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Abstract: Docking of lobeline, a partial agonist of nicotinic acetylcholine receptors (nAChRs), was investigated at once
into crystallographic structures of acetylcholine binding proteins (AChBP) and into o7 and a4p2 nAChRs homology
models, and compared to behavior of full agonists, nicotine and epibatidine. The homology models were built using as
templates the different pocket geometries established in crystallographic AChBP structures. Systematic cross-docking of
each ligand into binding pockets of the two other ligands as well as its self-docking into its own pocket were performed in
order to better understand the structural features determining the binding of these three ligands chosen for their molecular
diversity. In AChBPs, epibatidine and nicotine display similar docking scores in their own pocket and in other ligands
pockets: in particular, they also dock favorably into the lobeline pocket. In opposite, lobeline displays different features: it
only binds favorably to its own pocket in AChBPs. Furthermore, the docking poses observed starting from lobeline
stereoisomers support the importance of the intramolecular hydrogen bond between the alcohol function of the B-phenyl-
B-hydroxyethyl arm and the piperidinium proton for the lobeline binding to AChBP. For homology models, cross-

dockings are still discriminating and the specificity of lobeline for its binding pocket is conserved.
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1. INTRODUCTION

Ligand-Gated lon Channels (LGICs) are transmembrane
channel proteins that are activated in response to neu-
rotransmitters. Prototypic ligand-gated ion channels are
nicotinic acetylcholine receptors (NAChRs), present in the
central nervous system (CNS) and in the peripheral nervous
system (PNS). These receptors are the subject of a renewed
interest [1]. Indeed, nAChRs were shown to play a crucial
role in smoking addiction [2], Alzheimer disease [3] and
several neuropsychiatric disorders [4]. The chemical
messengers binding to nAChRs can be classified into
agonists which induce the channel opening, and antagonists
which induce the channel closing.

Nicotinic acetylcholine receptors (NAChRs) are active as
pentamers where the binding site is formed at the interface
between two subunits in the N-terminal extracellular domain
[5]. This interface involves amino acid residues of two a
subunits for homomeric pentamers (or of a and B subunits in
the case of heteromeric pentamers) [6]. The amino acid
sequences constituting the binding site are arranged into six
loops: loops A, B and C belong to the principal component
borne by the a-subunit and loops D, E, and F to the a (or B)
complementary one [7]. At least two agonists are required to
open the pore by inducing a conformational change of all
present subunits.
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The nAChRs are allosteric membrane proteins and few
information is available on their detailed atomic structure,
despite enormous efforts for crystallization. In parallel,
numerous high-resolution crystallographic structures of the
Acetylcholine  Binding  Protein  (AChBP), soluble
homopentameric homologues to the extracellular domains of
nAChRs, are available. These X-ray structures are in the apo
[8] or in the holo form, cocrystallized with several agonists
[9, 10] and antagonists [11-13], and reveal [14] atomic
details of the interactions of these ligands with a pocket
located at the subunits interface and capped by the loop C.
Agonists bind to a small pocket limited by the closed loop C,
whereas antagonists which are usually bulkier ligands,
benefit from a larger binding pocket due to the loop C
opening. Nevertheless, motions of other interface regions
[15] can be involved in the discrimination between agonists
and antagonists.

As no high-resolution X-ray nAChRs structures are up to
now available, homology modeling approaches [16] were
extensively used for molecular modeling and ligand docking
studies. These homology models allowed to perform:
molecular dynamics simulations [17-21], steered-molecular
dynamics [22, 23] and ligand interaction analysis [24-27]
Docking studies of nAChR ligands on different pocket
geometries have been conducted [28-37], but, to our
knowledge, none has been involving extensive docking of
lobeline.

Lobeline is a natural alkaloid found in several Lobelia
species.  Lobeline has a particularly  complex
pharmacological profile [38], as it can be presented as an
agonist [39] or an antagonist [40] of nicotine toward
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nAChRs or more as a nAChR partial agonist [41]. The
isolated lobeline was also described to exhibit exceptional
hydrogen-bond properties [42] which may be relevant for its
biological activity. Furthermore, literature described that
lobeline was able to epimerize in buffer solutions [43] as
well as in polar organic solvents [44]: cis-(-)-lobeline is
converted into trans-lobeline by isomerization of the
phenacyl arm. This lobeline epimerization might also be
responsible of its particular pharmacological profile. As a
new mechanism of action of the partial agonists was recently
[45] proposed, it is interesting to analyze how lobeline can
be docked to AChBP structures and homology models of
NAChR extra-cellular domains.

In this context, we study the interactions between
AChBP, and three evidenced nAChR ligands such as (-)-
nicotine, (+)-epibatidine and (-)-lobeline. (-)-Nicotine and
(+)-epibatidine have been chosen as typical agonists for
which the AChBP co-crystals were accessible. The study
was also conducted on homology models of (a7), and 042
dimers, as o7 and o4p2 nAChRs correspond to important
pharmacological targets. Nicotine is an agonist displaying
better affinity for a4p2 than for a7 nAChR subtype [46],
whereas epibatidine is a much more potent agonist than
nicotine, but displays no selectivity between o7 and a4fp2
[47]. Nevertheless, a better affinity of epibatidine to a4p2
with respect to o7 was also reported [48, 49]. This
discrepancy may arise from the use of nAChRs extracted
from different organisms. Lobeline has been reported to be a
better antagonist for human o4p2 nAChRs (K; = 4.7 nM)
[50] than for a7 nAChRs (K; = 6.26 uM) [51] indicating a
better affinity for a4p2 than for a7 nAChR subtypes.

The protein-ligand interaction was studied starting from
the three protonated ligands to mimic physiological binding
conditions, protonation occurring on the saturated
heterocyclic basic nitrogen. Consider that the ligand-
receptor interaction producing a biological activity is the
consequence of the dynamic equilibrium between
protonation and deprotonation of the tertiary ammonium in
physiological conditions, the X-ray co-crystals of these two
considered ligands in AChBP may not reveal the ligand
orientation in the binding pocket observed in vivo. Thus, we
decided to compare the docking behavior of the different
diastereoisomers of lobeline and nicotine.

The different binding pocket geometries were compared
by systematic cross-docking of each protonated ligand into
the binding pockets of the other ligands. Cross-docking of
these three ammonium ligands into AChBP structures or into
homology models of a7, a4 and B2 nAChR subunits, reveals
conspicuous behaviors. In AChBP, the epibatidine and
nicotine pockets bind both ligands, but, as expected,
protonated lobeline binds favorably only into its own pocket
[52]. Beside, two lobeline stereoisomers give the best
docking solutions. In homology models, it transpires that the
situation is more contrasted. Indeed, appropriate mutations
of the sequence were necessary to display a docking of each
ligands specific to its own pocket geometry, and to obtain
scores in agreement with experimental specificity observed
for epibatidine and nicotine to a7 and a4p2 nAChR
subtypes. The mutation requirement reveals limitations in the
reliability of the homology models. Nevertheless, the trends
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of binding pocket specificity, observed for lobeline in
AChBP, are still valid for nAChR homology models.

2. MATERIALS AND METHODS

The following X-ray crystallographic structures of
AChBP were used: 1UW6 [9] from Lymnaea stagnalis
bound to (-)-nicotine, 2BYQ and 2BYS [53] from Aplysia
californica bound to (+)-epibatidine and (-)-lobeline
respectively. Chains A, B and E were extracted from the
PDB structures to perform docking studies. The docking on
X-ray crystallographic structures was done on the dimers AB
in LTUWG6 and 2BYS and on dimer EA in 2BYQ.

Sequences of subunits o7, a4 and B2 of nAChRs
(P36544, P43681, P17787 from Uniprot http://www.
uniprot.org/) were aligned to the subunits of AChBP from
Aplysia californica and Lymnaea stagnalis, using 3DCoffee
[54]. The sequences alignments and X-ray crystallographic
structures 1UW6, 1BYQ and 2BYS, were used to build
homology models of subunits a7, a4 and 2 using Modeller
9v6 [16]. The subunits were then combined in order to
obtain homology models of (a7), and o4p2 dimers. The
quality of homology models was checked using WHATIF
7.1 [55], and was found acceptable.

The three dimensional (3D) atomic coordinates of the
protonated structures of (-)-nicotine and (+)-epibatidine were
generated using Chem3D Ultra 9.0 (Cambridge Software
copyright 1986-2004) and the more stable conformation was
calculated using an MM2 energy-minimization. The 3D
structure has been constructed starting from the
crystallographic structures of ligands in AChBP. For
protonated nicotine, both substituents are in anti
configuration. The protonated lobeline stereoisomer
contained in the structure 2BYS [53] was found to be the
(+)-enantiomer of the natural alkaloid although the crystal
had been prepared starting from (-)-lobeline hydrochloride
ordered from Tocris Bioscience [53]. Thus, we decided to
use protonated (-)-lobeline built using ChemDraw Ultra
rather than its enantiomer present in 2BYS. Similarly to the
nicotine building, the constructed 3D structure of lobeline
mimics the crystallographic structure, in which the three
substituents of the piperidine core are in syn configuration.

It is noteworthy that (-)-lobeline (Fig. 1a) is formed by a
N-methyl piperidine core, to which two arms are attached in
positions 2 and 5: a phenyl 2-keto-ethyl and a phenyl 2(S)-
hydroxyethyl groups respectively. Lobeline as other keto-
piperidine alkaloids is configurationnally unstable and easily
undergoes epimerization [43, 44] of the phenacyl substituent.
It has been shown that the rate of mutarotation of cis-
lobeline affording a mixture of cis- (2R, 6S, 10S) and trans-
lobeline (2S, 6S, 10S) is increased in hydrophilic solvent
such as physiological medium [56]. To better define the
mutual influence between the lobeline epimerisation and its
interaction with nAChRs, we decided to explore using
docking approach which stereoisomer would present the best
level of interaction with AChBP. The two diastereoisomers
of (-)-lobeline (Fig. 1a-(1R, 2R, 6S, 10S))* corresponding to

'As, for the docking experiments, the stereogenic centre configurations were imposed
by the scaffolds 3D construction, we adopted the R/S labeling for the stereogenic
tertiary ammonium centre by analogy to asymmetric carbon rules.
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Fig. (1). Lobeline stereoisomers; a) Protonated axial N-methyl (-)-lobeline diastereomer ((1R)-(-)-lobeline), b) protonated equatorial N-
methyl (-)-lobeline diastereomer ((1S)-(-)-lobeline), c) protonated axial N-methyl 2-epi-lobeline diastereomer ((1R)-2-epi-lobeline), d)
protonated equatorial N-methyl 2-epi-lobeline diastereomer ((1S)-2-epi-lobeline).

the inversion of the piperidinium nitrogen (Fig. 1b-(1S, 2R,
6S, 10S)), and the epimerization of the phenyl 2-keto-ethyl
arm (Fig. 1c-(1R, 2S, 6S, 10S)), as well as the
diastereoisomer produced by the inversion of these two
chiral centers (Fig. 1d-(1S, 2S, 6S, 10S)) were built using
Chem3D Ultra. Similarly, the stereocisomer of (-)-nicotine
(anti  relative configuration of both pyrrolidinium
substituents) corresponding to the inversion of pyrrolidinium
nitrogen (syn relative configuration of both pyrrolidinium
substituents) was also built using Chem3D Ultra: the two
nicotine diastereoisomers are sketched in Fig. 2 (Figs. 2a:
(1R, 2S) and 2b: (1S, 29)).

S) )

) / O /
o - \ N 9 N \ N
| cH, | H
H HsC

Fig. (2). Nicotine stereoisomers; a) (LR)-nicotine, b) (1S)-nicotine.

The docking of ligands to the proteins was performed
using the script dock6grid-Lig of the software ICM [57]. The
docking procedure was based on a Monte Carlo algorithm,

allowing the exploration of the ligand conformations in the
torsion angle space [58, 59]. The protein electrostatic
potential was a distance-dependent potential with a grid size
of 0.5 A, and the van der Waals potential used with an
interaction cutoff of 4.0 A.

30 poses were calculated for each ligand docking. The
score value is calculated for each ligand conformation using
a linear combination of energetic terms as well as the
number of ligand atoms: the weights of these terms have
been determined by a training on a set of 23 receptors and 62
ligands [60]. The residues defining the active pockets for the
different NAChRs and AChBPs are given in Table 1.

3. RESULTS

3.1. Cross-Docking on X-Ray Crystallographic Struct-
ures of AChBP

Cross-dockings of (-)-nicotine, (+)-epibatidine and (-)-
lobeline natural stereoisomers were performed, as described
in introduction, on the crystallographic structures of the
AChBP bound to the other ligands. Cross-dockings were

Table 1. Residues Numbers Defining the Docking Pockets
pdb ID pocket residues
1UWe6 S142-E149; V183-Y192; W260-W265; L305-V312; V318-1324
2BYQ W147-D155; V185-1196; E888-W892; S935-VV941; M948-Q953
2BYS W147-D155; V185-1196; E888-W892; S935-VV941; M948-Q953
adf2-1UW6 W147-D155;T185-P196; VV262-Q266;V310-A316; 1324-P328
adp2-2BYQ W147-D155; T185-P196; VV883-G887; VV931-A937; 1945-P949
04p2-2BYS W147-D155; T185-P196; V883-G887; V931-A937; 1945-P949
a7-1UW6 WH55-S59; T103-L109; Q117-P121; G975-W982; S1012-Y1023
a7-2BYQ G147-S155; E185-P196; W883-S887; T931-V936; Q945-L947
a7-2BYS G147-S155; E185-P196; W883-S887; T931-V936; Q945-L947

The three X-ray crystallographic structures are designed by their PDB entries. The homology models are designed by the nAChR subunit name followed by the PDB entry of the

model template.
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(+)-epibatidine gﬁ %ﬁ/ﬂ
&
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Fig. (3). Cross-docking of protonated (+)-epibatidine, (-)-nicotine and (-)-lobeline in 2BYQ, 1UW6 and 2BY'S. Proteins residues and ligands
are represented in sticks: protein residue in atom color, and ligands in magenta (epibatidine), blue (nicotine) and cyan (lobeline). Ligands
crystallographic poses are represented in black. In all proteins, Y91 is colored in red.

compared to self-dockings, which were realized by docking
each ligand into the pocket, observed in the crystallographic
structure bound to the same ligand. The best docking poses
are chosen as the ones minimizing the coordinate RMSD of
the ligand to its crystallographic pose.

The natural nicotine, epibatidine and lobeline
stereoisomers were docked in the pockets of the
crystallographic structures: 1UW6 (bound to nicotine),
2BYQ (bound to epibatidine), 2BYS (bound to lobeline).
Cross-docking and self-docking poses of epibatidine (Fig.
3a,b,c) and nicotine (Fig. 3d,e,f) display scores in the range
of -19.9 to -15.0 (Table 2). In all cases, the ligands establish
favorable interactions with the pockets, as the self-docking
and cross-docking scores are of the same order of value. The
self-docking scores are nevertheless slightly better, and this
improvement is reflected in the docking poses. Indeed, the
best poses of nicotine obtained in 2BYQ superimposed well
to the crystallographic pose of nicotine in 1UW6 (Fig. 3d),
with coordinate RMSD value of 0.79 A (Table 2). But,
epibatidine docking pose in 1UW6 (Fig. 3b) displays a

worse superposition to the epibatidine crystallographic pose
in 2BYQ, with a coordinate RMSD of 1.74 A.

In the lobeline pocket (2BYS), nicotine displays a larger
coordinate RMSD (1.74 A) to its crystallographic pose in
1UWS, at the contrary of epibatidine (0.58 A). The bulkier
shape of epibatidine with respect to nicotine supports the
different tendencies observed for the two ligands, and the
preference of epibatidine for the lobeline larger pocket.

Cross-docking of lobeline in 2BYQ and 1UW®6 could not
reproduce the crystallographic poses, as Tyr 91 is oriented
differently in 2BYQ and 1UW6 compared to 2BYS (Fig. 3)
and induces unfavorable steric hindrance to lobeline docking
into the pocket [52]. Because of this conflicting interaction
the ICM scores obtained for the lobeline docking in 2BYQ
and 1UW6 are +13.5 and +31.4 respectively, and the

coordinate RMSD  between lobeline docking and
crystallographic poses are larger than 5 A (Table 2).
The cross-dockings of nicotine and epibatidine

respectively on 2BYQ, 2BYS and 1UWG6, 2BYS, produce

Table 2. Results of the Ligands Docking on the X-ray Crystallographic Structures 2BYQ, 1lUW6 and 2BYS
AChBP 2BYQ 1UW6 2BYS
ICM Score [Pose rank Coordinate ICM Score |Pose rank Coordinate ICM Score |Pose rank|  Coordinate
RMSD (A) RMSD (A) RMSD (A)
(+)-epibatidine -15.4 3 0.64 -15.0 2 1.74 -17.9 2 0.58
(-)-nicotine -15.3 2 0.79 -19.9 2 0.41 -17.7 1 157
(-)-lobeline 135 25 5.6 314 22 6.1 -34.9 1 0.48

For each ligand and each pocket, the ICM score, the pose rank and the coordinate RMSD (A) with respect to the crystallographic pose, are given. For each ligand, the pose was
chosen as the closest to the crystallographic one when the coordinate RMSD could be calculated and otherwise as the first pose oriented as like as the (reference) ligand itself.
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conformations close to the crystallographic poses and
displaying favorable docking scores. On the contrary,
lobeline produces satisfactory docking poses only in the
2BY'S pocket geometry, because of dissimilar orientations of
Tyr91 in the different AChBP structures [52]. The geometry
of the lobeline pocket seems thus to be exactly fitted to its
ligand. This close fitting may be related to the complex
pharmacological profile of this compound, which was
described as an agonist [39], an antagonist [40] or a partial
agonist [41] ligand.

3.2. Effect of the Nicotine and Lobeline Configuration on
the Docking Poses in AChBP

The two stereoisomers (Fig. 2) built for nicotine, (1S)-(-)-
nicotine and (1R)-(-)-nicotine, were docked on the structure
1UWSG6. A less favorable score is obtained for (1R)-(-)-
nicotine and this sterecisomer is also more shifted from the
crystallographic pose than (1S)-(-)-nicotine. The orientation
of the methyl group attached to the pyrrolidinium nitrogen,
influences thus the nicotine binding. These results confirm
that the ligand orientation in the nAChR binding pocket and
consequently, the favorable protein-ligand interactions are
conditioned by the =-cation interaction between the
ammonium ligand cation and the n-box from the highly
conserved principal binding site component.

As the structure 2BYS does not contain the natural (-)-
lobeline stereoisomer [53], which is supposed to bind to
AChBP, the docking of this ligand into the 2BYS binding
pocket will be used to predict the (-)-lobeline pose.

The protonated (-)-lobeline (Fig. 1a, (1R)-(-)-lobeline) is
composed of a N-methyl piperidine ring in a chair
conformation, to which are attached the phenyl-2-keto-ethyl
and the phenyl-2(S)-hydroxyethyl substituents in positions 2
and 6 respectively [61]. In solution at physiological pH, the
additional ammonium stereogenic centre allowed the
formation of two  potential  diastereomers:  the
crystallographic structure of protonated lobeline in AChBP
shows a syn-relation between the two substituting arms and
the N-methyl group which occupies an axial position [8].
The nitrogen  inversion generates an  additional
diastereoisomer in which the N-methyl group is in equatorial
position (Fig. 1b, (1S)-(-)-lobeline) (see Note 1 in ”Cross-
docking on X-ray crystallographic structures of AChBP”).
Moreover, the characterized isomerization of the piperidine

Table 3.

Colas et al.

C-2 carbon atom bearing the phenacyl arm can generate two
additional diastereomers: the C-2 epimer of the crystal
structure (Fig. 1c, (1R)-2-epi-lobeline) and respectively its
equatorial N-methyl diastereoisomer (Fig. 1d, (1S)-2-epi-
lobeline). In summary, both nitrogen and C-2 atoms could be
inverted on the piperidine ring. Due to the results of nicotine
diastereomers docking associated with the complex
pharmacological profile of lobeline, we decided to explore
the docking of the four possible stereoisomers of (-)-lobeline
to the 2BYS pocket.

In order to check the geometry of the built enantiomers,
the lobeline diastereoisomers were compared to the
crystallographic of the neutral isolated lobeline [42], and the
crystallographic structure was found equivalent to the (-)-
lobeline. For each diastereoisomer, a set of docking poses
was obtained using ICM, and the pose best fitting to the
electronic density of 2BYS was chosen as the best docking
pose. The ICM scores obtained for the best docking poses of
the lobeline stereoisomers (Table 3) are remarkably better
for the (1R)-(-)-lobeline (Fig. 1a) and (1R)-2-epi-lobeline
(Fig. 1c) than for the two other stereoisomers.

A recent crystallographic and computational analysis
[42] of the neutral (-)-lobeline has put in evidence the
equilibrium of lobeline between two conformations,
characterized by the formation or the disruption of an
intramolecular hydrogen bond between the alcohol function
of the phenylhydroxyethyl arm and the ammonium proton.
The establishment of this hydrogen bond is thought to be
mandatory for the interaction of lobeline with nAChRs [62].
In the present work, among the poses obtained for each
diastereoisomer (Fig. 4), the distribution of distances
between the oxygen atom of the hydroxyl function and the
ammonium proton, are shifted to values smaller than 2.5 A,
for (1R)-(-)-lobeline and (1R)-2-epi-lobeline. Indeed, 33.3 %
(respectively 38.7 %) of the docking poses obtained from the
docking of (1R)-(-)-lobeline (respectively (1R)-2-epi-
lobeline) display an intramolecular hydrogen bond. On the
other hand, the percentages of hydrogen bond formation are
smaller (19.3% and 0%) for the respective inverted nitrogen
diastereoisomers.

The analysis performed on the intramolecular hydrogen
bond and the ICM scores support the (1R)-(-)- lobeline and
the (1R)-2-epi-lobeline as the most probable sterecisomers
present in the active site of 2BYS. This result suggests that

ICM scores from the docking of the different sterecisomers on the X-ray crystallographic AChBP structures. The nicotine

stereoisomers are docked on 1UWS6, and the lobeline stereoisomers are docked on 2BYS

stereoisomers ICM conformation rank ICM score Coordinate RMSD (A)
(1S)-(-)-nicotine 2 -19.9 041
(1R)-(-)-nicotine 2 -13.7 0.87
(1R)-(-)-lobeline? 1 -34.9 0.48
(15)-(-)-lobeline® 4 -18.8 0.88

(1R)-2-epi-lobeline* 1 -29.9 0.63
(1S)- 2-epi-lobeline 1 -18.1 1.18

*(1R,2R,6S)-6-[(2S)-Hydroxy-2-phenylethyl]-1-methyl-2-(2-oxo-2-phenylethyl)piperidinium; °(1S,2R,6S)-6-[(2S)-Hydroxy-2-phenylethyl]-1-methyl-2-(2-oxo-2-phenylethyl)piperi-
dinium;  %(1R,2S,6S)-6-[(2S)-Hydroxy-2-phenylethyl]-1-methyl-2-(2-oxo-2-phenylethyl)piperidinium; 9(1S,2S,6S)-6-[(2S)-Hydroxy-2-phenylethyl]-1-methyl-2-(2-0x0-2-phenyl-

ethyl)piperidinium.
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Fig. (4). Distribution of the distance (A) between the alcohol function of the hydroxyethyl arm and the piperi- dinium proton in the different
protonated lobeline sterecisomers. a) (1R)-(-)-lobeline, b) (1S)-(-)-lobeline, c) (1R)-2-epi-lobeline, d) (1S)-2-epi-lobeline.

the orientation of the methyl group attached to the piperidine
ammonium, determines the binding mode of lobeline: its
orientation in the same direction as the hydroxyl group
favors the formation of the intramolecular hydrogen bond,
and support the importance [62] of this hydrogen bond for
the interaction between lobeline and nAChRs.

3.3. Docking on Homology Models

The homology models built for a7, a4 and 2 subunits
were combined to produce dimers (a7), and o4p2
corresponding to the binding sites of the nicotinic receptors
the most often encountered in the Central Nervous System
(CNS). The three crystallographic protonated ligands, (-)-
nicotine, (+)-epibatidine and (-)-lobeline were docked to all
homology models, in order to investigate which is the
influence of the template structure to the docking results
(Table 4).

The docking on a7 homology models (Table 4a) displays
unfavorable scores for all ligands in 2BYQ, for lobeline in
1UWG6 and 2BYS, and for nicotine in 2BYS revealing that
the electrostatic energy is repulsive. The residues R186 and
K192 (both located in the C-loop) were picked up by looking
for positively charged residues in the vicinity of the binding
pocket. The repulsive effect of these two positively charged
residues did not appear in AChBPs, as the corresponding
residues in this protein are neutral (Q186 and P192).

Replacing the o7 sequence by the double-mutant R186Q-
K192P, improved the scores (Table 4b). In the mutants,
nicotine and epibatidine obtained favorable scores for self-
docking and cross-docking, similarly to the observations
made on AChBP (Table 2). The effect of the electrostatic
repulsion on the ligand docking should be put in relation
with the study of Sgrignani et al. [63] where the importance
of the ligand polarisability by the receptor is put in evidence.

Lobeline displays another tendency: the docking
procedure found a lobeline pose with favorable score in
1UWG6 pocket geometry, but this pose displays a large
coordinate deviation from the lobeline crystallographic pose
(11.35 A). On the other hand, the only slightly favorable
pose observed for lobeline in the 2BY'S pocket geometry has
a less favorable score (-2.5), but a closer RMSD to the
crystallographic pose (1.65 A). Also, the intramolecular
hydrogen bond between the alcohol function of the B-phenyl-
B-hydroxyethyl arm and the piperidinium proton is
established with a distance of 2.4 A. A general tendency of
the docking on (a7), models is that the coordinate RMSD
from crystallographic poses increases in homology models
with respect to AChBP.

The a4B2 dimers display a quite different behavior than
the (a7), dimers (Table 4a). Docking is quite discriminant
for lobeline, a favorable score being obtained only for the
2BYS pocket geometry. Furthermore, the cross-dockings of
epibatidine and nicotine become also discriminative.
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Table4. ICM Scores (ranks) from the Docking of the Different Natural Ligands on the Homology Models of a7 and a4p2
Produced Using Different AChBPs Templates
a7 template 2BYQ 1UwWe6 2BYS
score rank Coord. score rank Coord. score rank Coord.
RMSD(A) RMSD(A) RMSD(A)
(+)-epibatidine® 0.4 7 0.61 0.4 6 1.14 0.3 6 1.29
(+)-epibatidine® 6.4 6 1.05 3.2 3 1.01 4.9 19 1.16
(-)-nicotine® 4.0 7 131 -2.3 7 0.48 9.6 16 111
(-)-nicotine® 4.7 3 0.69 6.1 9 0.77 0.6 10 254
(-)-lobeling? 204 11 7.21 15.2 24 7.6 19 2 1.90
(-)-lobeline® 30.9 30 414 6.3 6 11.35 25 4 1.65
o4p2 template 2BYQ 1UwWe6 2BYS
score rank Coord. score rank Coord. score rank Coord.
RMSD(A) RMSD(A) RMSD(A)
(+)-epibatidine® 7.8 1 0.76 7.9 9 1.27 -1.35 10 1.80
(-)-nicotine® -2.6 8 1.57 -9.8 2 0.54 -6.5 2 131
(-)-lobeline® 19.6 23 6.54 36.3 30 6.54 -106 1 0.77 (2.4%)

*docking on the homology model. ®docking on the homology model and double mutant R186Q-K192P.

Dockings of epibatidine and nicotine give similar scores
whatever is the pocket geometry. Docking scores are worse
with respect to the observations made in AChBP (Table 2).

Concerning the relative affinity of nicotine and
epibatidine for a7 and a4p2 nAChR subtypes, the best scores
observed for epibatidine on homology models, are -6.4 on
(a7),, and -7.8 on o4p2: these scores are in agreement with
the lack of experimental specificity observed for epibatidine
[47]. On the other hand, scores of - 6.1 and -9.8 are observed
for nicotine on (a7), and a4P2 respectively, which agrees
with the better experimental affinity of nicotine toward 042
nAChR subtype [46].

4. DISCUSSION-CONCLUSION

The (-)-lobeline was docked to different AChBP X-ray
crystallographic  structures as well as to nAChRs
homologous models, and compared to the docking of two
agonists of nAChRs ((-)-nicotine and (+)-epibatidine). Not
surprisingly, the present study put in evidence that,
depending on the agonist size and properties, exact geometry
of the pocket sidechains, observed in X-ray crystallographic
structures, can be determinant for finding a docking pose
close to the crystallographic one. Different features are
observed depending on the ligand, nicotine and epibatidine
can dock favorably to different pocket shapes while it is not
the case for lobeline.

Epibatidine and nicotine, which display similar sizes and
binding modes (n-cation interaction), display similar docking
scores during self-docking and cross-docking, and are also
able to dock favorably in the lobeline (2BYS) pocket. But,
on the other hand, lobeline displays quite different docking
behavior: it can dock with satisfying scores only on the
2BY'S pocket. Lobeline is slightly larger than the structurally
constrained nicotine and epibatidine and is a more elongated

molecule due to the presence of its two flexible arms
substituting the piperidine C-2 and C-6. Moreover, the
binding of lobeline to AChBP involves stacking interactions
with W147, van der Waals contacts with R79, M116, and
1118, Y93, K143, G145, W147, and D197, and hydrogen
bonds with the W47 indole nitrogen, S146 and W147
carbonyl oxygens: these interactions are quite different from
the m-cation interaction observed in nicotine and epibatidine,
and may be more discriminant.

Furthermore, lobeline diastereoisomers display different
propensities to dock into the 2BYS pocket. Docking poses
observed for lobeline diastereoisomers suggest that the
orientation of the methyl group attached to the piperidine
ammonium, determines the binding mode of lobeline. The
agreement of these poses with experimental observation
known on isolated and on AChBP-binding lobeline, supports
the importance of an intramolecular hydrogen bond between
the alcohol function of the phenylhydroxyethyl arm and the
ammonium proton, for the lobeline binding to AChBP. The
present docking work agrees with the conclusions obtained
on the isolated lobeline by Locati et al. [42] concerning the
importance of hydrogen bond formation for the lobeline
affinity to nAChR. In the same trend than for lobeline, the
nicotine docking is influenced by the orientation of the
methy| group attached to the pyrrolidinium nitrogen.

Finally, the ligand docking behavior was explored on
homology models of (a7), and a4p2 dimers. The a7 subunit
displays much more difficulties than the a4 subunit to
reproduce results observed on AChBP, as, for instance,
mutations in the a7 sequence were necessary to obtain
favorable scores. The sequence variations among the
nAChRs subunits may thus induce a reorganization of the
protein-ligand interactions and consequently of the ligand
position in the pocket. Otherwise, the use of homology
models makes cross-docking more discriminant. Also, the
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specificity of the lobeline for its own pocket geometry is
conserved.

The present docking study intends to be a preliminary
analysis of the lobeline docking behavior with respect to
other agonists, in the perspective to mimic the lobeline
scaffold for designing new potential partial agonists
targeting selectively o4p2 nAChR subtypes for the
development of new pharmacotherapies to treat addiction.

The outcome of this analysis gives indications on the
design strategy. First, as the lobeline binding pocket is very
specific, its shape should be used during any predictive
docking study of lobeline analogues. Second, new lobeline-
like compound design should favor a compact lobeline-type
conformation by the formation of an intramolecular
hydrogen bond between an alcohol function of the B-phenyl-
B-hydroxyethyl arm and the piperidinium proton.
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