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The homology models of the extracellular domains of the neuronal o452 (pdb code: lole) and
ganglionic o354 (pdb code: 1lolf) rat nicotinic acetylcholine receptor (nAChR) subtypes were
refined and energetically minimized. In this work, a series of nAChR ligands (1—15) were docked
into the modeled binding cavity of both receptors. High-affinity, toxic ligands such as epibatidine
(1) and dechloroepibatidine (2) docked into cluster 1 with the charged tertiary amino group,
forming a s-cation interaction with Trp 147 on the (+) side of the a4 subunit and establishing
a characteristic H-bond with the Lys 77 on the (—) side of the 52 subunit. The nontoxic ligands
such as 33bMet (3), (S)-A-85380 (4), and acetylcholine (6) docked into cluster 2 with the same
m-cation interaction but with the rest of the molecule occupying a different moiety of the binding
pocket. Molecular docking into the 0354 subtype showed that both enantiomers of 1 (1a and
1b) are representative templates for ligands with affinity toward this ganglionic nAChR subtype.
The ranking scores of the docked molecules confirm the existence of structure-dependent subtype
selectivity and shed light on the design of specific and selective a432 nAChR subtype ligands.

Introduction

The nicotinic acetylcholine receptor (nAChR) is a
member of the “cys-loop” superfamily of ligand-gated ion
channels, which also comprises GABA4 ¢, glycine, and
5-HT3 receptors.? In the central nervous system,
neuronal nAChRs are located post- and presynaptically
or even on axonic areas of the neuron.? They mediate
acetylcholine (6) neurotransmission? at the neuromus-
cular junction, the autonomic ganglia, and the central
nervous system. nAChRs are composed of five polypep-
tide chains (subunits). They may be identical (homopen-
tamers) or different (heteropentamers). These subunits,
which form a cation-permeable pore around an axis that
is perpendicular to the membrane, build different
subtypes. The binding sites are located at the interface
between two extracellular subunits, and their number
differs according to the subtype. As a consequence, in
vertebrates, the assembly of a1—10, f1—4, v, 0, and €
subunits allows for a variety of receptors with different
electrical and binding characteristics.” The existing
different neuronal nAChR subtypes can be stimulated
by epibatidine (1),® by nicotine (7), or by synthetic
compounds.”® Recently, it has been demonstrated that
neuronal nAChRs, because of their important physi-
ological and pharmacological role, may be a useful
therapeutic target in a variety of diseases, including
Alzheimer’s, anxiety, and nicotine addiction.>® Thus, the
development of brain-specific nAChR ligands is a worth-
while goal. Subtype selectivity is still an elusive prob-
lem. Compound 1 has one of the highest binding
affinities for the neuronal 0452 subtype. On the other
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hand, it shows potent agonist activity for sympathetic
receptors such as the ganglionic (a3-containing) and
neuromuscular (0151y6) nAChR subtypes.!%1! The ac-
tivity of 1 at the peripheral nAChRs is probably
responsible for the hypertension and muscular paraly-
sis!! observed after in vivo application. Hence, the use
of 1 results in a very limited therapeutic index that has
precluded its clinical usefulness as an analgesic. In vivo
applications have indicated that many toxic clinical side
effects originate from the lack of selectivity of ligands
toward specific subtype receptors. To address the se-
lectivity issue of the nAChR ligand, the newly available
structural information of the acetylcholine-binding pro-
tein (AChBP) may be used.

The crystal structure of AChBP has recently been
determined.!? It is a soluble homopentamer that is
produced and stored in glial cells and is released into
the synaptic cleft to modulate synaptic transmission.13
AChBP binds nAChR agonists and competitive antago-
nists such as 6, 7, d-tubocurarine, and a-bungarotoxin.!3
The sequence identity between AChBP and o and j
nAChR subunits is significant (23—26%). Therefore,
AChBP can be exploited as a template of the N-terminal
domain (which comprises the binding site) of the o and
p subunits of nAChRs. The homology models of the
extracellular domains of the neuronal rat (a4)(52)s and
the ganglionic rat (a3)2(64)s nAChR subtypes can now
be downloaded from the Protein Data Bank.

In the present work, we used the refined and ener-
getically minimized binding site of both models to
perform molecular docking. A series of nAChR ligands
(1—15) have been docked into the binding cavities to
investigate their selectivity toward the neuronal and the
ganglionic nAChR subtypes.
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Figure 1. Nicotinic ligands docked into the (04)2(52)s and (03)2(54)s binding sites. Both enantiomers of compund 3 were docked.
Compounds 4, 5, and 7—15 were docked in their S-enantiomeric form.

Material and Methods

Preparation of the Three-Dimensional (3D) Tar-
gets. Starting from the downloaded 3D templates snail
AChBP (pdb code: 1i9b) and rat a4/52 (pdb code: 1lole)
and o354 (pdb code: 1lolf) pentamers, the 3D models
were refined, geometrically improved with the software
SYBYL 6.8 provided by Tripos Inc. (St. Louis, USA), and
minimized via the program AMBERG6 (Assisted Model
Building with Energy Refinement) provided by the
University of California (USA). The models were ini-
tially boxed with water molecules; counterions (Na™)
were then added to get charge neutrality, and finally,
the models were minimized using the program AM-
BERS.

The AMBER force field'* all-atom parameters (parm94)
were used for the protein and the Na™ ions. Periodic
boundary conditions were applied. The minimization
protocol consisted of 1000 cycles of steepest descent
followed by the conjugate gradient method. The primary
cutoff distance for nonbonded interaction was set at 9
A. During the different steps, the stereochemical quality
of the model was assessed using the program PRO-
CHECK.'®

Preparation of the 3D Database of the Ligands
and Molecular Docking. The nAChR ligands (1-15)
(Figure 1) to be docked were selected ranging in affinity
values for the rat 0452 nAChR subtype from picomolar
to micromolar!®17 (Table 1). The 3D structure of the
compounds was built with the program SYBYL 6.8.
Hydrogen atoms were added, and Gasteiger atomic
charges were calculated. Ligands were calculated and
energetically minimized in their neutral and positively
charged form. The final coordinates of each compound
were saved as a mol2 file, and all files were then stored
in a single database. The docking of all nicotinic ligands
on both subtype models was performed via the program
FlexX1819 implemented in SYBYL 6.8, which used
flexibility positioning for the ligands to be placed into
the active site on the basis of the principles of shape
and electrostatic and hydrophobic/polar complementa-
rity.?? A time calculation of ~3 min per compound was
required to dock the ligand in the flexible mode. For
each ligand, the 10 energetically most favorable docking
orientations were calculated. The consensus scoring
program CScore?® integrates five individual scoring
functions (DOCK-like, ChemScore, PMF, GOLD-like,
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Table 1. Docking, Affinity, and Toxicity Data of All Ligands Investigated®

CScore cluster CScore K; (nM)® K; (mM)¢ EC50 (uM) LD50¢

o452 o452 a3p4 o452 o34 o344 (nmol/kg) ref
la 5 1 3 0.05 0.38¢ 0.7¢f 7—-67 31-34
1b 5 1 3 0.073 0.38¢ 0.7¢f 7—67 31-34
2a 5 1 5 0.0642 nd 0.51" 12—-120 26
2b 5 1 3 0.015#¢ nd 0.25" 12—-120 26
3 5 2 5 2.07 nd nd 250 k
4 4 2 0 0.05 73.6 nd 1200—-10* 16, 32, 34
5 3 3 0 0.15 63/ 1200—10* 17, 33, 34
6 2 2 0! 7.6m 881 1.38 x 107 32, 35, 36
8 0 4 0 2.39 nd nd nd 17
9 nd 5 2.7 nd k nd 16
10 3 3 0 4 209" 1.37 x 105 16, 37
11 0 4 0 16.3 nd nd nd 17
12 1 4 0 29 nd nd nd 17
13 nd 5 158 nd nd nd 16
14 2 3 0 495 nd nd nd 17
15 2 3 0 7914 nd nd nd 17

¢nd = not determined. ® Displacement studies with [3H]cytisine on brain homogenates. ¢ Displacement studies with [*H]epibatidine
on heterologously expressed nAChRs. ¢ Performed in rodents. ¢ (4)-epibatidine data. / Functional potencies reported for heterologously
expressed nAChRs on an IMR32 cell. € Brain homogenates without cerebellum. ” Functional potencies reported for heterologously expressed
nAChRs on Xenopus oocytes. ¢ IC5o data. / Same results for both enantiomers. * Unpublished data. ! Ligand does not dock deeply into the
binding cavity. ” Displacement binding studies with [H]acetylcholine on brain homogenates. ” Functional potencies reported for

heterologously expressed nAChRs on PC12 cells.

and FlexX) to predict the affinity of the ligands in
candidate complexes. The DOCK-like function considers
electrostatic and hydrophobic contributions; the Chem-
Score estimates lipophilic interactions, H-bonding, and
loss of ligand flexibility; the PMF function is based upon
ligand—receptor atom-pair interaction potentials (sol-
vation and entropic terms are treated); the GOLD-like
function focuses on H-bond interactions; and the FlexX
scoring function accounts for H-bonds, salt bridges, and
nonpolar interaction distances. Entropic and enthalpic
terms are added too.

Each ligand—receptor complex with a score that
exceeds the threshold for a particular function adds one
to the value of the consensus, whereas scores below the
threshold contribute zero. The consensus score for each
complex goes from a minimum of 0 to a maximum of 5.
Screened compounds and their proposed binding orien-
tation were then ranked on the basis of CScore,2? which
allowed for a more robust evaluation of ligand—receptor
interactions than any single function.?! The reliability
of the suggested binding orientation was assessed via
CScore.

Results and Discussion

Molecular Modeling and Docking. The 3D struc-
ture of the snail AChBP pentamer and the neuronal rat
(04)2(2)3 and ganglionic rat (a3)2(84)s nAChR subtypes
were retrieved from the Protein Data Bank. The three
models were refined and geometrically improved rela-
tive to the starting templates. The number of cis-
configurations of nonproline amino acids and D-chiral-
ities in (03)2(S4)s was eliminated, and the number of
bad contacts was significantly reduced. Thereafter, the
models were water boxed, counterions were added to get
charge neutrality, and the models were energetically
minimized. The quality of the Ramachandran plot of
both the refined and the starting (a3)2(f4)s model
obtained by PROCHECK!® reveals an improvement,
compared to the starting template, in the percentage
of residues found in the disallowed region (from 5.1 to
4.5%).

The inspection of the binding site of the rat (a4):(52)s
and (03)2(84)s pentameric receptors, at the interface

between the adjacent o and 8 subunits, revealed high
structural similarity with the starting AChBP tem-
plate.!? In both models, the (+) and the (—) sides were
formed by the o (different loops) subunit and the f (a
series of f-strands) subunit, respectively. Together the
two subunits form the binding-site cleft. The homology
at the residue level involved mostly the (+) side,
whereas the residues forming the (—) side were less
conserved. This homology is also conserved at the 3D
level, especially in the binding-site region between the
two adjacent subunits.22 This suggests that the ligand
may bind and have different interactions according to
the subtype involved, especially at the § subunit region.

To validate the protocol, the docking was initially
applied to the X-ray structure of AChBP.12 The AChBP
binding site, containing the buffer molecule N-2-hy-
droxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES),
is located at the interface between two adjacent mono-
mers that behave, according to their residues, as the
(+) and the (—) sides of the binding-site region.!?
HEPES docked into the empty (after the removal of
HEPES) binding site of AChBP with a higher consensus
score of 5 and with the same orientation found in the
X-ray structure (RMSD of all atoms was 1.2 A). Com-
pound 6, the natural ligand of AChBP, also docked with
a higher consensus score of 5. Figure 2 compares the
orientation of HEPES from the X-ray structure and the
docked 6 at the AChBP site. HEPES contains a posi-
tively charged quaternary ammonium group and stacks
with it onto Trp 143, making cation—x interactions.!2
The oxygen carbonyl of 6 establishes an H-bond with
the O—H of Tyr 192 of the (+) side, whereas the
positively charged nitrogen is stabilized, as with HEPES,
by cation—x noncovalent interactions with the aromatic
pocket made of residues Trp 143 and Tyr 185, 192 of
the (+) side and Trp 53 of the (—) side of the protein
binding site. These data confirm the prediction of the
role of oo Tyr 192 in binding the ACh ester group.?3
Residue Trp 143 is believed to be critical for the
establishment of cation—: interactions with the cationic
center of the ligand, which occurs with 7.24 The interac-
tion of the ligand with Trp 143 and the assembly of Tyr
in the binding cavity are strictly related to the affinity
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Trp 53

Trp 143

Met 114

Figure 2. Binding site region of the AChBP. Docked 6 is
colored according to atom type, with the carbon atoms shown
in white; the HEPES from the AChBP crystal structure is
colored according to atom type, with the carbon atoms shown
in green and the sulfur atom shown in yellow. Residues on
the (+) and (—) sides are colored according to atom type with
the carbon atoms in orange and magenta, respectively. All
residues are displayed as capped sticks, and docked 6 and
HEPES are displayed in ball-and-stick format. H-bonds are
represented by black dashed lines between the donor (D) and
the acceptor (A) and are defined as follows: Distance D---A:
2.8—3.2 A; Angle D—H---A: 140—180°.

of the ligand toward the receptor.?® This shows that the
docking protocol used is indeed able to reproduce the
characteristic nAChR—ligand interaction.

A series of nAChR ligands (1—15) (Figure 1), with
binding affinities ranging from picomolar to micromolar,
which were determined with displacement binding
studies with [*H]-cytisine, were chosen to cover a broad
range of binding affinity to the rat 0432 neuronal
nicotinic receptor (Table 1). The selection includes the
natural ligand 6; ligands from natural sources such as
1; synthetic ligands such as the S-enantiomers A-85380
(4), A-84543 (5), and ABT-418 (10);!6:17 the epibatidine
derivative dechloroepibatidine (2);26 and 33bMet (3),
which was synthesized in our group (Westera, G.,
unpublished observation).

The group of ligands were initially docked into the
binding site of rat 0432, at the interface between the
o4 and (2 subunits, as positive cations and neutral
molecules using the validated protocol. The neutral
molecules did not dock into the binding site. In contrast,
the ligands, in their positively charged form, were
docked within the binding site, and the consensus scores
were calculated for each docked compound (Table 1).
This shows the importance of a positively charged
nitrogen in the structure as a pharmacophoric group,
which is in agreement with previous pharmacophore
analyses.

Two main clusters of binding orientations were iden-
tified. Cluster 1 involves residues Trp 147 of the (+)
side, Lys 77, Val 109, and Phe 117 of the (—) side, and
double Cys 190—191 and Tyr 195 of the (+) side. Cluster
2 comprises residues Asn 107 and Ala 108 of the (—)
side, Tyr 195 of the (+) side, Phe 104, and Thr 143 of
the (—) side, Trp 147 of the (+) side, and Val 109, Phe
117, and Leu 119 of the (—) side. The binding orienta-
tions of clusters 1 and 2 are shown in Figure 3.
Compounds 1a and 1b and both enantiomers of 2 (2a

Bisson et al.

Leu 119
Trp 55

Cys 190

Tyr 195

Tyr 188

Figure 3. Ligand binding to the rat 0452 model: docking of
(—)-epibatidine (1b) as a representative of a toxic ligand
(colored according to atom type, with the carbon atoms shown
in red and the chlorine atom shown in cyan) and A-85380 (4)
as a representative of a nontoxic ligand (colored according to
atom type, with the carbon atoms shown in yellow) in clusters
1 and 2, respectively. Residues on the (+) and (—) sides are
colored according to atom type, with the carbon atoms shown
in orange and magenta, respectively. All residues and docked
compounds are displayed as capped sticks and ball-and-stick
figures, respectively. H-bonds as defined in Figure 2 are
represented by black dashed lines.

and 2b) docked in a similar orientation (cluster 1) as
shown in Figure 3 for 1b. On the other hand, compounds
3, 4, and 6 docked in another orientation (cluster 2),
which is represented by 4 in Figure 3. The common
features between the two clusters are (1) the orientation
of the positively charged nitrogen, pointing toward the
aromatic residues of the (+)-side Trp 147 (the homo-
logue of Trp 143 in AChBP) and the Tyr 188, 195 and
Trp 55 of the (—) side and (2) the H-bond between the
NH of the positively charged nitrogen and the carbonyl
of Trp 147 on the (+) side of the a4 subunit. The former
common feature suggests the importance of the cat-
ion— interactions between the ligand and the receptor
binding site. The described orientation of 6 agrees with
that found by Costa et al.23 The pocket of aromatic
residues, present in AChBP, is conserved by the homol-
ogy in the binding domain of the nicotinic subunit.
Residues Trp 147 and Tyr 188, 195 of the (+) side and
Trp 55 of the (—) side are assumed to be involved in
cation—s interactions with the cationic center of the
ligand.2” As the homologue Trp 143 in AChBP, Trp 147
plays an important role for this type of interactions,
which is confirmed by its central 3D orientation in the
binding cavity. In both clusters, the carbonyl of the Trp
147 on the (+) side of the a4 subunit makes an H-bond
with the NH of the positively charged nitrogen of the
compounds 1a, 1b, 2a, 2b, and 4, further stabilizing the
orientation of the ligands (Figure 3). This type of H-bond
is also present with HEPES in the X-ray structure of
AChBP (Figure 2), confirming the importance of this
interaction. The ligands 1a, 1b, 2a, 2b, and 4, which,
of all the compounds of the chosen series, have the
highest affinity for the rat 0452 neuronal nicotinic
subtype (Table 1), bind with the highest consensus
score, in the orientation of either cluster 1 or cluster 2.
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Although toxic and nontoxic ligands share the same
cation—x interactions with the protein, the rest of the
molecule occupies a different moiety of the binding
pocket. This different orientation is characterized by a
distinct H-bond pattern. Cluster 1 is characterized by
the H-bond between the pyridine nitrogen of the ligand
and the nitrogen of the side chain of Lys 77 on the (—)
side, whereas in cluster 2, the H-bond between the main
chain amide of the Leu 119 on the (—) side and the
pyridine nitrogen is depicted (Figure 3). In the case of
6, an H-bond between the carbonyl oxygen and a
molecule of water has been reported.2? This suggests
that the interaction between an H-bond acceptor atom
of the ligand and an H-bond donor atom is important
for affinity, whereas their location, in addition to
stabilizing a certain receptor active conformation, seems
to differentiate between ligands that are clinically toxic
such as 1 and 2 and those that are clinically nontoxic
such as 3, 4, and 6. In our case, not considering a
molecule of water in the binding of the ester moiety of
6 might be the reason for the low consensus score of 2
(Table 1).

The influence of the pyridine nitrogen in compound
5 shifting from the meta position to the ortho (14) and
para (15) positions on binding orientation and binding
affinity was investigated. The three ligands 5, 14, and
15 docked in the same orientation (cluster 3) with lower
consensus scores than those found in clusters 1 and 2
(Table 1). Compound 5 showed a higher consensus score,
which is in agreement with its higher binding affinity
(Table 1). The positively charged nitrogen of the ligands
was directed toward the aromatic pocket of the binding
cavity but not as deeply as in clusters 1 and 2. The fact
that ligands 5, 14, and 15 are further from the Trp 147
and Tyr 188, 195 on the (+) side and the Trp 55 on the
(—) side decreases the number of favorable interactions
with the binding site, lowering the consensus score
relative to that found for clusters 1 and 2. The position
of the nitrogen in the pyridine ring also seems to be
critical for the affinity. The nitrogen of 5 does not make
any relevant contacts, whereas the nitrogen of 15,
because of the increased vicinity, undergoes a repulsion
from the carbonyl oxygen of Cys 190 on the (+) side of
the a4 subunit. This repulsive effect accounts for the 5
orders of magnitude difference in affinity between these
two ligands, despite the presence of the stabilizing
H-bond between the NH of the positively charged
nitrogen and the oxygen carbonyl of Trp 147 on the (+)
side of the 04 subunit. Compound 14 loses the H-bond
with Trp 147 compared to its meta and ortho deriva-
tives, but its orientation is not influenced by the
repulsive effect as is that of 15. This is in agreement
with the the fact that the affinity of 14 is lower than
that of 5 and higher than that of 15 (Table 1). Com-
pound 10 docked in the same cluster 3 with the
positively charged nitrogen pointing inside the binding
cavity, but this time the aromatic oxazol-ring of the
ligand facilitated the H-bond between the aromatic
nitrogen and the side chain NH of Lys 77 on the (—)
side of the 2 subunit, which is not present with 14 and
15, thereby increasing its consensus score. This is in
agreement with the values of the binding affinity
constant which shows that 10 has affinity in the
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nanomolar range as does 5 and has much higher affinity
than 14 and 15 (Table 1).

The effect of the insertion of a second nitrogen in the
pyridine ring of the ligand on the affinity was also
studied. The docking of compounds 11 and 8, which are
both derivatives of 5, gave the lowest consensus score
of 0 (cluster 4). The orientation of the docked ligand 11
is different from that of docked compounds 4 and 5. The
positively charged nitrogen of the ligand points out of
the tryptophan moiety of the binding cavity, losing the
important cation—s interactions. This orientation is
stabilized by the hydrophobic interactions between
residues of the binding site and the aromatic moiety of
the molecule. This switching effect of these docked
ligands is probably due to the repulsion between the
nitrogens of the aromatic ring of the ligand and the
carbonyl oxygen of Cys 190 on the receptor side, which
would occur if the ligands would bind with the same
orientation as compound 5. As a consequence, the two
ligands in the docked orientation lose the cation—x
interactions, lowering the consensus score and thus
reflecting lower affinity compared to 5 (Table 1).

In the case of 8, the low consensus score of 0 does not
represent low affinity because although the ligand binds
less than 5, its affinity is still in the nanomolar range
(Table 1). The scores obtained with 8 and 11 are in
agreement with a previous report showing that the
energy of the interaction of an H-bond donor with a
pyridine nitrogen is less favorable when a second
nitrogen is introduced into the aromatic ring, as in the
case of diazine.?8 The same effect on the orientation, due
to the presence of a second nitrogen, was also found with
12, which docked in the same cluster 4 (Table 1).

The best docking orientation of ligands, which have
an oxygen bridge between the pyridine and the aliphatic
cycle moieties, was observed for 4 (cluster 2), in which
the size of the aliphatic cycle is decreased. Large and
hindered aliphatic cycles make it difficult for the ligand
to enter deeply into the binding cavity, losing the
possibility of establishing cation— interactions, which
favor ligand binding to the receptor. This explains why
decreasing the size of the aliphatic part of the ligand
causes the binding affinity to increase.2?

Enatiomers 1a, 1b, 2a, and 2b docked well in cluster
1, and they are toxic compounds. Ligands 3, 4, and 6,
which docked in cluster 2, are nontoxic compounds
(Table 1). Compound 10, which docked in cluster 3
(Table 1), establishes interactions similar to that of 1.
Despite this, the orientation of 10 is different and enters
less deeply into the binding site cavity, as we find in
cluster 4, causing loose cation—m interactions. This may
also explain the decreased binding affinity of 10.

Regarding the o34 binding site, enantiomers 1a, 1b,
2a, and 2b, which are potent agonists toward the
ganglionic a34 subtype,!%26 docked well. Two clusters
were identified. Clusters A and B are shown in Figure
4. In cluster A, the positively charged nitrogen of 1b
(Figure 4) points toward the aromatic pocket (Trp 147,
55 and Tyr 188, 195), again revealing the importance
of cation—x interactions between the ligand and the
receptor binding site.?” The absence of the H-bond
interaction, between the side chain Lys 77 of the (—)
side and the ligand pyridine nitrogen, present in the
042 binding cavity, is caused by the replacement of
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Gln 115 Trp 55

—~=

Tyr 188

Tyr 195

Figure 4. Ligand binding to the rat a334 model: docking of
1b (colored according to atom type, with carbon atoms shown
in red) and (+)-dechloroepibatidine (2a) (colored according to
atom type, with carbon atoms shown in green) in clusters A
and B, respectively. Residues on the (+) and (—) sides are
colored according to atom type, with the carbon atoms shown
in orange and magenta, respectively. All residues and docked
compounds are displayed as capped sticks and ball-and-stick
figures, respectively. H-bonds as defined in Figure 2 are
represented by black dashed lines. For the sake of clarity, the
point of view has been rotated compared to the rat 0452 model
(Figure 3).

the residue Lys with Ile. This is in agreement with the
fact that compound 1 has a lower affinity toward the
ganglionic subtype?® than it has toward a4/32. Moreover,
the NH of the positively charged nitrogen of the enan-
tiomers 1a, 1b, and 2b forms an H-bond with the oxygen
carbonyl of Trp 147 of the (+) side of the a3 subunit.
The nitrogen of the pyridine ring establishes an H-bond
with the hydrogen of the side chain NHy of Gln 115 of
the (=) side. In cluster B, the NH of the positively
charged nitrogen of 2a (Figure 4) still forms an H-bond
with the oxygen carbonyl of Trp 147, but the pyridine
ring is stabilized by the hydrophobic interactions within
the pocket formed by the aromatic residues (Trp 147,
55 and Tyr 188, 195) inside the binding cavity.

Compound 6 docked poorly into the binding cavity
(Table 1), and this may be explained, as in the case of
042, as the result of not considering the molecule of
water involved in the H-bond with the carbonyl oxygen
of 6 that was reported by Costa et al.??

Compounds 4 and 5 and their derivatives, which have
a flexible ether moiety and do not show toxicity, did not
dock into the binding cavity (Table 1). This confirms that
the presence of an oxygen between the pyridine and the
aliphatic moieties decreases the ligand affinity toward
the ganglionic subtype with an increase of selectivity
toward the neuronal subtype.

The docking into the a354 model of ligands, which
contain constrained C—O—C or C—C—C— angles such
as ligand 3 and ligands 9 and 13 (Figure 1), was
performed.

All three molecules docked well into the cavity as did
2a (cluster B). In fact, the positively charged nitrogen
in all cases pointed away from the aromatic surrounding
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of the (+) side of the a subunit, this time making an
H-bond interaction with the oxygen of the carbonyl of
the residue Gln 115 of the (—) side of the 5 subunit. The
aromatic nitrogen of ligand 9 does not seem to play such
an important role in the binding orientation to this
ganglionic nAChR subtype. Despite the controversial
activity of 9 on a3fx receptors (it shows activation in
rat striatum but not in IMR32 cells) [unpublished data],
these results suggest that introducing sterically con-
strained and planar C—O—C and C—C—C angles, as in
ligands 3 and 9, improves the docking of the ligand into
the binding cavity in correspondence with an increase
of the affinity to a3/4 receptor subtype, whereas flex-
ibility abolishes it.

Compound 3, which docks well into the a3/34 cavity,
was proven to be clinically nontoxic by toxicity studies
on mice performed in our group. [Westera, G., unpub-
lished observation] Moreover, 3 was proven to behave
as an agonist toward the ganglionic o344 subtype but
with less potency than that of 1 and 2. [ref 26; Bertrand,
D., personal communication] This might explain why,
even if 3 binds to the ganglionic nAChR subtype,
because of unfavorable binding kinetics, it does not
cause the peripheral side effects that occur with com-
pounds 1 and 2.

Conclusions

A molecular docking study was performed on the
binding site of the geometrically and stereochemically
refined rat neuronal o452 and ganglionic o34 nicotinic
subtype receptors at the interface between the o and
the f subunits.

The chosen nAChR ligands 1—15 bind with binding
affinities ranging from micromolar to picomolar and
include necessary pharmacophores in their structure
(e.g., a positively charged nitrogen; an electrondonor
atom, such as the pyridine nitrogen, which is capable
of H-bonding; and a hydrophobic area generally formed
by aliphatic cycles). The docking results and the con-
sensus scores of the docked molecules reveal the puta-
tive binding modes of the ligands and suggest a struc-
ture—activity relationship. The consensus score evalua-
tion of the docking and thus their ranking on the o452
model showed significant correlation with the differ-
ences in binding affinities, whereas single-scoring func-
tions did not allow any discrimination. The investigation
of the selectivity of the ligands between central neuronal
and peripheral ganglionic nicotinic subtypes showed
interesting trends. Of all the examined ligands, both
enantiomers of 1 and 2 docked with high consensus
scores in both binding cavities (i.e., 0452 and a354). This
is in agreement with their peripheral side effects, which
are linked to o384 agonism, observed during their
clinical use. Two important clusters of docking (1 and
2) are found in the 0452 model, involving ligands such
as 1, 2, 3, 4, and 6. The orientation of the docked
molecules underline the importance of cation—r inter-
actions between the positively charged nitrogen of the
ligand and the aromatic side chains of the residues Trp
147 and Tyr 188, 195 on the (+) side and Trp 55 on the
(—) side and of the H-bond contacts between the pyridine
nitrogen or oxygen carbonyl of the ligand and the
backbone NH of the residues mainly on the (—) side of
the complementary 2 subunit. The ligands that docked
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in clusters 1 and 2 were the clinically toxic compounds
1 and 2 and the clinically nontoxic compounds 3, 4, and
6, respectively. Thus, for the design of nAChR ligands
lacking toxicity, compounds should fill the moiety of the
pocket surrounding cluster 2 orientation. Regarding the
docking of the ligands into the a334 model binding site,
which seems to be highly correlated with the agonistic
potency of the ligands, the results revealed two impor-
tant factors. The presence of the oxygen atom between
the pyridine ring and the aliphatic moiety plays an
important role in abolishing affinity to the ganglionic
receptor, represented by the impossibility of finding a
binding orientation within the binding site. Indeed, its
presence increases the subtype selectivity toward the
neuronal receptor by reducing the affinity toward
peripheral nicotinic subtypes and thus decreasing the
toxicity of the ligands. If the flexibility around the
C—0—-C or C—C—C— angles is constrained, as with
ligands 3 and 9, the ability to bind into the o354 binding
cavity might increase. As a consequence, the tridimen-
sional structure of 1 seems to be a good template for
ligands with high affinity toward the ganglionic receptor
but low subtype selectivity.

In general, the consensus score rankings of the docked
molecules showed a relationship with the inhibition
constant (Kj;) values taken from the literature (see Table
1).

The results obtained from the docking investigations
showed that the models are useful to design subtype-
specific compounds with high affinity toward the neu-
ronal o432 subtype (preferably binding in the cluster 2
mode) and with enough flexibility to prevent them from
binding to the ganglionic a334 subtype. The design of
such compounds would improve their safety in thera-
peutic and diagnostic use and enable clinical application
in neurological diseases.

Experimental Section

Toxicity Studies of Compound (+)-2. An acute intrave-
nous toxicity study of the racemic N-methyl-dechloroepibati-
dine in rats and mice was performed by the Research and
Consulting Company Ltd. (RCC), Itingen, Switzerland. The
study should provide a rational basis for risk assessment in
man. The study was performed in mice [Hanlbm: NMRI
(SPF)]. Nine animals (6 male and 3 female) were treated with
1.2, 0.12, or 0.012 umol/kg of N-methyl-dechloroepibatidine.
The test substance was injected intravenously into the caudal
vein.

The median lethal dose (LD50) of compound (+)-2 after a
single intravenous injection in mice and rats of both sexes,
observed over a period of 15 days, was thus established to be
between 0.012 and 1.12 umol/kg body weight; no animals died
at 0.012 umol/kg, but all animals treated with 1.2 umol/kg or
0.12 umol/kg died spontaneously within 10 min after treat-
ment.
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