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Homology models of nicotinic acetylcholine receptors (nAChRs) suggest that subtype specificity is due to
non-conserved residues in the complementary subunit of the ligand-binding pocket. Cytisine and its
derivatives generally show a strong preference for heteromeric a4b2* nAChRs over the homomeric a7
subtype, and the structural modifications studied do not cause large changes in their nAChR subtype
selectivity. In the present work we docked cytisine, N-methylcytisine, and several pyridone ring-substi-
tuted cytisinoids into the crystallographic structure of the Lymnaea stagnalis acetylcholine binding pro-
tein (AChBP) co-crystallized with nicotine (1UW6). The graphical analysis of the best poses showed
that cytisinoids have weak interactions with the side chains of the non-conserved amino acids in the
complementary subunit justifying the use of PDB 1UWB as a surrogate for nAChR. Furthermore, we found
a high correlation (R2 = 0.96) between the experimental pIC50 values at a4b2* nAChR and docking energy
(S) of the best cytisinoid poses within the AChBP. Due to the quality of the correlation we suggest that this
equation might be used as a predictive model to propose new cytisine-derived nAChRs ligands. Our dock-
ing results also suggest that further structural modifications of these cytisinoids will not greatly alter
their a4b2*/a7 selectivity.

� 2010 Elsevier Ltd. All rights reserved.
Neuronal nicotinic acetylcholine receptors (nAChRs) are widely
distributed in the brain where they are involved in key central
nervous system (CNS) functions such as cognition, motivation
and motor activity, among others.1–3 These receptors have been
identified as promising targets for the treatment of several neuro-
logical disorders, such as Alzheimer’s disease, Parkinson’s disease,
dyskinesias, Tourette’s syndrome, schizophrenia, attention deficit
disorder, anxiety and pain,4–6 and development of subtype-selec-
tive nAChR ligands is a critical issue in this regard. Thus, the
a4b2 nAChR, the most abundant subtype in the brain, is a major
therapeutic target while the modulation of the a3b4 subtype is
undesirable because it mediates cholinergic events in the auto-
nomic nervous system.7

Cytisine is a plant alkaloid present in many species of the
Fabaceae or Leguminosae that has higher affinity and specificity
for a4b2* nAChRs than nicotine. It has been used as a template
for the development of new nicotinic receptor ligands4 and in fact
varenicline, a cytisine analogue, was approved by the FDA in 2006
ll rights reserved.

riquiry).
as an aid for smoking cessation, and cytisine itself has been used
for this purpose for over forty years.8 In previous studies we have
shown that several structural substitutions can increase or de-
crease binding affinity and in vitro functional potency of cytisine.
However, our studies also suggest that structural changes do not
greatly affect the selectivity of these compounds for different
nAChR subtypes.9

Structurally, nAChRs are homo- or heteropentamers forming a
channel permeable to sodium and calcium ions, with an N-termi-
nal ligand binding domain and a C-terminal transmembrane
domain. The extracellular ligand binding domain contains a
conserved disulfide pair that forms a so-called Cys-loop in each
subunit. These domains form 2–5 binding sites at selected subunit
interfaces. In response to the binding of two agonist molecules, a
single ion channel is opened.10 It has been very difficult to obtain
detailed structural information about nAChRs and only the analysis
of electron microscopy images has resulted in a 4-Å resolution
model.11 Better structural information about the nAChR ligand
binding domains and the subunit interfaces has been obtained
upon the discovery and crystallization of an acetylcholine binding
protein from the snail Lymnaea stagnalis (Ls-AChBP),12,13 a soluble
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homologue of the nAChR ligand binding domain in which the res-
idues relevant for ligand binding are conserved also in the nAChR
family. This crystal structure, and those obtained later for AChBP
from other mollusks,14 have proved most useful for analyzing the
ligand binding domains, and several homology models of these
proteins have been generated for different neuronal nAChR sub-
types.10,15–19

The crystal structure of the Ls-AChBP–nicotine complex
obtained by Celie (1UW6, DOI:10.2210/pdb1uw6/pdb) has illus-
trated the molecular contacts between the ligand and protein
and is in excellent agreement with biochemical data obtained from
nAChR binding studies.20 This crystal structure shows in detail the
agonist-receptor interaction for nicotine, and thus is an excellent
template for small agonist-receptor interaction studies and, as
we show here, for correlation studies of docking energy (S) versus
experimentally measured affinity.

In this context, in the present work we have attempted to dis-
cover the structural determinants that give cytisinoids their ability
to bind to nicotinic receptors and graphically understand how their
structural differences are responsible for their different affinities.
At the same time we identify which interactions with amino acids
are most relevant in the binding site.

The tridimensional model of each cytisinoid shown in Chart 1
(cytisine, Cy; 3-bromocytisine, 3-BrCy; 3-iodocytisine, 3-ICy;
N-methylcytisine, MCy; 3-bromo-N-methylcytisine, 3-BrMCy;
3,5-dibromocytisine, 3,5-diBrCy; 5-bromocytisine, 5-BrCy) was
built as described in the Reference and notes section.21 Chart 1
shows the 2D structure of each cytisine analogue as well as its bio-
logical activity (pIC50).9

Figure 1 shows all the contacts between the crystallographic
structure of AChBP (1UW6) and the co-crystallized nicotine mole-
cule. The contact distances were measured within a 4.5 Å radius
sphere centered on the ligand.22
Substitutions [3H]epibatidine binding site
Ligand

R1 R2 R3 pIC50  ± S.E.M. (M)

Cy H H H
9.05

7.16

3-BrCy Br H H 9.51 ± 0.05

3-Icy I H H 9.61 ± 0.05

MCy H H CH3 6.95 ± 0.07

3-BrMCy Br H CH3 6.99 ± 0.08

3,5-diBrCy Br Br H 6.43 ± 0.06

5-BrCy H Br H 6.34 ± 0.03

Chart 1. Experimental binding affinities (pIC50) of the docked compounds.6
As described earlier,23,24 ligands are completely buried within
the protein at the interface between subunits (Fig. 1). The ligands
make more direct contacts with the principal (+) side with residues
from loops A, B and C than to the loops D, and E of the complemen-
tary (�) binding side, which are more variable regions among the
different nAChRs subunits. Celie et al. estimated contact surfaces
between nicotine and the amino acid residues on the principal
(+) and complementary (�) sides of the binding site as approxi-
mately 75 and 50 Å2, respectively.20

On the principal side, nicotine (as well as cytisine) makes exten-
sive contacts with the side chain of Trp143 and some with Tyr192
and Tyr185, and cytisine also interacts with Thr144. The Tyr89 hy-
droxyl group has a close contact with the ligand, and the vicinal
disulfide interacts, mostly through Cys188 (Figs. 1 and 2). On the
complementary side, Trp53 makes limited aromatic contacts with
nicotine (but not with cytisine). Met114 contributes with hydro-
phobic contacts to the binding of both ligands, while Leu112 only
contributes in the case of nicotine.

In addition to these hydrophobic and aromatic contacts, two
hydrogen bonds significantly contribute to the binding. The first
hydrogen bond is between the nicotine pyridine N (or cytisine 2-
pyridone carbonyl O) through a bridging water molecule to the
main chain of residues Leu102 and Met114. The second hydrogen
bond is between the nicotine pyrrolidine NH+ and the carbonyl
group of Trp143 or cytisine bispidine NH2

þ and the OH group of
Tyr89 (Figs. 1 and 2).

In particular, the charged nitrogen atoms of the ligands are in
contact with an ‘aromatic box’ primarily consisting of the side
chains of Tyr and Trp residues (Trp53, Trp143, Tyr185 and
Tyr192) which form, mainly through Trp143 and Try185, a
cation–p interaction.18,25

The use of the crystallographic coordinates of the AChBP for
docking studies instead of a homology model for the a4b2 receptor
is justified by the fact that all the amino acids that are important to
establish contacts with the cytisinoids are the same in the mollusk
protein and in the mammalian receptor, as is the case of Tyr89,
Trp143, Thr144 Tyr185, Cys187, Cys188, Tyr192 in the alpha sub-
unit. Even though the amino acids belonging to the complemen-
tary subunit are less conserved, the position of Trp53 remains
constant. In the cases of the non-conserved residues, the main con-
tributions to the binding energy arise through the backbone atoms,
and mutations are not expected to have any great effect on the
interaction. Leu102, Arg104 and Leu112 (Asp106, Val108 and
Phe116 for a4b2 nAChRs, respectively) interact with ligands halo-
genated at C3 through main chain C@O and NH groups (see Table
1). In the case of Met114 and Leu118, the strongest interactions are
through the carbonyl of the main chain so their mutation should
not greatly affect their interaction with ligands. In summary, for
all the cytisinoids studied, less than 10% of the weak interactions
are not conserved in a4b2 nAChRs.

We used MOE Docking26,27 in order to model the ligand binding
to AChBP. To validate the docking results, the nicotine molecule
was extracted from the X-ray structure of the nicotine–AChBP
complex, subjected to the same calculations and conformational
search as the cytisinoids, and re-docked into the AChBP. Figure 1
shows the superimposition of the three best scored nicotine poses
at the binding site and the corresponding co-crystallized nicotine.
The nicotine docking poses reproduce with high accuracy the posi-
tion of nicotine in the crystal. The root mean square deviation
(RMSD) between the experimental pose (in the crystal structure)
and the best docked poses were 0.76, 0.54, 0.70, 0.51 and 0.39 Å2

for the five binding sites, respectively (0.58 Å2 average).28

Figure 2 shows, superimposed; the best scored poses of the
seven cytisinoids docked into the binding site. Halogenation at
C5 (5-BrCy; 3,5-diBrCy) produces repulsive van der Waals interac-
tions with the receptor, given the proximity of the C5 halogen atom

http://dx.doi.org/10.2210/pdb1uw6/pdb


Figure 1. Superimposition of the crystallographic (bars) and the three best docked poses (sticks) of nicotine inside the binding site of the AChBP PDB 1UW6.

Figure 2. Superimposition of the best docked poses of the different cytisinoids studied inside the binding site of the AChBP PDB 1UW6.

Table 1
Number of contacts (mean of the five binding sites ± standard deviation) between Lymnaea stagnalis AChBP amino acids and ligands. The second column shows the putative amino
acid at the rat a4b2 nAChR subtype

AChBP a4b2 3-BrCy 3-Icy Cy 3-BrMCy MCy 3,5-diBrCy 5-BrCy

Tyr89 Tyr91 7 ± 1 6 ± 0 6 ± 0 9 ± 2 10 ± 1 6 ± 0 5 ± 2
Arg104 Val108 1 ± 1 1 ± 1 0 ± 0 5 ± 3 0 ± 0 0 ± 0 0 ± 0
Leu112 Leu116 2 ± 1 2 ± 1 0 ± 0 7 ± 4 0 ± 0 0 ± 0 0 ± 0
Met114 Leu118 27 ± 1 27 ± 2 27 ± 1 30 ± 2 30 ± 1 28 ± 1 28 ± 2
Trp143 Trp148 39 ± 1 39 ± 1 40 ± 2 35 ± 5 38 ± 0 37 ± 2 39 ± 3
Thr144 Thr148 8 ± 1 9 ± 1 3 ± 2 11 ± 2 5 ± 3 8 ± 2 5 ± 3
Tyr185 Tyr189 13 ± 3 12 ± 3 12 ± 2 17 ± 2 18 ± 2 11 ± 1 10 ± 2
Cys187 Cys191 3 ± 1 3 ± 1 4 ± 1 4 ± 1 5 ± 2 5 ± 1 6 ± 3
Cys188 Cys192 2 ± 1 2 ± 1 2 ± 1 2 ± 1 3 ± 0 6 ± 1 5 ± 1
Tyr192 Tyr196 18 ± 1 18 ± 2 18 ± 2 20 ± 4 21 ± 3 24 ± 2 25 ± 3

Total number of contacts 124 ± 3 123 ± 2 112 ± 5 142 ± 5 130 ± 4 128 ± 4 122 ± 4
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Table 2
Distances (Å) between the most relevant interacting ligand atoms and Ls-AChBP atoms (mean of the five binding sites ± standard deviation) or % of HB score (mean ± standard
deviation)

Interaction 3-BrCy 3-ICy Cy 3-BrMCy MCy 3,5-diBrCy 5-BrCy

Ligand AChBP

H+ OH-Tyr 89 2.0 ± 0.1 2.2 ± 0.2 2.0 ± 0.1 - - 2.1 ± 0.2 2.4 ± 0.2
HB Score (%) 41 ± 8% 47 ± 15% 50 ± 16% 42 ± 20% 36 ± 10%
O Carbonyl HOH 2.7 ± 0.2 2.7 ± 0.2 2.8 ± 0.2 2.4 ± 0.2 2.5 ± 0.1 A 2.8 ± 0.2 2.9 ± 0.3
HB Score (%) 65 ± 20% 68 ± 17% 58 ± 27% 55 ± 15% 73 ± 12% 50 ± 32% 56 ± 28%

Total HB Score (%) 107 ± 20% 114 ± 13% 108 ± 14% 55 ± 15% 73 ± 12% 92 ± 28% 92 ± 20% —

3 Hal O-Leu102 4.0 ± 0.4 4.0 ± 0.5 — >4.5 — >4.5 —
3 Hal N-Arg104 3.9 ± 0.3 3.7 ± 0.1 — 3.3 ± 0.5 — >4.5 —
3 Hal O-Leu112 3.5 ± 0.1 3.4 ± 0.1 — 3.0 ± 0.3 — 4.1 ± 0.3 —
3 Hal N-Met114 4.4 ± 0.1 4.4 ± 0.1 — 4.3 ± 0.2 — >4.5 —
3 Hal Cg-Thr144 3.5 ± 0.2 3.5 ± 0.2 — 4.0 ± 0.3 — 3.1 ± 0.2 —
3 Hal Cp-Thr144 3.9 ± 0.1 3.9 ± 0.1 — 4.3 ± 0.2 — 3.4 ± 0.1 —
5 Hal OH-Tyr192 — — — — — 1.8 ± 0.1 1.7 ± 0.1
5 Hal S-Cys188 — — — — — 2.6 ± 0.2 2.7 ± 0.2

Figure 3. Correlation between experimental cytisinoid pIC50 values at rat a4b2
nAChRs versus the calculated interaction energies (S, kcal/mol) of their complexes
with AChBP 1UW6. Bars represent standard errors.
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to Cys188 and Tyr192. Consequently, these substituted cytisinoids
are slightly re-located, causing a decrease in the contribution of the
hydrogen bonds (see Table 2).

N-methylation (MCy, 3-BrMCy) hinders the formation of a
H-bond with the Tyr89 OH group, while reinforcing the hydrogen
bond between the cytisine 2-pyridone carbonyl O through a bridg-
ing water molecule to the backbone NH of residues Leu102 and
Met114, but the greater strength of the latter interaction is not en-
ough to offset the loss of the former one (see Table 2).

Finally, halogenation at C3 (3-BrCy, 3-ICy, 3-BrMCy) favours
interactions with the backbone O of Leu102, backbone N of
Arg104, backbone O of Leu112, backbone N of Met114 and Cc
and Cb of Thr144, while the H-bonds with the OH group of Tyr89
and a water molecule remain constant (see Table 2).

Because the AChBP is a homopentamer, there are five identical
binding sites. For each site, docking was performed three times and
the best scored poses were retrieved and averaged. Then the five
averaged scores, one for each binding site, were averaged again.
These averages were correlated with the experimental affinities
(IC50) as shown in Figure 3. Two binding pIC50 values have been
reported for cytisine, which has higher affinity for the a4(non
a6)b2* subtype, and lower for a6b2*.29,30 In order to calculate
the correlation we use the one associated with a4(non a6)b2*.

Figure 3 shows the correlation between the experimental affin-
ities (pIC50) and energies (scores) resulting from cytisinoid-recep-
tor docking. The R2 value of 96% obtained suggests that, within
the cytisinoid series, and if all compounds adopt similar docking
poses, the docking scores might be useful to predict activity and
propose new designs (Eq. 1):

pIC50 ¼ �0:79Sþ 3:62 ð1Þ

Because the score was calculated in triplicate for each of the five
compounds, and in view of the small standard deviations shown in
Figure 3, one can conclude that this result has an appropriate level
of precision.

In the present work, we have validated a simulation procedure
(docking) which can precisely predict the most probable nicotine
pose into each binding site of the AChBP, using the PDB 1UW6
model as a template. Using this validated procedure we can predict
how cytisine interacts with these binding sites. Furthermore, after
docking simulations, we find that the most stable poses of the dif-
ferent cytisinoids studied are quite similar to each other. Moreover,
the cytisinoid poses at the binding sites are highly reproducible,
and consequently their scores are very precise (low coefficient of
variation). The graphical analysis of our docking results for the dif-
ferent cytisinoids, together with their theoretical binding energies
(scores), are clearly related to the experimental conclusion that
N-methylation and substitution at C5 are unfavourable, whereas
halogenation at C3 is favourable for binding to a4b2 nAChRs. In
our view, this indicates that a computational model of L. stagnalis
AChBP is a good approximation to explain the affinities of these
cytisinoids for the rat a4b2 nAChR.

Finally, as docking experiments have shown, cytisinoids inter-
act primarily with the major component, and to a lesser extent
with the complementary component of the receptor binding site.
The high degree of conservation of the main chain at the site of
contact and a relatively minor interaction with the side chains of
the ‘mutated’ amino acid residues of the complementary site
reasonably justify the choice of the crystallographic structure of
AChBP (1UW6) as a template for a4b2 nAChR. This minor interac-
tion of cytisinoids with the complementary site could also explain
why structural modifications on the cytisine scaffold do not lead to
large changes in their a4b2*/a7 selectivity.

One of the main achievements of this study is an equation that
links the docking energy (score) and the experimental pIC50 values
with a very strong correlation (R2 = 0.96). We can therefore
conclude that this equation should be useful for the prediction of
affinities of cytisinoids that have not been considered in the study
sample but share the same binding mode, and consequently, to
design new molecules that could be synthesized and for which
we can estimate their pIC50 values in advance.
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