7i (♦), 7j (©), 8a (�), and
8j  (�) with the [3H]imipramine binding site. nAChR membranes were preincubated
with 4.1 nM [3H]MLA or 20 nM [3H]imipramine and then equilibrated with increas-
ing  concentrations of the ligand under study. Nonspecific binding was assessed at
1  �M (±)-epibatidine or 100 �M imipramine, respectively. Each plot is the combi-
nation of separate experiments each performed in triplicate, where the error bars
correspond to the SD. The apparent IC50 and nH values were obtained by nonlinear
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east-squares fit, according to Eq. (1). The Ki values were calculated with Eq. (1) and
ummarized in Table 4.

ation-� and van der Waals interactions at the orthosteric sites
Fig. 5C). More specifically, the positively charged nitrogen atom on
he quinuclidine moiety from N-methylquinuclidinium derivatives
orms cation-� contacts with the aromatic ring from Trp171 at the
rincipal component, whereas the alkoxy moiety (-OR) adopts dif-
erent conformations in the binding pocket. The lipophilic chain of
he ligand also binds by van der Waals interactions to residues from
he principal component located within a distance of ∼4.5 Å, includ-
ng Val97, Val132, Val130, Gln139, and Leu141. Although cation-�
nteractions can be generated for the inactive (i.e., 7a)  and partially
at h�4�2) active (i.e., 8a)  inhibitors, the van der Waals interactions
etermined for (R)-8d (Fig. 5C) and its congeners are not observed
or 7a and 8a (data not shown), suggesting that these interactions
re essential for receptor binding. Considering that agonists bind to
he principal and complementary components (reviewed in Arias,
006; Arias et al., 2006; Albuquerque et al., 2009), the lack of inter-
ction with the complementary component may  explain why  these
ompounds are not agonists but antagonists.

Considering that cation-� interactions are very important for
igand binding to the h�7 orthosteric sites (Scrutton and Raine,
996; Arias et al., 2010a), the stability of these interactions was
etermined by MD  experiments (Fig. 5B). The results indicate that
he positively charged quaternary ammonium of (R)-8d becomes
loser to the center of the aromatic ring of Trp171 during the 5-
s simulation. The MD  results demonstrated that only three of
hese initial cation-� interactions (i.e., B–D) remained stable (dis-
ance < 4 Å) [see t = 5 ns (purple) in Fig. 5A]. The insets from Fig. 5A
how the difference between the initial and final conformations

f (R)-8d in two  orthosteric sites, one stable (i.e., B) and another
nstable (i.e., A).

Regarding the docking at the h�4�2 orthosteric sites, (R)-
d establishes similar interactions but a slightly different
mistry & Cell Biology 45 (2013) 2420– 2430

orientation respect to that for the h�7 nAChR. This different ori-
entation produces a longer distance (∼5.4 Å) between the N from
the quinuclidine moiety and the aromatic center of h�4-Trp182
compared to that for h�7-Trp171 (∼4.5 Å) (Fig. 5C and D).  There-
fore, the possibility of forming cation-� interactions at the h�4�2
nAChR is less probable compared to that for the h�7 nAChR, sup-
porting the observed weaker ligand binding affinities for the h�4�2
orthosteric sites (see Table 3).

The docking results at the h�7 and h�4�2 ion channels indicate
that the (S)-7j and (S)-8j enantiomers bind at luminal binding sites.
Similar results were obtained for the (R)-7j and (R)-8j enantiomers.
Both (S)-7j and (S)-8j enantiomers docked within the nAChR ion
channels between the serine (h�4�2)/threonine (h�7) (position
6′) and valine (position 13′) rings (Fig. 6A and C). A common fea-
ture for both enantiomers is that the best conformers are docked
at the same position and in a rather similar way on each nAChR
subtype (Fig. 6B and D). However, they seem to have better energy
of binding for the h�4�2 ion channel compared to that for the h�7
ion channel (see Table 4). Additional calculations using molecu-
lar mechanics methods also support the same conclusion. In this
case, the values for the h�4�2 ion channel are −24 [(S)-8j]  and
−31 [(S)-7j] kcal/mol, whereas the values for the h�7 ion chan-
nel are −18 and −22 kcal/mol, respectively. The performed 10-ns
MD simulations also showed that (S)-7j and (S)-8j are more stable
in the h�4�2 ion channel compared to that in the h�7 ion chan-
nel (Fig. 6E). In both cases, the last 5-ns RMSD values are lower
in the h�4�2 ion channel [0.15 and 0.11 Å for (S)-8j and (S)-7j,
respectively] compared to that for the h�7 ion channel (0.16 and
0.17 Å, respectively). This comparison is statistically significant of
the simulations (t-Student test; p < 0.0001). More importantly per-
haps, is the fact that during the last 3-ns of simulation (see thick
line in the x-axes from Fig. 6E) the movements of (S)-8j and (S)-7j in
the h�7 ion channel (RMSD variance = 7.7 × 10−6 and 8.5 × 10−6 Å,
respectively) are larger than that within the h�4�2 ion channel
(2.4 × 10−6 and 1.2 × 10−6 Å, respectively).

4. Discussion

The bicyclic tertiary amine quinuclidine is a well-known moi-
ety that confers selectivity for the �7 nAChR subtype (Mazurov
et al., 2006; Horenstein et al., 2008). In this regard, the chemi-
cal, functional, and structural characterization of a new series of
2-(substituted benzyl)quinuclidines (7a–k) and their N-methyl-2-
(substituted benzyl)quinuclidinium iodides (8a–k) (see Table 1 for
their structures) is studied as possible antagonists of the h�7 and
h�4�2 nAChRs.

To determine the inhibitory potency of benzyl quinuclidine
derivatives at the h�4�2 and h�7 nAChRs, Ca2+ influx experiments
were performed in HEK293-h�4�2 (Fig. 1) and GH3-h�7  (Fig. 2)
cells. The results indicate that all compounds, except 7a,  are antag-
onists of the studied nAChRs. The tertiary amines (series 7) and
quaternary ammonium salts (series 8) showed similar IC50s for the
h�4�2 (Table 2). Nevertheless, compounds from series 8, except 8j
and 8k,  present higher potencies than series 7 at the h�7. These
results are in agreement with other quaternary ammonium com-
pounds (Gotti et al., 1998; Simsek et al., 2003; Ragab et al., 2006;
Iturriaga-Vásquez et al., 2008; Pérez et al., 2012).

Although the majority of the tested compounds inhibit h�4�2
and h�7 with similar potencies, few exceptions showed some selec-
tivity for one subtype. Compounds 7j and 8j showed ∼10-fold
higher potency at the h�4�2 compared to the h�7, whereas com-

pounds 8b and 8d showed ∼5-fold higher potency at the h�7
compared to the h�4�2. This suggests that substitutions in the
meta position (7j and 8j)  favor h�4�2 inhibition, whereas para
substitutions (8b and 8d)  favor h�7 inhibition. The observed nH
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Fig. 5. Molecular interaction of enantiomer (R)-8d with the h�7 and h�4�2 nAChR orthosteric sites. (A) Extracellular and lateral views of the interaction of (R)-8d with the
five  orthosteric sites at the h�7 nAChR determined after molecular docking (t = 0, cyan) and after 5 ns of molecular dynamics (MD) simulation (t = 5 ns, purple). The insets
show  the electrostatic potential of the binding cavity and the different molecular orientation of (R)-8d at sites A (cation-� distance >4 Å; unstable interaction) and B (<4 Å;
stable  interaction) after 5-ns MD.  (B) Each line on the graph represents the MD trajectory of (R)-8d docked at each one of the five orthosteric sites. The B–D lines correspond
to  the cation-� interactions that preserve a distance <4 Å during the simulation (i.e., stable interactions), whereas the A and E lines correspond to distances >4 Å (i.e., unstable
interactions). (C) Molecular details of the interaction of (R)-8d with the principal component of one of the h�7 nAChR orthosteric sites. The binding pocket shows the
electronic distribution around (R)-8d. The red color indicates a concentrated electron density (i.e., Trp171 and Leu141), whereas the white color indicates a hydrophobic
environment (i.e., Val97, Val130, Val132, and Gln139). The black arrow shows the cation-� interaction between the aromatic ring of Trp171 and the ammonium group from
(R)-8d  (distance ∼4.5 Å in the inset). In addition, the lipophilic chain of the ligand interacts with non-polar residues by van der Walls contacts. (D) Molecular details of the
interaction of (R)-8d with the principal component of one of the h�4�2 nAChR orthosteric sites. Although the general aspects of the ligand interaction is similar to that for the
h  ring o
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�7  nAChR, the distance between the ligand’s ammonium group and the aromatic
o  that for the h�7 nAChR. (For interpretation of the references to color in this figur

alues suggest that the compounds bind to only one (h�4�2) or to
wo or more sites (h�7), respectively. Such result is not surprising
ecause the �7 nAChR has five agonist sites and at least three of
hem must be occupied to active it (Rayes et al., 2009). In fact, our
ocking and MD  results indicate that the interaction of compound

R)-8d with the h�7 nAChR binding sites is stable for three of them
i.e., sites B–D in Fig. 5A).

The radioligand competition results indicate that the com-
ounds interact with the h�7, but not h�4�2, orthosteric sites

able 4
igand binding energy for different sites at the h�7 and h�4�2 nAChRs.

Compound Binding site nAChR subtype Em

(R)-8d Orthosteric h�4�2 −9.0
h�7 −9.5

(S)-8j  Luminal h�4�2 −8.8
h�7 −7.8

(S)-7j  Luminal h�4�2 −8.4
h�7 −7.7
f Trp182 (analogous to h�7-Trp171) is longer (∼5.6 Å; see black arrow) compared
nd, the reader is referred to the web version of this article.)

(Table 3). In the h�7, the methiodides 8a,  8d and 8j bind with
higher affinities than that for 7i and 7j.  These results coincide
with the higher inhibitory potency of the quaternary salts at the
h�7 compared to that at the h�4�2 (Table 2). Interestingly, the
[3H]imipramine competition results indicate that compounds 7j

and 8j inhibit the h�4�2 by binding preferably to the ion chan-
nel compared to the agonist sites (52- and 6-fold difference). The
opposite is true for the h�7, where 8a and 8j bind the agonist
sites with 1125- and 19-fold higher affinity than that for the ion

ulated binding energy (kcal/mol) Binding energy ratio h�4�2/h�7

 0.95

 1.13

 1.09
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Fig. 6. Molecular interactions of enantiomers (S)-7j (red) and (S)-8j (blue) within the h�7 and h�4�2 nAChR ion channels. The (R)-enantiomers present the same locations.
The  threonine (h�7)/serine (h�4�2) (position 6′), leucine (position 9′), and valine (position 13′) rings are in yellow, purple, and violet, respectively. For the h�4�2 nAChR,
the  �4 subunits are represented in dark gray. One of the subunits (i.e., �2 for the h�4�2 nAChR) was  hidden for clearness. (A) Binding site location for (S)-7j (red) within
the  h�7 nAChR ion channel. The binding site location for (S)-8j is similar. (B) Molecular details of the interaction of (S)-7j within the h�7 nAChR ion channel. In addition to
the  residues from rings 6′ (Thr245), 9′ (Leu248), and 13′ (Val252), other residues (in black) make contact with this conformer, including Phe253 (position 14′) and Ser249
(position 10′) from one �7 subunit as well as two more Ser249 residues from non-adjacent subunits. All interactions are hydrophobic, and no hydrogen bond or cation-�
interactions were detected. (C) Binding site location for (S)-8j (blue) within the h�4�2 nAChR ion channel. The binding site location for (S)-7j is similar. (D) Molecular details
of  the interaction of (S)-8j within the h�4�2 nAChR ion channel. In addition to the residues from rings 6′ (�4-Ser252 and �2-Ser246), 9′ (�4-Leu255 and �2-Leu249), and
13′ (�4-Val259 and �2-Val253), other amino acids (in black) make contact with this conformer, including two  �4-Ser256 and two �2-Ala250 residues (position 10′) from
non-adjacent subunits, and �2-Phe254 (position 14′) from an adjacent �2 subunit. All interactions are hydrophobic in nature. (E) Molecular dynamics simulations of (S)-7j
(—)  and (S)-8j (. . .)  docked within the h�7 (gray) and h�4�2 (black) nAChR ion channels, respectively. RMSD is the root mean square deviation from the initial docking
position (see Supplemental Information for more details). The thick line in the x-axis shows the time span of the measured RMSD variance for (S)-7j (7.7 × 10−6 Å) and (S)-8j
(8.5  × 10−6 Å) at the h�7 nAChR, and for the same ligands (2.4 × 10−6 and 1.2 10−6 Å, respectively) at the h�4�2 nAChR. (For interpretation of the references to color in this
figure  legend, the reader is referred to the web  version of this article.)
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hannel. These results are supported by the docking and MD stud-
es, where the energies of binding of (S)-7j and (S)-8j with the
�4�2 ion channel show a favorable trend (Table 4) and are more
table compared with the h�7 channel (Fig. 6).

Collectively, our results indicate that the para substituted
ethiodide salt derivatives (i.e., 8b,  8d,  and 8g)  are the best com-

etitive antagonists for the h�7, whereas the meta substituted
ethiodides and hydrochloride salt derivatives (i.e., 7b–7k)  are

omparatively weaker h�7 antagonists. Both series of compounds
nhibit the h�4�2 mainly by a non-competitive mechanism, by
verlapping the luminal imipramine site located in the middle of
he ion channel.
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