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Abstract—The homology models of the a4b2 and a3b4 nicotinic acetylcholine receptors (nAChRs) suggest that the two nAChR
subtypes are different in their ligand-binding pockets due to the non-conserved residues in the b-subunits. The docking of nicotine,
epibatidine, A-84543, and the two analogs of A-84543 ligands 1 and 2 to the homology models of a4b2 and a3b4 is presented. It is
found that the protonated amino groups of these ligands bind to the a-subunits, whereas the remaining parts of the ligands bind to
the b-subunits. The two non-conserved amino acids Lys77 and Phe117 in the b2-subunit corresponding to Ile77 and Gln117 in the
b4-subunit are identified to be the key players determining the binding modes of the ligands. We demonstrate how the increase in the
number of the atoms connecting the pyrrolidine and pyridine rings in A-84543, 1, and 2, and an introduction of the alkynyl sub-
stituent in the pyridine ring affect the binding and shift the selectivity of these ligands toward the b2-containing receptors. Further
improvement in affinity and selectivity in this and other series of the ligands may be achieved by designing molecules that would
specifically target the non-conserved regions in nAChRs.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

The nicotinic acetylcholine receptors (nAChRs) are li-
gand-gated ion channels in the central and peripheral
nervous systems.1,2 These receptors have been identified
as promising targets for the treatment of neurological
disorders, such as Alzheimer’s disease, Parkinson’s dis-
ease, dyskinesias, Tourette’s syndrome, schizophrenia,
attention deficit disorder, anxiety, and pain.3–5 The com-
binatorial assembly of the 12 neuronal nAChR subunits
(a2–a10 and b2–b4) results in homo- or heteropenta-
mers of nAChRs, which consist of the intracellular,
transmembrane, and extracellular domains. A ligand-
binding site was found at the interface between the
two adjacent subunits in the extracellular domain of
nAChRs.6

A series of pharmacophore models of the nAChR
ligands have been proposed and used for the design
of novel ligands.7–12 Generally, these models consist of
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a quaternary positively charged nitrogen and a hydro-
gen-bond acceptor at the distance of 4.5–6 Å. The
recently solved crystallographic structure of the acetyl-
choline-binding protein (AChBP),13,14 in which the resi-
dues relevant for the ligand binding are conserved with
the nAChR family, provides an opportunity to investi-
gate the ligand–receptor interactions in nAChRs. The
homology of the loops forming the binding pocket rang-
es between 40% and 60% for various nAChR sub-
types.15–17 In recent years, several homology models of
the ligand-binding domains have been generated for dif-
ferent neuronal nAChR subtypes; the ligand binding to
nAChRs has also been modeled for a limited number of
ligands such as nicotine, acetylcholine, and carbamyl-
choline.15,17,18 These modeling studies have the consis-
tent results that all the ligands bind at the interface of
the two neighboring subunits with the protonated amino
group of the ligands docked in the conserved aromatic
pocket.

The development of subtype-selective nAChR ligands is
a critical issue for an effective and safe treatment of the
associated neurodegenerative disorders. As the most
abundant subtype of nAChRs in the brain, a4b2 is a
major target for neurodegenerative drug development.
a3b4 is the most common subtype of nAChRs mediat-
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Table 1. Binding affinities (Ki, nM) of (±)-epibatidine, (�)-nicotine,

A-84543, and ligands 1 and 2 to the a3b4 and a4b2 subtypes of

nAChRs19

Compound Observed Ki (nM)

a3b4 a4b2 a3b4/a4b2

Epibatidine 0.57 0.061 9

Nicotine 443 10 44

A-84543 1400 1.9 737

1 6800 1.6 4250

2 40,000 1.4 28,571
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ing the cholinergic events in the autonomic nervous sys-
tem and therefore the inhibition of the a3b4 subtype is
undesirable. It was found that the introduction of an
alkynyl group at the C5 position of the pyridyl ring of
A-84543, a nicotine analog, results in a dramatic
improvement of the ligand selectivity to the b2-contain-
ing nAChR subtypes (Fig. 1 and Table 1).19 The reasons
for this improvement were undetermined. In this paper,
we present the modeling results of the binding of epi-
batidine, nicotine, A-84543, and its two analogs to the
homology models of the extracelluar domain of a4b2
and a3b4. We show that the non-conserved amino acids
of the b subunits in the ligand-binding pockets have sig-
nificant effects on the binding modes of the ligands and
the resulting differences may explain the ligand selectiv-
ity to the b2-containing nAChR subtype a4b2.
2. Results and discussion

2.1. The ligand-binding pockets in AChBP, the a3b4 and
a4b2 nAChRs

One ligand-binding site exists at each of the five interfac-
es between the subunits of the pentamer structures of
AChBP and the a7 nAChR.14,20 In the heterologous
nAChRs, the ligand binding sites exist only at the inter-
face of two nAChR subunits with an a-subunit on the
principal side (a-side) and a b-subunit on the comple-
mentary side (b-side).20 Both of the ligand-binding
pockets in AChBP and nAChRs are composed of fairly
conserved amino acids (Fig. 2).13,15–17 The previous
modeling studies suggested that the four aromatic ami-
no acids Tyr91, Trp147, Tyr188, Tyr195 and the two
adjacent cysteines Cys190 and Cys191 on the a-side
are conserved between the a3 and a4 nAChR subunits
and AChBP.15,17,18 Among the residues on the b-side
of the binding pocket, Trp55 and Leu119 are conserved
between b2 and b4; three non-conserved residues are
Lys77, Val109, Phe117 in b2 and Ile77, Ile109, Gln117
in b4. These non-conserved residues in the binding sites
are only located on the b-sides of the nAChRs. This
is consistent with the biological data suggesting that
the differences of the amino acids in the b subunits of
nAChRs are responsible for the subtype selectivity of
the ligands.21

To explore the ligand-binding modes in AChBP, a3b4
and a4b2, we first examined the solvent accessible sur-
face areas at the interfaces of the protein structures close
to the ligand binding sites. The 3D structures of the
binding pockets on the principal side of AChBP, a3b4,
and a4b2 are almost identical (Figs. 3A–C). In each of
the three proteins the conserved residues form a narrow
hydrophobic pocket. It has been proposed that the cat-
ion-p interaction exists between the protonated amino
group of the nicotine molecule and the aromatic side
chain of Trp147, one of the conserved aromatic amino
acids on the a-side.22–24 On the b-side the ligand-binding
pockets of a4b2 and a3b4 have significantly different
lipophilic potential, charge distribution, and protein
topology patterns. These differences are mainly attribut-
ed to the non-conserved residues of the b2 and b4
nAChR subunits (Figs. 3E and F). The area in close
proximity to Phe117 in b2 is lipophilic; the same area
in b4 is hydrophilic as it is adjacent to Gln117. The area
in b2 occupied by Lys77 is hydrophilic and positively
charged, whereas in b4 this area is occupied by the
shorter lipophilic side chain of Ile77. The areas between
Phe117 and Lys77 in b2 and between Gln117 and Ile77
in b4 are occupied by the non-conserved lipophilic resi-
dues b2/Val109 and b4/Ile109, respectively.

2.2. Nicotine and epibatidine bound to AChBP, a4b2, and
a3b4

We decided to model the ligand binding of nAChRs
using the Autodock program in which the binding free-
energy function has a desolvation term that calculates
the impact of solvent on the ligand binding.31 To validate
the docking results, the nicotine molecule was extracted
from the X-ray structure of the nicotine–AChBP com-
plex and re-docked into the AChBP protein. It was
found that the Autodock program can successfully
reproduce the binding mode of the nicotine molecule in
AChBP. The root mean square deviation (rmsd) between
the docked and experimental positions of the nicotine
molecule is only 0.19 Å, which is substantially less than
the resolution of the X-ray structure in the PDB file.

The nicotine and epibatidine molecules were docked to
the homology models of the a4b2 and a3b4 nAChR sub-
types and the resulting complexes are shown in Figure 4.
The docking of nicotine and epibatidine to a4b2 indi-
cates that both compounds form two H-bonds. One
hydrogen bond is formed between the protonated amino
group and the backbone carbonyl group of a4/Trp147,
the other between the pyridyl nitrogen and the backbone
NH group of b2/Leu119. The similar pattern of hydro-



Figure 2. Sequence alignment between AChBP and N-terminal domains of rat a3, a4, b2, and b4 nAChR subunits. The conserved residues in the

binding pockets are labeled and colored red; the non-conserved residues in the binding pockets are labeled and colored blue. The sequence numbers

are as the same as the residue numbers in the homology models of the a4b2 and a3b4 nAChRs.

Figure 3. Protein surface of the principal side of the binding pocket mapped by the lipophilic potential: (A) the nicotine–AChBP complex, the water

molecule is shown in red, (B) a4 and (C) a3; protein surface of the complementary side of the binding pocket mapped by the lipophilic potential: (D)

the nicotine–AChBP complex, (E) b2, (F) b4. The positions of the conserved residues among AChBP, a4 and a3 are shown in B; the positions of the

non-conserved residues between b2 and b4 are shown in E and F, respectively. On the protein surface areas, blue stands for hydrophilic, brown for

lipophilic, and green for neutral.
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gen bonds was observed in the nicotine–AChBP com-
plex where nicotine also forms the hydrogen bonds with
Trp143 and the water molecule.14 The pyridine rings of
nicotine and epibatidine are located in close proximity
to b2/Phe117, which was proposed to be important for
the high affinity of nicotine to the b2-containing recep-
tors.15 Compared to nicotine, epibatidine is able to bury
more of its bulky protonated amino group into the
hydrophobic pocket formed by the conserved aromatic
amino acids Tyr91, Trp147, Tyr188, Tyr195 and there-
fore may have stronger cation-p and hydrophobic inter-
actions with the protein. This difference in the binding of
nicotine and epibatidine is consistent with the higher
affinity of epibatidine to a4b2.

The docking of nicotine and epibatidine to a3b4 shows
that the protonated amino groups of both ligands are
located in the similar place as in a4b2. Unlike a4b2, in
a3b4 neither nicotine nor epibatidine can form a hydro-
gen bond between the pyridyl nitrogen atom and the
backbone NH group of b4/Leu119. Moreover, the b4
subunit cannot stabilize the pyridine ring of the ligands
by the p–p or hydrophobic interaction because Gln117
in b4—the counterpart corresponding to Phe117 in
b2—cannot form these types of interactions. The loss
of these highly favorable interactions may explain the
9- and 44-fold drops in the affinities of epibatidine and
nicotine to a3b4, respectively, compared to their affini-
ties to a4b2.

2.3. A-84543 and ligands 1 and 2 bound to a4b2 and a3b4

The increased number of the atoms connecting the
pyrrolidine and pyridine rings in A-84543 and its two



Figure 4. Nicotine and epibatidine bound to (A) a4b2 and (B) a3b4; A-84543 and ligand 1 bound to (C) a4b2 and (D) a3b4. Nicotine and A-84543

are shown in pink; epibatidine and ligand 1 are shown in green. The conserved and non-conserved residues of a4b2 and a3b4 are labeled with red and

blue, respectively.
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analogs compared to that in nicotine and epibatidine re-
sults in different binding modes (Figs. 4 and 5). The pyr-
idyl groups of A-84534 and ligands 1 and 2 bind closer
to the non-conserved residues on the b-side of the li-
gand-binding pocket. This observation may indicate
that in general the non-conserved residues play a more
important role in the binding of the ligands maintaining
a larger distance between the two rings.

Similar to the binding mode of the pyridine rings of nic-
otine and epibatidine to the ligand-binding pocket of
a4b2, the pyridyl nitrogen of A-84543 bound to a4b2
forms a hydrogen bond with the backbone NH of b2/
Leu119, whereas the pyridine ring forms the favorable
p–p and hydrophobic contacts with b2/Phe117. In
a3b4, the pyridyl group of A-84543 facing Gln117
moves away and the pyridyl nitrogen atom cannot form
a hydrogen bond with the backbone NH of Leu119. Be-
sides that, A-84543 forms a hydrogen bond with both
a4b2 and a3b4 between the protonated pyrrolidine
nitrogen atom and the carbonyl group of Trp147.

The docking of ligand 1 shows that its binding modes in
a4b2 and a3b4 differ by the position of the pyridine ring
and the C5-substituted alkynyl group. In a4b2 the pyr-
idyl nitrogen of 1 has a hydrogen bond with the proton-
ated amino group of the side chain of b2/Lys77 instead
of the backbone NH of b2/Leu119, whereas the substi-
tuted pyridine ring still maintains the p–p and hydro-
phobic interactions with the phenyl ring of b2/Phe117.
None of these interactions were found for ligand 1
docked to a3b4—the pyridine ring of 1 can neither form
a hydrogen bond with the backbone NH of Leu119 nor
can it form any favorable interactions with b4/Gln117.
The alkynyl group turns to face Ile77 and Ile109 and
forms favorable hydrophobic interactions in a3b4.
Additionally, the protonated amino group of ligand 1
changes its orientation in the aromatic pocket so that
it loses the hydrogen bond with the carbonyl group of
Trp147, a favorable interaction found for A-84543
docked to a3b4. Overall, A-84543 and ligand 1 maintain
the similar network of interactions with a4b2 and thus
have a similar affinity to a4b2, 1.9 and 1.6 nM, respec-
tively. The different binding of A-84543 and ligand 1
to a3b4 is consistent with the fivefold drop in affinity
of 1 to a3b4 compared to that of A-84543.

Although ligand 2 has a flexible side chain, Autodock
found converged results of the bound conformations
of the ligand in a4b2 and a3b4 through the exhaustive



Figure 5. Ligand 2 bound to (A and C) a4b2 and (B and D) a3b4. Ligand 2 is shown in the ball and stick style. The conserved and non-conserved

residues in the binding pockets of a4b2 and a3b4 are labeled with red and blue in A and B, respectively. The positions of the non-conserved residues

in a4b2 and a3b4 are shown with yellow in C and D. The protein surface is mapped by the lipophilic potential (blue—hydrophilic, brown—lipophilic,

and green—neutral).
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docking processes. The binding modes of ligand 2 in
a4b2 and a3b4 are shown in Figure 5. In a4b2, the pyr-
idine ring of 2 forms the favorable p–p and hydrophobic
interactions with the phenyl ring of Phe117, whereas the
pyridyl nitrogen forms a hydrogen bond with the side-
chain amino group of Lys77. The similar p–p or hydro-
phobic interaction between the pyridyl ring of 2 and
a3b4 is not possible since in b4 the position of the aro-
matic b2/Phe117 is occupied by the polar Gln117. As the
side chain of the non-conserved b4/Ile77 occupies less
space than the side chain of the corresponding b2/
Lys77, a3b4 contains an additional internal channel in
the binding pocket. On the b-side the entrance to this
channel is formed by the lipophilic side chains of b4/
Ile77 and b4/Ile109. The geometry changes of the pro-
tein caused by the non-conserved b4/Ile77 and b4/
Gln117 in a3b4 force the long alkynyl substituent of li-
gand 2 to rotate about 90� compared to its position in
a4b2 and to occupy the channel that is unique for the
a3b4 subtype. Similar to ligand 1 in a3b4, the protonat-
ed amino group of 2 cannot form a hydrogen bond with
the backbone carbonyl group of Trp147, a favorable
interaction found in the complex between ligand 2 and
a4b2. The significant differences in the binding mode
of ligand 2 in a3b4 compared to the other ligands and
the loss of the majority of the favorable interactions
may explain the lowest affinity of 2 to a3b4 among all
the ligands studied.
3. Summary

The docking results of nicotine, epibatidine, A-84543,
and the two analogs of A-84543 show that the protonat-
ed amino groups of all the ligands were predicted to
bind within the same region of the binding pockets in
a3b4 and a4b2, which is consistent with the experimen-
tal data1 and previous modeling results.15,17,18 On the
other hand, the binding modes of the pyridyl moieties
of these ligands may change depending on the length
of the linker connecting the two nitrogen atoms. The
binding modes of the ligands also change with the intro-
duction of an additional substituent to the pyridine ring.
The non-conserved residues b2/Lys77, b2/Phe117 and
corresponding b4/Ile77, b4/Gln117 are identified to be
the major contributors to the differences in the topology
and electrostatic environment of the a4b2 and a3b4
nAChRs. Although the changes caused by these residues
are significant, they are relatively remote to the binding
of the pyrrolidine and azabicycloheptane rings of the li-
gands. Therefore, only the ligands with the substituents
that are able to reach the areas near b2/Lys77, b2/
Phe117 or b4/Ile77, b4/Gln117 and efficiently utilize
the differences in the structures of the binding pockets
caused by these non-conserved residues would have
greater potential to exhibit different levels of affinity
and selectivity at the a4b2 and a3b4 nAChRs. Addition-
al biological and modeling studies are underway to
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address the selectivity of these ligands for human nAC-
hRs. The present results add to our understanding of the
structural differences between a4b2 and a3b4 nAChRs
and can be exploited for the design of new leads in the
discovery of medications to treat neurodegen-
erative disorders such as Alzheimer’s and Parkinson’s
diseases.
4. Materials and computational methodology

The structural and biological data of the ligands—epi-
batidine, nicotine, A-84543 and its two analogs 1 and
2—were collected from the paper recently published by
Kozikowski et al. (Fig. 1 and Table 1).19 In that paper,
the binding affinities (Ki values) of all the ligands were
measured with the rat nicotinic receptor subtypes ex-
pressed in stably transfected cell lines.25 The molecular
structures of the ligands were built in Sybyl6.926 and
minimized using the Tripos force field27 to a conver-
gence criterion of 0.05 kcal/mol Å.

The homology models of the rat a3b4 (PDB entry 1OLJ)
and a4b2 (PDB entry 1OLE) nicotinic receptors were
built by Le Novere et al.15 using the model of chick
a7-pentamer as a template, whereas the a7-pentamer
was created based on the X-ray structure of AChBP.13,15

The models of a3b4 and a4b2 were used in our studies
without changes. The protein solvent accessible areas
with lipophilic potential were generated using the MOL-
CAD module28,29 in sybyl6.9. The X-ray structure of
AChBP and the a4b2 and a3b4 homology models were
aligned using the MODELLER/Align3D module in the
Accelrys DS Modeling software package.30 The result-
ing sequence alignment between AChBP and the extra-
celluar domains of rat a3, a4, b2, and b4 nAChR
subunits is shown in Figure 2.

Epibatidine, nicotine, A-84543, and its two analogs were
docked to the models of the a4b2 and a3b4 nACh recep-
tors using the Autodock3.0 software.31 AutoDock is an
automated docking tool designed to predict how small
molecules, such as substrates or drug candidates, bind
to a receptor of known 3D structure. A free-energy scor-
ing function, comprising terms for dispersion and repul-
sion, hydrogen bonding, electrostatics, the entropic cost
of binding, and solvation, was calibrated with a variety
of structurally known protein–ligand complexes. The
flexible docking of the ligand structures was done by
the genetic algorithm (GA) in search for favorable
bound conformations of the ligands in the sites of the
target proteins. Although Autodock can successfully
reproduce the bound conformations of the modeling li-
gands, the absolute values of the binding energies for
different structures may be inappropriate for compari-
son due to uncertainty on the comparative modeling
process and relatively large standard errors.31 The par-
tial charges of the ligands and the proteins were calculat-
ed using the Gasteiger–Marsili method32 and the
Kollman force field,33 respectively, the same methods
used by Morris et al. to develop the free-energy function
for scoring the binding conformations in the Autodock
program. A default protocol of docking was applied
except the following parameters: number of GA runs
was 50; maximum number of energy evaluations was
2.5 · 108. A grid box with a size of 60 · 60 · 60 and a
spacing of 0.375 Å between the grid points was em-
ployed and placed at the ligand-binding site. The free
energy scores for the ligands were calculated using the
scoring function implemented in Autodock3.0. The low-
est energy ligand–protein complexes were selected for
analysis.
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