The International Journal of Biochemistry & Cell Biology 64 (2015) 15-24

Contents lists available at ScienceDirect

&
Cell Biology

The International Journal of Biochemistry
& Cell Biology

journal homepage: www.elsevier.com/locate/biocel

Functional and structural interaction of (—)-lobeline with human
o432 and o434 nicotinic acetylcholine receptor subtypes

@ CrossMark

Hugo R. Arias®*, Dominik Feuerbach”, Marcelo Ortells©

a Department of Medical Education, California Northstate University College of Medicine, Elk Grove, CA, USA
b Neuroscience Research, Novartis Institutes for Biomedical Research, Basel, Switzerland
¢ Faculty of Medicine and CONICET, University of Morén, Argentina

ARTICLE INFO ABSTRACT

Article history:

Received 9 January 2015

Received in revised form 2 March 2015
Accepted 9 March 2015

Available online 18 March 2015

To determine the pharmacologic activity of (—)-lobeline between human (h)a432 and ha4f34 nicotinic
acetylcholine receptors (AChRs), functional and structural experiments were performed. The Ca?* influx
results established that (—)-lobeline neither actives nor enhances the function of the studied AChR sub-
types, but competitively inhibits ha434 AChRs with potency ~10-fold higher than that for ha432 AChRs.
This difference is due to a higher binding affinity for the [>H]cytisine sites at ha434 compared to ha4f32
AChRs, which, in turn, can be explained by our molecular dynamics (MD) results: (1) higher stability
of (—)-lobeline and its hydrogen bonds within the a434 pocket compared to the o432 pocket, (2) (-)-
lobeline promotes Loop C to cap the binding site at the a434 pocket, but forces Loop C to get apart from
the a4f32 pocket, precluding the gating process elicited by agonists, and (3) the orientation of (—)-lobeline
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(—)-Lobeline
Competitive antagonist within the 434, but not the a4f32, subpocket, promoted by the t— (or t+) rotameric state of a4-Tyr98,
Ca?* influx remains unchanged during the whole MD simulation. This study gives a detailed view of the molecular

Molecular modeling and dynamics events evoked by (—)-lobeline supporting the differential binding affinity and subsequent
inhibitory potency between ha432 and ha434 AChRs, and supports the possibility that the latter subtype

is also involved in its activity.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

(—)-Lobeline [(—)-2S, 6R, 8S-lobeline, or a-lobeline] is a non-
pyridino alkaloid obtained from several Lobelia plant species.
Pre-clinical and clinical studies have demonstrated that this natu-
ral product possess pro-cognitive activity in animals (Decker et al.,
1993) and in patients with attention deficit hyperactivity disorder
(Martin et al., 2015), as well as anxiolytic (Brioni et al., 1993), and
anti-addictive (Harrod et al., 2001; Polston et al., 2006) properties.

Abbreviations: AChR, nicotinic acetylcholine receptor; (—)-lobeline (a-lobeline)
(=), -2S, 6R, 8S-lobeline, Ct-AChBP, acetylcholine binding protein from Capitella
teleta; Ac-AChBP, acetylcholine binding protein from Aplysia californica; CCh, car-
bamylcholine; RT, room temperature; BS, binding saline; EXD, extracellular domain,
ORT, orthosteric; K;, inhibition constant; Ky, dissociation constant; ICsg, ligand con-
centration that produces 50% inhibition (of binding or of agonist activation); ny, Hill
coefficient; ECsp, agonist concentration that produces 50% AChR activation; MD,
molecular dynamics; FBS, fetal bovine serum.
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Tel.: +1 916 647 0458; fax: +1 916 686 7310.
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Although (—)-lobeline was used as a smoking cessation agent, sev-
eral side effects made this drug to be banned by the FDA (reviewed
in Sewester et al., 1997).

Although (-)-lobeline was originally classified as a partial
agonist of nicotinic acetylcholine receptors (AChRs), mounting
evidence suggests that this compound behaves more like a compet-
itive antagonist. Although (—)-lobeline binds to AChRs with high
affinity (K; ~4nM) (Flammia et al.,, 1999), the functional results
indicate that it does not activate (Damaj et al., 1997) or slightly
activates (Kaniakova et al., 2011) AChRs, but instead it acts as an
antagonist at different AChRs (Dwoskin and Crooks, 2002). It has
been hypothesized that the previously described pharmacologic
activities of (—)-lobeline are mediated by its interaction with a432
AChRs. However, the evidence indicating that (—)-lobeline-induced
[3H]dopamine overlflow from rat striatal slices is not inhibited
by mecamylamine (Dwoskin and Crooks, 2002), a nonspecific
noncompetitive antagonist of AChRs, and that the spinal analgesic
activity of (—)-lobeline does not correlate with its affinity at the
o432 AChR (Flammia et al., 1999), suggests additional mechanisms
of action (Dwoskin and Crooks, 2002; Kaniakova et al., 2011) or
the existence of other targets. For example, it has been suggested
that (—)-lobeline may interact with a locus different from the
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orthosteric sites enhancing agonist-activated o432 AChRs
(Kaniakova et al., 2011), a pharmacologic property resembling that
for positive allosteric modulators (reviewed in Arias, 2011).

There is a large amount of experimental evidence supporting
an important role of a432 AChRs in the mechanism of nicotine
addiction (reviewed in Ortells and Arias, 2010). For example, knock-
out animal results indicate that the 32 subunit is necessary for
nicotine-induced dopamine release (Grady et al., 2001), and for the
discriminative (Shoaib et al., 2002) and reinforcing (Picciotto et al.,
1998) properties of nicotine. Although 434 AChRs are expressed
in less proportion compared to 432 AChRs, they have been found
in several brain regions, including basal ganglia, cerebellum, mid-
brain, ventral tegmental area, hippocampus, and cortex, where
some of these areas are implicated in drug addiction (Azam et al.,
2002; Quik et al., 2000).

Studies using the acetylcholine binding proteins (AChBPs) from
Capitella teleta (Ct-AChBP; Billen et al., 2012), and Aplysia cali-
fornica (Ac-AChBP; Hansen et al., 2005) show that (—)-lobeline
induces a strong capping of Loop C (at the principal component)
as other antagonists do, as well as exposes an additional subpocket
to accommodate the a-hydroxyphenetyl moiety by changing the
rotameric state of a Tyr residue from Loop A, the so-called g-to-t or
Tyr-flip conformation (reviewed in Arias, 2012). Since (—)-lobeline
presents interesting pharmacologic properties and could be clin-
ically important, the binding affinity, agonistic and antagonistic
activities of (—)-lobeline, as well as the structural features of its
binding site were compared between the human (h) a42 and
ha4B4 AChRs. In this regard, Ca2* influx and [3H]cytisine compe-
tition binding assays, as well as molecular docking and molecular
dynamics (MD) studies were applied.

2. Materials and methods
2.1. Materials

[3H]Cytisine (40 Ci/mmol) was obtained from PerkinElmer Life
Sciences Products, Inc. (Boston, MA, USA), and stored at —20°C. Car-
bamylcholine dihydrochloride (CCh), (—)-lobeline hydrochloride
and polyethylenimine were purchased from Sigma Chemical Co.
(St. Louis, MO, USA), whereas probenecid was obtained from Sigma
Chemical Co. (Buchs, Switzerland). (&)-Epibatidine hydrochloride
was obtained from Tocris Bioscience (Ellisville, MO, USA). Fluo-
4 was purchased from Molecular Probes (Eugene, OR, USA). Fetal
bovine serum (FBS) and trypsin/EDTA were purchased form Gibco
BRL (Paisley, UK). Salts were of analytical grade.

2.2. Ca?* influx measurements in HEK293-ha482 and
CHO-ha484 cells

Ca?* influx assays were performed as previously described
(Pérez et al., 2013; Arias et al., 2013, 2015). Briefly, HEK293-ha 432
and CHO-ha4B4 cells were seeded 72 h prior to the experiment
on black 96-well plates (Costar, New York, USA) at a density of
5 x 10 per well and incubated at 37 °C in a humidified atmosphere
(5% CO,/95% air). 16—24 h before the experiment, the medium was
changed to 1% FBS in HEPES-buffered salt solution (HBSS) (130 mM
NaCl, 5.4 mM KCl, 2 mM CacCl,, 0.8 mM MgS04, 0.9 mM NaH;POy,
25 mM glucose, 20 mM HEPES, pH 7.4). On the day of the experi-
ment, the medium was removed by flicking the plates and replaced
with 100 wL HBSS/1% FBS containing 2 wM Fluo-4 in the presence
of 2.5 mM probenecid. The cells were then incubated at 37°C in
a humidified atmosphere (5% CO,/95% air) for 1h. Plates were
flicked to remove excess of Fluo-4, washed twice with HBSS/1%
FBS, and finally refilled with 100 p.L of HBSS containing different
concentrations of (—)-lobeline and pre-incubated for 5 min. Plates

were then placed in the cell plate stage of the fluorimetric imaging
plate reader (FLIPR; Molecular Devices, Sunnyvale, CA, USA). (+)-
Epibatidine (0.1 wM) was then added from the agonist plate to the
cell plate using the 96-tip pipettor simultaneously to fluorescence
recordings for a total length of 3 min. A baseline consisting of 5
measurements of 0.4 s each was recorded. To determine the agonis-
tic activity, AChRs were stimulated with increasing concentrations
of (—)-lobeline. In parallel experiments, a fixed concentration of
(£)-epibatidine (i.e., 1, 3, 10, 30, or 100 nM) was co-injected with
increasing concentrations of (—)-lobeline. The excitation and emis-
sion wavelengths are 488 and 510nm, at 1W, and a CCD camera
opening of 0.4s.

2.3. [3H|Cytisine competition binding experiments

To determine the binding affinity of (—)-lobeline for the ha432
and ha4B4 AChRs, [3H]cytisine competition binding experiments
were performed as previously published (Pérez et al., 2013; Arias
et al.,, 2015). In this regard, AChR membranes (1.0 mg/mL), first
prepared from HEK293-ha432 and CHO-ha4[34 cells (Pérez et al.,
2013; Arias et al., 2015), were suspended in BS buffer with 10 nM
[3H]cytisine, and preincubated for ~30 min at RT. Nonspecific bind-
ing was determined in the presence of 1 mM CCh. The total volume
was divided into aliquots, and increasing concentrations of (—)-
lobeline were added to each tube and incubated for 2h at RT.
AChR-bound [3H]cytisine was then separated from free radioligand
by a filtration assay using a 48-sample harvester system with GF/B
Whatman filters (Brandel Inc., Gaithersburg, MD, USA), previously
soaked with 0.5% polyethylenimine for 30 min. The membrane-
containing filters were transferred to scintillation vials with 3 mL of
Bio-Safe II (Research Product International Corp, Mount Prospect,
IL, USA), and the radioactivity was determined using a Beckman
LS6500 scintillation counter (Beckman Coulter, Inc., Fullerton, CA,
USA).

The concentration-response data were curve-fitted by nonlin-
ear least squares analysis using the Prism software (GraphPad
Software, San Diego, CA). The observed ICsy values were trans-
formed into inhibition constant (K; ) values using the Cheng-Prusoff
relationship (Cheng and Prusoff, 1973):

K = ICso
g ([[3H]Cytisine]/K§ytisine)

(1)

where [[3H]cytisine] is the initial concentration of [>H]cytisine, and
KSYUsine js the dissociation constant for [3H]cytisine at the ha4f4
(0.1 nM; Slater et al., 2003) and ha4f32 AChRs (0.3 nM; Zhang and
Steinbach, 2003), respectively. The calculated K; values were sum-
marized in Table 1.

2.4. Homology models of the a4 84 and «482 subunit pairs

Structural models of the «432 and o434 subunit pairs were
based on the crystal structure of the Ct-AChBP complexed with
(—)-lobeline (PDB 4AFH; Billen et al.,, 2012) as a template for

Table 1
Inhibitory potency (ICsq) and binding affinity (K;) of (—)-lobeline for the ha432 and
ha434 AChRs.

AChR subtype Ca?* influx [3H]Cytisine competition
binding
ICs0 * (1M) ny? K;* (nM) ny®
ha434 0.25 + 0.04 1.67 £ 0.17 1.82 + 0.07 0.87 + 0.03
ha4B2 2.58 + 0.50 1.06 + 0.11 490 + 030 0.79 + 0.04

ny, Hill coefficient.
2 These values were obtained from Fig. 1A and C, respectively.
b These values were obtained from experiments as shown in Fig. 2.
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Fig. 1. (—)-Lobeline induced inhibition of (+)-epibatidine-evoked calcium influx in
HEK293-ha432 and CHO-ha434 cells. Increased concentrations of (+)-epibatidine
(m) activate the ha4p2 (ECso=30+5nM; ny=1.03+0.04; n=21) (A and B) and
ha4p4 (ECs0=9.6 £2.0nM; ny =1.01+£0.03; n=18) (C and D) AChRs with different
potency. (A and C) To determine the antagonistic activity of (—)-lobeline, cells were
pre-treated with several concentrations of (—)-lobeline (®) followed by addition of
0.1 wM (+)-epibatidine. (B and D) Co-injection of (+)-epibatidine [i.e., (#) 1,(x) 3,(A)
10, (v) 30, or (O) 100 nM] and increasing concentrations of (—)-lobeline at each cell
line. Representative graphs for (—)-lobeline are based on six (A), four (C), and three
(B and D) experiments, respectively. The error bars represent the standard devia-
tion (SD). Ligand response was normalized to the maximal (+)-epibatidine response,
which was set as 100%. The calculated ICsg and ny values are summarized in Table 1.

the AChR extracellular domain (EXD). The a4f32- and a434-EXD
models were built by homology modeling using Modeller 9.8
(Sali and Blundell, 1993) and SWIFT MODELLER (Mathur and
Shankaracharya Vidyarthi, 2011). For this purposes, the amino acid
sequences of the studied AChR subunits (i.e., ha4, hf32, and h34)

100

[*H]Cytisine Bound
(% control)
(3]
o

-12 -10 -8 -6 4
Log|(-)-Lobeline], M

Fig. 2. (—)-Lobeline-induced inhibition of [*H]cytisine binding to ha4p4 (0) and
ha4B2 (O) AChRs, respectively. AChR membranes (1.0 mg/mL) were pre-incubated
(30 min) with 10 nM [>H]cytisine, and then equilibrated (2 h) with increasing con-
centrations of (—)-lobeline. Nonspecific binding was determined at 1 mM CCh. Each
plot was performed in triplicate, and the error bars correspond to the SD. At least
two separated experiments were combined and the ICso and ny values obtained by
linear regression. Subsequently, the K; values were calculated according to Eq. (1).
The K; and ny values were summarized in Table 1.

were aligned with the sequences of Ct-AChBP and Ac-AChBP by
using the ClustalW2 server (www.ebi.ac.uk/Tools/msa/clustalw?2)
(Thompson et al., 1994).

The binding site models were constructed using two neigh-
boring subunits of the five subunits from the original template
containing the agonist binding site domain. Since Ct-AChBP is
complexed with (—)-lobeline in the five subunits and no binding
differences were observed by the authors (Billen et al., 2012), any
subunit pair can be used to delineate the a4/32 and a4/B4 binding
site interfaces. The use of only two subunits, those that conform the
binding site, instead of modeling the whole extracellular pentamer,
is justified by the fact that no cooperative interaction between
(—=)-lobeline and each AChR subtype is observed (see [3H]cytisine
competitive binding results in Fig. 2), indicating binding equiva-
lence between both binding sites from each AChR subtype.

The subunit combinations a4(+)/32(-) and a4(+)/B4(-) were
modeled without (i.e., Apo form) and with (—)-lobeline (i.e., bound
form). (—)-Lobeline and water molecules were added to the model
according to the AChBP-lobeline structure (Billen et al., 2012).
The models were energy minimized using molecular mechanics
(Keserii and Kolossvary, 1999) and the software NAMD (CVS-2013-
07-06 for Linux x86, 64bits multicore CUDA version; Phillips et al.,
2005), CHARMM force field (Brooks et al., 1983), and VEGA ZZ
(Pedretti et al., 2004). To avoid distorting the protein secondary
structure, the energy minimization was carried out fixing the back-
bone atoms to their original positions. The systems were fully
minimized using NAMD. These minimized conformations changed
during the course of the MD simulations as expected.

2.5. Molecular dynamics simulations

To determine any conformational change on Loop C when (—)-
lobeline binds to each site, a series of MD simulations of the
orthosteric binding sites, including the whole Loop C, were per-
formed using the o432 and a434 subunit interfaces, without (i.e.,
Apo form) and with (—)-lobeline (i.e., bound form). To reduce com-
puting time, only protein residues and water molecules within a
40A sphere centered on the Cys-Cys pair found in Loop C and
the Loop C itself, were allowed to move freely. To restrict the MD
simulations to a defined space, spherical periodic boundary condi-
tions (Lewards, 2011) were implemented with center at the center
of mass at each subunit pair. The MD simulations spanning 20-
ns were performed using NAMD and CHARMM force field. The
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protocol included a timestep size of 1 fs, with 20 timesteps per cycle
(the number of timesteps between atom reassignments). The cutoff
value for non-bond energy evaluation was 12 A. A distance of 8 A for
the switching function was used. Pairs of bonded atoms excluded
from non-bonded interaction calculations was determined to 1-4,
that is, no non-bonded interactions were calculated for lists of 4
consecutive bonded atoms. The temperature of the system was
rescaled every 1000 steps to 300K. To determine the stability of
Loop C and (—)-lobeline, the root mean square deviation (RMSD)
values extracted from the MD for the a4(32 and o434 subunit pairs
was calculated using VEGA ZZ (Pedretti et al., 2004). The RMSD
values, representing the inter-molecular conformational changes
and the translation of the whole molecule in the binding site, were
calculated using the following equation:

N
Y92
RMSD = % (2)

where N is the number of atoms from the ligand, and 81.2 is the
distance between the corresponding ligand atoms obtained at each
step and the starting conformation.

To study the interaction of (—)-lobeline with its subpocket, the
conformational changes of the a4-Tyr98 side chain elicited by
(—)-lobeline during the 20-ns MD simulations were determined.
a4-Tyr98 is the homologous of the Tyr residue observed in AChBPs
having an unusual rotameric t-state (reviewed in Arias, 2012). The
chil values obtained from the simulations were used for the anal-
ysis of the rotameric states at both (—)-lobeline-AChRs complexes.

To measure the occurrence of hydrogen bonding for (—)-lobeline
at each dimer during the MD simulations as well as the occupancy
of every hydrogen bond (i.e., the percentage of the MD where a
hydrogen bond is present), the H-bond plugin version 1.2 of the
VMD program version 1.9.1 (Humphrey et al., 1996) was used. To
obtain a clearer view of the hydrogen bonding patterns, the mobile
means of hydrogen bonds during the MDs was calculated as the
average number of hydrogen bonds present in temporal windows
of 100 fs.

To estimate the binding energies for (—)-lobeline at the a4f34
and o422 subunit pairs, potential energies from the ligand-
receptor complexes, and from the isolated a434 and «4[32 subunit
pairs and isolated ligand were calculated using molecular mechan-
ics (Keserti and Kolossvary, 1999), for the initial (minimized) state
and for the last 10-ns of the simulations. For the isolated (—)-
lobeline, the ligand structure solved in the (—)-lobeline-Ct-AChBP
complex was extracted and minimized alone. For the last 10-ns of
the simulations, mean energies were used, i.e. the energy averages
estimated during the last 10,000 steps (1 step, 1 fs) of each MD.

3. Results

3.1. Pharmacologic activity of (—)-lobeline at the HEK293-ha42
and CHO-ha434 cells assessed by Ca?* Influx

The pharmacologic activity of (—)-lobeline was compared to that
for (+)-epibatidine by assessing the fluorescence change on each
AChR-expressing cell line (Fig. 1). The results indicate that (-)-
lobeline stimulates neither AChR subtype, whereas (4)-epibatidine
activates them with the following potency: ECso=3045nM
(ha432) (Fig. 1A) and 9.6 £ 2.0 nM (ha434) (Fig. 1C). This indicates
that ha434 AChRs are 3-fold more sensitive than ha432 AChRs
to the agonistic activity of (+)-epibatidine. The results on ha432
AChRs correspond very well with previous data (Pérez et al., 2013),
whereas the results on ha4[34 AChRs are lower than previous esti-
mations (~38nM) (Stauderman et al., 1998). The calculated ny
values: 1.03 £ 0.04 for the ha4f32 (Fig. 1A) and 1.01 £ 0.03 for the
ha4B2 (Fig. 1C), indicate that (+)-epibatidine activates the AChRs

by a non-cooperative mechanism, suggesting that the agonist can-
not distinguish between both binding sites.

The antagonistic properties of (—)-lobeline were also investi-
gated by pre-incubating the AChR with (—)-lobeline before the
(+)-epibatidine-induced AChR activation (Fig. 1A and C). In this
regard, (—)-lobeline inactivates the ha434 AChR with potency
(IC50=0.25+0.04 M) ~10-fold higher than that for the ha4f32
(2.58 £ 0.50 wM) (Table 1). The observed ny value for the ha432
AChR is close to unity (Table 1), suggesting that the ligand inhibits
this receptor by a non-cooperative mechanism, whereas the value
for the ha4[34 AChR is higher than unity, suggesting a cooperative
mechanism. The cooperative behavior, in turn, suggests that (-)-
lobeline may discriminate between both agonist binding sites at
the ha434 AChR.

To determine whether (—)-lobeline potentiates the activity of
an agonist as was previously suggested (Kaniakova et al., 2011), co-
applications of a fixed concentration of (—)-lobeline and increasing
concentrations of (+)-epibatidine were performed (Fig. 1B and D).
The results confirm the antagonistic activity of (—)-lobeline at both
AChR subtypes, and discard the possibility of potentiating activity.

3.2. Binding affinity of (- )-lobeline at the ha484 and ha482
AChRs

To compare the binding affinity of (—)-lobeline between the
ha4B4 and ha42 AChRs, the effect of (—)-lobeline on [3H]cytisine
binding to either AChR was determined. The K; values demonstrate
that (—)-lobeline binds to the ha434 AChR (Fig. 2A) with ~3-fold
higher affinity (1.82 +£0.07 nM) compared to that for the ha432
AChR (Fig. 2B) (4.904+0.30nM) (Table 1). The fact that the calcu-
lated ny values for the ha432 and ha434 AChRs are close to unity
(Table 1) suggests that (—)-lobeline inhibits radioligand binding in
a non-cooperative manner. This suggests, in turn, that (—)-lobeline
and [3H]cytisine bind to overlapping sites.

3.3. Molecular interactions of (—)-lobeline docked to either the
o482 or a4 34 pocket

Molecular modeling and molecular dynamics were used to
explain our experimental results. More specifically, to determine
relevant differences between the ha432 and ha434 AChRs when
(—)-lobeline interacts to each binding site domain, by comparing
the molecular behavior of (—)-lobeline in its Apo and bound forms.
Table 3 shows the hydrophobic and hydrogen bond interactions
of (—)-lobeline with the respective a432 and a434 pockets. The
opposite direction of Loop C when (—)-lobeline binds to the a432
or o434 pocket (Fig. 3) is reflected on the interactions shown in
Table 3 since most of the initial contacts of the a432 principal com-
ponent with (—)-lobeline are lost at the end of the simulation. From
the thirteen interactions, eight are lost, five of which were origi-
nally shared with both AChBPs. As a consequence of this movement,
o432 gains two interactions, one at position 8 (a4-Asp157, Loop
B) and another at position 13 (a4-Ala199, Loop C). At the comple-
mentary component, a4f32 loses one original interaction (Val111
at position 21, Loop E), but acquires two, one at position 18 (Trp57,
Loop D) and another at position 24 (Thr173, Loop F). In the o434
pocket, from the eleven interactions originally present at the prin-
cipal component, only two were lost, a4-Cys198 (position12, Loop
C) and a4-Asp204 (position 17, Loop C). At the same time, three
newer interactions appeared, at positions 7 (a4-Tyr156, Loop B),
8 (a4-Asp157, Loop B; also newer in a432), and 14 (a4-Glu200,
Loop C). At the complementary component, o434 lost two interac-
tions, at positions 22 and 23 (f4-Leu121 and -Leu123, Loop E), but
acquired one interaction at position 19 (34-1le81, Loop D). Overall,
the number of residues from the a4[32 or 434 pocket interacting
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Fig. 3. Molecular dynamics (MD) simulations of the o432 (A) and a434 (B) subunit pairs, in the absence (i.e., Apo form; i, ii) and presence (i.e., bound form; iii, iv) of (—)-
lobeline. Only the a4 (principal component) extracellular domains are shown for clarity (gray). The positions of Loop C and (—)-lobeline are shown at the beginning (blue)
and at the end (red) of the 20-ns MD simulations. Simulations as seen from the hidden (3-subunit (i and iii) and extracellular side (ii and iv), respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

with (—)-lobeline at the end of the MD simulations is very similar,
12 and 14, respectively.

There are four positions in the aligned sequences that are con-
sistently present in the binding of (—)-lobeline to their respective
receptors, i.e. relative positions 1 (Loop A), 5 (Loop B), 10 (Loop C),
and 15 (Loop C), all of which are aromatic residues at the principal
component from the a4 subunit (Table 3) or AChBPs (Billen et al.,
2012; Hansen et al., 2005), respectively. Moreover, (—)-lobeline
makes contacts with these residues during the whole MD at both
o432 and o434 pockets. These results support the view that these
amino acids are structural components for the (—)-lobeline binding
site.

Since the number of hydrophobic interactions for (—)-lobeline
are very similar for both a432 and a434 pockets, the difference in
the observed binding affinities (Table 1) probably comes from the
hydrogen bonding pattern. The number of hydrogen bonds remains
almost near zero for the a432 pocket during the whole simula-
tion (measured every 100 fs), while in the «434 pocket, it increases
sharply near the middle of the MD (Fig. 4A). In the «432 pocket, only
residues from the principal component are involved. For exam-
ple, the hydrogen bond with the highest occupancy (~0.1%) is that
with a4-Ser153 chain atoms, whereas other residues involved in
hydrogen bonding have even less occupancy (Table 3). On the con-
trary, in the o434 pocket, a higher occupancy (~18%) is observed
for hydrogen bonds formed between the a4-Asp157 side chain

and (—)-lobeline (Fig. 4B), followed by 0.64% occupancy at the a4-
Gly152. Three more a4 residues are also involved in hydrogen
bonding and one from the complementary component (Table 3).

3.4. Rotameric states of a4-Tyr98 at Loop A

The X-ray structures of (—)-lobeline complexed with different
AChBPs (Billen et al., 2012; Hansen et al., 2005) showed that this
drug exposes a subpocket in its binding domain by changing the
rotameric state of a Tyr located in Loop A from the normal g— to
the t— conformation, the so-called g-to-t or Tyr-flip conformation
(reviewed in Arias, 2012). The homologous residue in the stud-
ied AChRs is a4-Tyr98 (position 1, Table 3) (Billen et al., 2012;
Hansen et al., 2005). The analysis of the rotameric states in the
o432 subpocket shows that a4-Tyr98 remains in the t— confor-
mation approximately half of the simulation (54.67%), but then
switches to the g— rotamer until the end of the MD (45.28%), and
also remains for a short period in the t+ conformation (0.05%) (Fig. 5,
Table 4). This causes that (—)-lobeline cannot longer remain in its
subpocket. On the contrary, in the case of the a434 subpocket, a4-
Tyr98 is mainly in the t— conformation (71.36%), but continuously
and briefly alternates to the t+ rotamer (28.47%), and to g— (0.17%),
allowing (—)-lobeline to remain in its subpocket, and thus, allow-
ing the Loop C to approach and cap the binding pocket. Although
in t+ the a4-Tyr98 side chain rotates 180° in opposite direction
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to t—, both rotamers are equivalent in maintaining the subpocket
exposed, so the a-hydroxyphenetyl moiety of (—)-lobeline can
occupy it.

3.5. Molecular dynamics of (—)-lobeline docked to either the
o482 or a4 54 pocket

MD simulations (20-ns) were performed primarily to com-
pare the behavior of Loop C in the absence (i.e., Apo form) and
the presence of (—)-lobeline (i.e., bound form). Fig. 3 shows the
behavior of Loop C from the «4p2 (Fig. 3A) and «4P4 (Fig. 3B)
subunit pairs, without (Fig. 3Ai,ii and Bi,ii) and with (—)-lobeline
(Fig. 3Aiii,iv and Biii,iv). In the Apo form, Loop C, after a short
rearrangement, remains almost in the same position during the
simulations (Fig. 3Ai,ii and Bi,ii). On the contrary, when (—)-lobeline
is bound, the behavior of Loop C depends on the AChR site. In the
o432 pocket, both Loop C and (—)-lobeline move opposite from
the binding pocket situated at the subunit interface (Fig. 3Aiii,iv),
while in the o434 pocket, although (—)-lobeline remains almost
in its original position, Loop C moves toward the binding pocket
promoting its closure.

Fig. 6 shows different views of these events in terms of the
inter-molecular and translational conformational changes of Loop C

(i.e., RMSD values) in the absence and the presence of (—)-lobeline
as well as of the drug in its binding pocket. When the system is
already stabilized (i.e., during the last 10-ns of simulation), the
RMSD values for Loop C in the Apo form are 2.11+0.01 (a4p2)
and 1.83 £0.01 (a4p4), respectively (Fig. 6A), where the standard
deviation (SD) values indicate that Loop C remains stable after
an initial short movement. In the bound state, the RMSD values
for Loop C are 2.2540.04 (a432) and 3.12 £ 0.01 («4[34), respec-
tively (Fig. 6B), suggesting that (—)-lobeline induces a slightly larger
rearrangement of Loop C at the o434 pocket compared to that at
the o432 pocket. However, these arrangements occur in opposite
directions: in o432, away from the binding pocket, and in o434,
toward it. The evidence that Loop C remains in its original posi-
tion during the MDs of the Apo forms indicates that the observed
opposite direction on Loop C is mediated by its interaction with
(—)-lobeline and not by intrinsic features of these receptor sub-
types. As indicated by the RMSD SD values during the second half
of the simulation, the movement of Loop C in o434 is also less
variable, suggesting that its interaction with (—)-lobeline is more
stable. Although the RMSD values for (—)-lobeline are quite similar,
2.60+£0.27 (04p2) and 2.77 +£0.08 («4f34), respectively (Fig. 6C),
the SD values suggest that (—)-lobeline is more stable in the 434
pocket. The energy calculations confirm this statement (Table 2).
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At the minimized state, the binding energy of (—)-lobeline for
0434 (—4393 kJ/mol) is ~4-fold more favorable than that for a432
(—987KJ/mol). The average energies during the last 10-ns simu-
lations showed slightly increased values for 432 (—1230k]J/mol)
compared to that for a434 (—1824 kJ/mol).

4. Discussion

To determine the structural and functional differences between
ha42 and ha434 AChRs, the pharmacologic and molecular inter-
action of (—)-lobeline to each AChR subtype was compared.

The results from functional studies assessed by Ca%* influx
assays indicate that (—)-lobeline does not activate the ha4f32
and ha4p4 AChR subtypes. These results support previous stud-
ies indicating that this ligand does not activate AChRs (Damaj
et al,, 1997), but disagree with its original classification as a partial
agonist of AChRs. The Ca2* influx results also indicate that (—)-
lobeline does not potentiate the studied AChR subtypes. Differences
in the used methods might account for the lack of potentiating
effect. More specifically, Kaniakova et al. (2011) determined the
potentiating effect of (—)-lobeline by measuring the peak response

mediated by ACh using the patch clamp technique, whereas the
increase in intracellular Ca2* (peak to baseline difference) elicited
by (+)-epibatidine is monitored in our Ca%* influx assays. Since
the fractional Ca%* influx mediated by ha42 AChRs expressed
in HEK293-ha432 cells amounts to only 2.5% (Fucile, 2004), the
small potentiating effect reported for (—)-lobeline at the a4[32
AChR (Kaniakova et al., 2011) might not be detectable in a sys-
tem where only CaZ* influx is assessed. Another cause might
be that (+)-epibatidine, instead of ACh, was used in our experi-
ments, which coincides with the fact that the potentiating effect
of (—)-lobeline on (&4)-epibatidine-evoked responses was much
less marked compared to that using ACh (Kaniakova et al., 2011).
Furthermore, species differences my account for the observed dis-
crepancies, since Kaniakova et al. (2011) used rat o432 AChRs
whereas our experiments were performed by using ha432 AChRs.
Another potential explanation is that additional allosteric sites for
(—)-lobeline might exist as determined for varenicline (Arias et al.,
2015) and cytisine (Arias et al., 2013), but did this possibility was
not explored further.

The CaZ* influx results also indicate that (—)-lobeline
inhibits ha434 and ha4f32 AChRs by a competitive mechanism.



22 H.R. Arias et al. / The International Journal of Biochemistry & Cell Biology 64 (2015) 15-24

RMSD
oo
kN
\
%(

RMSD

RMSD

ns

Fig. 6. RMSD values for Loop C in the absence (i.e., Apo form) (A) and the presence
of (—)-lobeline (i.e., bound form) (B), and for (—)-lobeline bound at the respective
subunit combinations (C). Braking and solid lines correspond to simulations at the
o432 and o434 pockets, respectively.

Interestingly, (—)-lobeline inhibits the ha434 AChR with ~10-fold
higher potency than that for the ha4[32 AChR (Table 1). In compar-
ison, (+)-epibatidine has ~3-fold higher potency for ha434 AChRs
compared to that for ha432 AChRs. The simplest explanation for
the different potency is that (—)-lobeline binds the ha434 AChR
agonist sites with higher affinity than that for the ha4[32 AChR,
as demonstrated by our [3H]cytisine competition binding results

Table 2

(Table 1). Another difference is that although (—)-lobeline inhibits
[3H]cytisine binding to each AChR by a non-cooperative mecha-
nism, it inhibits (+)-epibatidine-evoked ha434 AChR activity by
a cooperative mechanism, opposite to the non-cooperative mech-
anism observed for the ha432 AChR. These results suggest that
the (—)-lobeline inhibitory mechanism at the ha434 AChR is more
complex than that at the ha4[32 AChR. A possibility is that in addi-
tion to a competitive mechanism of inhibition, (—)-lobeline might
induce, for example, receptor desensitization or even ion channel
blockade at higher proportions than that at the ha432 AChR.

A dose of 1 mg/kg (—)-lobeline, which produces anti-addictive
activity (e.g., see Polston et al., 2006), can reach the plasma at a
maximal concentration of ~1.4 wM (Lin et al., 2013). Considering
that (—)-lobeline can cross the blood-brain-barrier, it is clear that
(—)-lobeline can inhibit these AChR subtypes at significant doses.
These results corroborate previous studies and support the possi-
bility that ha434 AChRs are also targets for the pharmacological
and clinical activity of (—)-lobeline. In this regard, o434 AChRs
are expressed in several brain regions implicated in drug addic-
tion, including basal ganglia, midbrain, ventral tegmental area,
hippocampus, and cortex (Azam et al., 2002; Quik et al., 2000).

The molecular interactions of (—)-lobeline with residues from
the 432 and o434 binding sites are complex (Table 3). At the ini-
tial and minimized state of the MDs, (—)-lobeline interacts with the
principal and complementary components at each a432 and o434
interface, supporting previous results on the Ct-AChBP (Billen et al.,
2012). For instance, the aromatic residues at positions 5 (Trp, Loop
B), 10 (Tyr, Loop C),and 15 (Tyr, Loop C) are present in all AChRs and
therefore, we conclude they are essential for (—)-lobeline binding.
Although the Cys!97-Cys!98 pair, present in Loop C from the ha432
AChR, makes contact with (—)-lobeline, these interactions are lost
at the end of the simulation when the Loop C moves away from
the drug (and the binding pocket). On the other hand, a4-Cys'97,
at position 11, from the ha434, does not make a close contact with
(—)-lobeline.

More importantly for the comprehension of the experimental
data is that the MDs studies give a structural explanation for the
different (—)-lobeline affinity at each AChR subtype. The observed
higher affinity is based on at least four structural and dynamics fea-
tures: (1) higher stability of the hydrogen bonds for (—)-lobeline at
the a434 pocket that is lacking in the o432 pocket (Table 3, Fig. 4);
(2) higher stability of (—)-lobeline within the «434 pocket during
the last 10-ns MD simulations compared to that at the a432 pocket
(Fig. 6C); (3) higher stability of Loop C when (—)-lobeline binds to
o434 compared to that for a4[32. More specifically, (—)-lobeline
promotes Loop C to cap the binding site at the o434 interface,
as observed in the high resolution images of this ligand bound to
AChBPs (Billen et al., 2012; Hansen et al., 2005; reviewed in Arias,
2012), while (—)-lobeline forces Loop C to get apart from the a4[32
binding site; and (4) the orientation of (—)-lobeline within the a434
subpocket, but not in the 432 subpocket, promoted by the t—
(or t+) rotameric state of a4-Tyr98, remains unchanged during the
whole MD simulation, allowing the formation of stable hydrogen

Potential energy values for the a4f32 and o434 pockets, in the absence (Apo state) and in the presence of (—)-lobeline, and emulated binding energies for (—)-lobeline.

Energy (kJ/mol)

Emulated binding
energy (kJ/mol)

o432 pocket o434 pocket (—)-Lobeline adp2 a4p4
Apo Bound (—)-lobeline Apo Bound (—)-lobeline
MD initial state —14,108 —14,937 -11,929 —-16,163 159 -987 —4393
Mean MD (last 10 ns) —7552 -8623 -7117 -8782 159 -1230 -1824

Potential energies at the initial state of MDs are those calculated after minimizing the molecular systems as described in Section 2. Mean energies are the energy averages

estimated during the last 10,000 steps (1 step, 1 fs) of MD.
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Table 3

Molecular interactions of (—)-lobeline with the agonist binding sites at the 432 and 434 interfaces.

Position # o432 pocket 44 pocket Loop Secondary structure
Principal component
Residue I F Hydrogen bond Residue I F Hydrogen bond
1 Y98 v v v v A Loop
2 F151 J Vv v B B-Strand 7
3 G152 V N v 0.64M B B-Strand 7
4 S153 v 0.10M N v 0.03 M B B-Strand 7
5 W154 Vi J 0.03M J v 0.00 S B Loop
6 T155 i N 0.01S N v B Loop
7 Y156 v 0.00 M B Loop
8 D157 v Vi 18.10S B Loop
9 R193 V N C B-Strand 9
10 Y195 i N v C B-Strand 9
11 C197 v C Loop
12 C198 J C Loop
13 A199 N C Loop
14 E200 i C Loop
15 Y202 J J 0.05S J v C Loop
16 P203 i J v C B-Strand 10
17 D204 Vv N C B-Strand 10
Position # @432 pocket o434 pocket Loop Secondary structure
Complementary component
Residue I F Hydrogen bond Residue I F Hydrogen bond
18 W57 v W59 D B-Strand 2
19 K79 181 J D B-Strand 3
20 N109 N111 0.01S E B-Strand 5
21 V111 J 1113 v v E B-Strand 5
22 F119 v v L121 v E B-Strand 6
23 L121 N J L123 Vv E Loop
24 T173 N T175 F Loop

I and F: respective initial and final step of the MD; /: present interaction.

In “Hydrogen bonds”, the numbers indicate occupancy, i.e., the percentage that the hydrogen bond is maintained during the simulation time; M: indicates the amino acid
backbone atoms involved in the hydrogen bonding; and S: side chain atoms involved in hydrogen bonding.

Table 4
Rotameric states of a4-Tyr98 from Loop A during the MD simulations of (—)-lobeline
bound to the a4f32 or o434 subpocket.

AChR subunit pair t— t+ g+ g—
o432 54.67% 0.05% 0.0% 45.28%
o434 71.36% 28.47% 0.0% 0.17%

The duration of a particular rotameric state (t— and t+ rotate 180° in opposite direc-
tion, whereas g+ and g— rotate 60° in opposite direction) of a4-Tyr98 during the
20-ns MD simulation is represented as percentages. No SD values were included
since there is only one simulation for each subunit pair.

bonds and capping of Loop C in the binding site. This key residue,
located at position 1, is present in all AChRs except in Ct-AChBP in
which a Phe is found.

This work gives a detailed view of the molecular and dynamics
events evoked by (—)-lobeline supporting the differential binding
affinity and subsequent inhibitory potency between ha432 and
ha434 AChRs.
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