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The availability of drug affecting neuronal nicotinic acetylcholine receptors (nAChRs) may have
important therapeutic potential for the treatment of several CNS pathologies. Pursuing our efforts
on the systematic structural modification of cytisine and N-arylalkyl and N-aroylalkyl cytisines were
synthesized and tested for the displacement of [3H]-epibatidine and [125I]-R-bungarotoxin from themost
widespread brain nAChRs subtypes R4β2 and R7, respectively. While the affinity for R7 subtype was
rather poor (Ki from 0.4 to>50 μM), the affinity forR4β2 subtype was very interesting, with nanomolar
Ki values for the best compounds. TheN-substituted cytisines were docked into the rat and human R4β2
nAChR models based on the extracellular domain of a molluscan acetylcholine binding protein. The
docking results agreedwith the binding data, allowing the detection of discrete aminoacid residues of the
R and β subunits essential for the ligand binding on rat and human nAChRs, providing a novel
structural framework for the development of new R4β2 selective ligands.

Introduction

Neuronal nicotinic acetylcholine receptors (nAChRsa)
form a family of pentameric ACh-gated cation channel,
made up of different subtypes, each of which has a
specific pharmacology, physiology, and anatomical distribu-
tion in brain and ganglia.1,2 They are widely distributed in
peripheral and central nervous systems, where they act as
postsynaptic receptors exciting neurons, or as presynaptic
receptors modulating the release of many neurotransmitters.
Neuronal nAChRs are involved in complex cerebral processes
as learning, memory consolidation, nociception, locomotor
activity, as well as in a growing number of degenerative
diseases (Alzheimer’s and Parkinson’s diseases) and nervous
pathologies such as autism, ADHD, anxiety, and schizo-
phrenia. Thus they are interesting targets for the treatment
of a variety of CNS disorders, particularly Alzheimer’s
and Parkinson’s diseases, opiate resistant chronic pain, and
tobacco smoking addiction, which may involve specific
nicotinic receptor subtypes, among which R4β2 is the
most abundant in the brain.3-5 Each of the nAChR subunits
displays a characteristic phenotype of structural features
extending from the N-terminus to the C-terminus: (1) a

large (∼200 amino acids) N-terminal hydrophilic domain
containing the multiple loops of the neurotransmitter binding
site, (2) the highly variable C-terminal hydrophilic domain
that is extracellular, and (3) a set of four closely spaced
transmembrane domains (termed M1-M4) immediately
following the large extracellular domain. The M2 domain is
believed to form the wall of the ion channel. The loops
that comprise the agonist binding site contain conserved
residues, many of which possess aromatic side chains
(Trp and Tyr), which are proposed to make cationic-π
interactions with agonists.1

The achievement of subtype selective agents that can bind
and modify the function of nAChRs has been attempted
mainly by structural modification and synthesis of analogues
of nicotine and epibatidine, two very potent natural agonists
(Chart 1). A large number of compounds have been prepared
and tested,6-8 but only a few of them exhibited promising
characteristics, particularly tebanicline (5-[(2R)-2-azetidinyl-
methoxy]-2-chloropyridine; ABT-594) as an analgesic9 and
ABT-418 ((S)-3-methyl-5-(1-methyl-2-pyrrolidinyl)isoxazole)
as a cognition enhancing agent.10 However, for both com-
pounds, the clinical trials have been discontinued due to
adverse effects. Another important nicotinic agonist, which
could disclose new perspective and opportunities for develop-
ing new agonists and/or antagonists, is represented by cytisine
(1), an alkaloid mainly obtained from seeds of Laburnum
anagyroides but present also in several other plants of the
Leguminosae family, towhich it confers intoxicant properties.
Until recently, TexasMountain Laurel, also known asmescal
beans (Sophora secundiflora), was believed to have been used
as a divinatory medium even prior to the discovery of peyote
bymanyAmerican Indian tribes of the SouthWest.11 Despite
the name, mescal beans do not contain mescaline but cytisine
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and other related lupine alkaloids. Cytisine showed very high
affinity for nAChRs12 and is able to discriminate among
some subtypes, with a higher affinity for R4β2 than R3β4
subtype.13 Preference for R4β2 versus R3β4 subtype has been
observed also for N-substituted cytisine derivatives.14

Alhough the pharmacological profile of cytisine has
been thoroughly studied,15 this alkaloid has not found any
therapeutic application in western countries, while in the
former Soviet Union it was preferred to lobeline as a respira-
tory analeptic16 and was used to treat tobacco dependence
for the last 40 years in several EastEuropeanCountries.17Only
recently cytisine has received some attention as a lead for
structural analogues or derivatives able to interact, directly
or allosterically, with one or more nAChR subtypes. Four
patents18-20 suggested hypoglycemic, anti-inflammatory,
antiaddiction, and neuroprotective activities for cytisine, its
N-methyl (cauliphylline), and pyridone-substituted deriva-
tives. Recently Canu Boido and Sparatore14,21-24 prepared
and assayed in a number of tests a variety of cytisine deriva-
tives with substitution in the pyridone ring or N-substituted.
Afterward, several authors addressed their interest to the
study of different cytisine derivatives with substitution in
the pyridone ring or with N- or C-substitutions on the
bispidine moiety.25-30 Finally, Coe et al.,31 through a progres-
sive modification of the molecular frame of cytisine obtained
varenicline (6,7,8,9-tetrahydro-6,10-methano-6H-pyrazino-
[2,3-h][3]benzazepine), which displayed high binding affinity
and selectivity for rat R4β2 subtype and an interesting ther-
apeutic potential for smoking cessation and treatment of
alcohol dependence.

In line with these studies, we continue the investigation
on additional N-substituted derivatives of cytisine mainly
because the introduction of substituents on cytisine amino
group still represent the simplest way to enhance the
molecular lipophilicity and improve passage through cell
membranes and the blood-brain barrier. Although the
N-substitution is commonly considered detrimental for
affinity to nAChRs, the increased lipophilicity could balance
this negative effect.

To contribute to the understanding of the structural
requirements for targeting the nAChRs we have: (A) syn-
thesized several N-[(ω-aryl/heteroaryl)alkyl]cytisines and
N-(ω-aroylalkyl)cytisines (2-23) and, for comparison, a few
cytisine derivatives bearing aliphatic substituents (24-29)
(Chart 2) that were assayed for the displacement of [3H]-
epibatidine and [125I]-bungarotoxin fromR4β2 andR7 receptor
subtypes of rat cortex,1b respectively. Both these subtypes
have been proposed as therapeutic targets for neurological
pathologies and degenerative diseases. (B) In view of the
observed higher affinity for R4β2 versus R7 subtypes, we
docked the N-substituted cytisines in the structural model
of the nAChRs extracellular ligand binding domain of
the rat (R4)2(β2)3 type (PDB code: 1OLE), as well as in
our human (R4)2(β2)3 type (PDB code: 2GVT), developed

through homology modeling techniques based on the
X-ray structure of the Aplysia californica AChBP (PDP
code: 2BYQ).32,33

Results and Discussion

Chemistry.The cytisine derivatives 2, 3, 6, 9, 12, 19, 23, 27,
and 29 were already described by Canu Boido and Spara-
tore.21 The novelN-arylalkyl and aroylalkyl derivatives 7, 8,
13, 14, 16-18, 20-22, and the N-(4-oxopentyl)cytisine 28

were obtained by reacting cytisine with the suitable haloder-
ivatives in a ratio 2:1. For preparation ofN-[(pyridin-3/4-yl)-
methyl]- and N-[3-(pyridin-3-yl)propyl]cytisines (4, 5, 15),
an excess of cytisine was reacted with the relevant bromoalk-
ylpyridine hydrobromide. It is worth noting that it was
impossibile to obtain the N-[(pyridin-2-yl)methyl]cytisine
because the 2-bromomethylpyridine reacted with itself as
soon it was liberated from the hydrobromide.

To obtain compound 24, cytisine was reacted with iodoa-
cetamide in the presence of anhydrous K2CO3. The prepara-
tion of 2- and 4-pyridylethyl (10, 11), carbamoylethyl (25),
and methylsulfonylethyl-derivative (26) was effected
through aMichael addition of cytisine on the corresponding
unsaturated compounds (2- and 4-vinylpyridine, acryla-
mide, and methyl-vinylsulfone) (Scheme 1). The structures
of the prepared compounds were supported by elemental
analyses and spectral data.

In Vitro Receptor Binding. The results of the binding
assay of cytisine (1) and its N-substituted derivatives
2-29 on R4β2 and R7 rat receptor subtypes are collected in
Table 1. Most compounds exhibited very poor affinity to
R7 subtype, often more than 100-fold lower than cytisine,
withKi > 50000 nM. Only two compounds (20, 21) showed a
Ki value rather close to that of cytisine (Ki = 331 nM). On
the other hand, according to their affinity toward R4β2 sub-
type, the tested compounds can be grouped in three clusters:
(a) eight compounds with high affinity (Ki = 2.6-63 nM), (b)
13 with moderate affinity (Ki = 330-965 nM), and (c) seven
with poor affinity (Ki = 1300-13000 nM).

Binding studies for cytisine and 12 of its derivatives
were also performed in rat cortex R4β2 receptor subtype
labeled with [3H]-cytisine. The observed Ki values (see
Supporting Information) are well concordant with those of
Table 1 ([3H]-epibatidine displacement).

The reasons for the differences in the observed binding
affinity can depend from the interplay of the following
structural features:

(i) the length of the aliphatic chain that is interposed
between the basic nitrogen and the aromatic ring:
one C (2-5), two C (6-11, 18, 19), three C (12-15,
20, 21), four C (16, 17, 22, 23);

(ii) the presence of an electron withdrawing group (car-
bonyl, sulphonyl) in the chain and its distance from
the basic nitrogen (18-28);

(iii) the presence and the nature of substituents on the
aromatic moiety.

With an unsubstituted benzene nucleus, the elongation
of the aliphatic chain has a fluctuating effect, improv-
ing and then decreasing the affinity: N-phenylethyl- and
N-phenylpropylcytisine have an affinity more than 1 order
of magnitude higher than N-benzyl- and N-phenylbutylcy-
tisine. On the contrary, in N-(4-fluorophenyl)alkylcyti-
sines, the affinity decreases steadily with the increasing
number of methylene groups. Evidently, the para-fluoro

Chart 1
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substitution improved a little the affinity of the benzyl
derivative but strongly lowered that of phenylethyl- and
phenylpropyl- derivatives. A similar deleterious effect
was observed also for the 4-methyl and 4-methoxy substitu-
tion. The replacement of the benzene ring with the pyridine
affected the affinity depending on the joining position:
the 4-pyridylmethyl- and the 4-pyridylethylcytisines (5
and 11) behaved similarly to the corresponding phenyl
derivatives (2 and 6), while the 2- and 3-pyridylalkyl
derivatives (4, 10, and 15) exhibited a reduced affinity with
respect to 2, 6, and 12.

The introduction of a carbonyl group on the connecting
aliphatic chain (18-23) had always a positive influence on
affinity, but this effect became outstanding when the carbo-
nyl was in the β-position with respect to the basic nitrogen
(20, 21), also overcoming the negative influence of the para-
fluoro substitution. This observation still holds in the case of
compounds devoid of an aromatic ring, such as 25 and 27,
and suggests the possibility that all these compounds could
undergo to β-elimination reaction during the overnight
incubation, with release of cytisine, to which should be due
the displacement of the labeled ligand. However the release
of cytisine in the binding experimental conditions must be

Chart 2

Scheme 1a

aReagents and conditions: (a) ratio 1: RBr/Cl = 2:1; MeCN;

90-100 �C; 20-24 h; (b) ratio 1: R0Br = 3:1; MeCN; 100 �C; 36 h;

(c) ratio 1: R0 0I = 1:1; K2CO3; 100 �C, 7 h; (d) ratio reactants = 1:1;

EtOH; AcOH; reflux, 24 h.

Table 1. Binding Affinity (Ki, nM) of Compounds 1-29 to R4β2 and
R7RatNicotinicReceptor Subtypes, Labeledwith [3H]-Epibatidine and
[125I]-Bungarotoxin, Respectivelya

Ki, nM (%CV) Ki, nM (%CV)

R4β2 R7 R4β2 R7

1 0.48(20) 331(28) 16 3900(29) nd

2 850(20) >50000 17 13000(26) >50000

3 330(21) 78700(50) 18 17(32) 2250(26)

4 6600(30) >100000 19 409(30) nd

5 675(27) >100000 20 2.6(23) 550(22)

6 28(28) 25000 21 5.3(18) 433(22)

7 1300(25) >50000 22 816(30) >50000

8 727(29) >50000 23 965(27) >50000

9 495(24) >50000 24 7300(30) >50000

10 941(32) >100000 25 35(31) 3600(38)

11 7.2(26) 4200(29) 26 564(24) >50000

12 63(17) 13000(17) 27 8.7(24) 1240(22)

13 5000(35) >50000 28 757(29) >50000

14 7200(26) >50000 29 332(22) 39700(20)

15 744(37) >100000
aThe Ki values shown were the mean (% coefficient of variation) of

three-six independent measurements.
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ruled out because the N-(benzoylethyl)cytisine, one of the
best ligands versus bothR4β2 andR7 subtypes, was recovered
unchanged even after prolonged incubation in the usual
buffer solution. Thus the observed high affinity is peculiar
to compounds 20, 21, 25, and 27, which together with
compounds 6, 11, and 18 are the most interesting of the
whole set. The ratio between the affinity constants of com-
pounds 25 and 20 was 13.46, while that between the corre-
sponding lower homologues 24 and 18 was 429.4; therefore,
when the carbonyl group is placed in β position to the basic
nitrogen, the NH2 group exerts only a minor negative
influence, while in the shorter chain, it probably prevents
the correct positioning of the ligand on the receptor.

Molecular Docking. With the aim to a better understand-
ing of the influence of the N-substitution at the cytisine
system in the new synthesized compounds, we have exam-
ined the lower energy docking pose of cytisine (the reference
compound) in the binding pockets of rat and human
nAChRs. In both models, we have found the protonated
nitrogen lying in the center of the “aromatic cluster” formed
by the aromatic residues present at the ligand binding
pocket.32 In the rat receptor model, the pyridone stacks onto
Phe117 and the pose is stabilized by aH-bondwithOTrp147,
while in the human model the charged nitrogen is sand-
wiched between Trp55 and Tyr195 and a hydrogen bond
involving the pyridone oxygen and NHETrp147 is present.

A detailed presentation of AA forming the rat and human
binding sites of the receptor is given as Supporting Informa-
tion, Table S2.

Before discussing separately the docking of the 28 cytisine
derivatives on the rat and human receptor models, it is
important to observe that in both models the charged
nitrogen of the N-substituted derivatives is inside the aro-
matic cage, but the cytisine pyridone ring points toward the
R subunit, in opposite direction with respect to the other
compounds, in which the pyridone ring is directed toward
the β subunit. The constantly higher affinity of the unsub-
stituted alkaloidmight be related to this different orientation
inside the binding pocket.

Rat (r4)2(β2)3 nAChRs. The X-ray structure of 2034 that
exhibits the highest affinity has been used for molecular
docking analysis.

In its neutral form, 20 is represented by two independent
molecules with the same conformation of the cytisine moiety
with the pyridone ring almost planar, the adjacent ring in
envelope conformation, and the “bispidine” scaffold in chair
conformation (Figure 1).

The minimum energy conformation of the examined
compound based on this model give rise to several docking
conformations, which after a visual inspectionwere clustered
and further analyzed through hybrid QM/MM geometry
optimization. Hybrid QM/MM methods have become a
standard tool for the characterization of complex molecular
systems, as permitted to analyze quantum mechanically the
fraction of the system that undergoes to the most significant
changes during the substrate binding, while the rest of the
system has been simulated with the traditional molecular
mechanic methods. This process was used to rerank the
structures generated by docking and to simulate the struc-
tural adaptations occurring in the ligand-receptor binding.
First, the more relevant docked conformations of the com-
plex ligand-rat (R4)2(β2)3 were equilibrated for 1.5 ns by
molecular dynamics, at constant temperature and pressure in
a periodic cubic box, using the TIP3P model for water
molecules (results not shown). The systems were subse-
quently optimized using the combined QM/MM approach,
with a flexible receptor environment allowing simulation of
the modification of the receptor upon ligand binding. This
procedure gives rise to a rearrangement of the residues
forming the binding site around the ligand (“induced fit”),
leading to the situation showed in Figure 2 for 20.

This binding site optimization leads to a small difference in
the residue geometry with respect to the starting conditions
(rmsd all atoms of 1.08 Å), while the number of hydrogen
bonds and ligand-residue contacts are almost unaffected.

The binding of 2-29 is characterized by hydrogen bonds
and/or cation-π interactions, with the protonated cytisine
nitrogen oriented toward the aromatic cage of the binding
pocket. The presence of a hydrogen bond between the
hydrogen of the protonated piperidine nitrogen N2 (arbi-
trary numbering, see Chart 2) and the macromolecule is
a stabilizing factor for the orientation of the ligands.
Although the majority share the same cation-π interaction
with the receptor, others adopt a somewhat diverse orienta-
tion within the binding pocket with different interaction
patterns. The best score binding pose of the most potent
compound 20 presents two hydrogen bonds: the protonated
amine moiety (N2H) interacts with the Trp147 backbone
oxygen at the distance of 2.69 Å, while the ketonic oxygen
is 2.40 Å apart from OHTyr195. The cytisine pyridone is
sandwiched in the aromatic cage, with the side chain pointing
toward the R4 subunit. The binding mode of 20 to rat
(R4)2(β2)3 nAChR model is shown in Figure 3 (left). The
derivative 21 follows the same behavior of compound
20. The introduction of a fluorine atom gives rise to a
comparable conformation of the side chain and of the
cytisine moiety, determining however two hydrogen bonds
between the protonated amine moiety (N2H) and the Trp
147 backbone oxygen at the distance of 3.00 Å and between
the pyridone oxygen O1 with NHTyr195 at 2.08 Å, without
any interaction between O2 and HOTyr195. Compounds 18,
25, and 27, all bearing a carbonyl group in the side chain but
largely differing for the terminal moiety, share the interac-
tion pattern of 21. It is worth noting that the docking free
energy value of compound 25 ranks higher than expected on
the base of the experimental data.

The influence of the pyridine nitrogen in compounds 10
and 11 shows that the shifting from the 4-position to the
2-position in 10 leads to a significant decreasing in affinity.
These two compounds dock in a quite similar orienta-
tion as shown for 10 in Figure 3 (right), but compound

Figure 1. Crystal structure of one of the two independentmolecules
of 20 (color by atom type: gray, carbon; blue, nitrogen; red, oxygen;
white, hydrogen).34.
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11 has a higher consensus score in agreement with its
better affinity (Table 1).

Independently from the length and the nature of the side
chain, compound 12, as well 2-5, 7-10, 14-17, 19, 22-24,
26, 28, and 29, present a productive cation-π interaction
between the protonated amine moiety (N2H) and Trp147
(average distance 3.9 Å). For these compounds, with the
exception of the most extended molecules, the different
orientations of the cytisine moiety still allow the formation
of one H-bond between the protonated amine moiety (N2H)
and the Trp147 backbone oxygen.

The introduction of the fluorine atom in 4-position in
compound 13 produces a 2 orders of magnitude decrease
in affinity with respect to 12, and this fact could be justified
by the fluorine atom repulsion with the backbone nitrogen

of Leu119, giving rise to a different orientation of the side
chains (Figure 4). Similarly, all the most extended molecules
hardly fit in the binding pocket and those devoid of a
carbonyl group in the chain (14, 16, and 17) can have only
very poor interactions with the receptor.

In general, with the exception of compound 3, the docking
calculations evidence that the 4-substitution in the aromatic
moiety accounts for a worse interactions between the aro-
matic macromolecular moieties and the ligand, lowering
the consensus score. This effect is, however, overwhelmed
by the insertion of a carbonyl group which hydrogen bonds
residues in the binding pocket, as observed, for example,
in the case of the most extended and least potent compound
17 (ΔG= 7.02 kcal/mol) and the corresponding ketone
23 (ΔG=9.55 kcal/mol, see Table 2).

Figure 2. Particular of the QM region used in the QM/MMoptimization of the rat receptor model and the 20 bioactive conformation in stick
(CPK). Residues in the starting conformation in blue sticks and after the QM/MM optimization in yellow sticks.

Figure 3. Representation of the best docked conformations rendered in capped sticks of 20 (left) and 10 (right) into the ligand-binding domain
(lines). Putative intermolecular hydrogen bonds are highlighted by green dashed lines.
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The destabilizing influence of the halogen substitution and
the possible repulsive interactions lead to a detrimental
binding, as previously reported in our docking study on the
AChBP with 6-chloropyridazin-3-yl derivatives.35

Human (r4)2(β2)3 nAChRs. With the aim to have new
tools for predicting the binding affinities of the studied
compounds for the human receptor type, compounds 2-29

were docked in our human (R4)2(β2)3 nAChR model. Its
amino acid sequence is highly conserved (overall rmsd
0.9 Å). Main differences are in the β subunit, in particular in
the range 99-104 (Figure 5).

In the compounds 2, 4, 8-13, 15, 16, 18-21, 26, and 29,
the piperidine NHmakes an hydrogen bond with the macro-
molecule. Although most of them share the same cation-π
interaction with the receptor, others adopt a distinct orienta-
tion within the binding pocket with different interactions.
The best binding pose of 20, shown in Figure 6 (left), is again
characterized by two hydrogen bonds between the proto-
nated amine moiety (N2H) with Trp147 backbone oxygen at
the distance of 2.10 Å and between the ketonic oxygen with

OHTyr195 at 2.35 Å. The cytisine pyridone ring is sand-
wiched in the aromatic cage between Tyr195 (centroid dis-
tance 4.2 Å) and Tyr188 (centroid distance 3.9 Å). The side
chain points toward the R4 subunit and the benzene moiety
stacks nearly parallel to the Phe117 aromatic ring at about
4 Å (centroid distance). For compound 21, the introduction
of a fluorine atom generates a different conformation of the
side chain modifying the π interaction of the cytisine moiety,
which results less deeply positionedwithin the aromatic cage.
The decreasing of these π interactions lowers the consensus
score, nevertheless 21 forms one hydrogen bond between
O1 3 3 3NHETrp147 at 2.26 Å (Figure 6 right).

The shortening of the side chain of 20, to give compound
18, produces several changes in the docking. The cytisine
system is linked by the charged nitrogen to NHCys190 at
2.34 Å and its aromatic heterocycle lies parallel to Trp147
and to Tyr188 (centroid distances 4.1 and 4.6 Å, respec-
tively). These contacts do not influence the stacking of the
aromatic moiety of the chain, which is 4.2 Å apart from the
Phe117 aromatic ring. However, the ketone carbonyl
strongly hydrogen bonds to NHETrp147 (1.99 Å) and to
HOThr148 (2.8 Å) instead of OHTyr195 as observed for 20.

Figure 4. Representation of the best docked conformations rendered in capped sticks of 12 (left) and 13 (right) into the ligand-binding domain
of rat model (lines). The highlighted region evidence the Leu119 position with the 13 fluorine atom as orange spot. Putative intermolecular
hydrogen bonds are represented by green dashed lines. No C-F 3 3 3HN bond is present.

Figure 5. Superimposition of the nonconserved residues of the
human (green) and rat (red) (R4)2(β2)3 nAChR models in the range
99-104.

Table 2. Best Docking Scores of Cytisine andDerivatives 2-29 for Rat
and Human (R4)2(β2)3 nAChRs Models Compared with Experimental
Dataa

ΔGexp

ΔGdock

rat

ΔGdock|

human ΔGexp

ΔGdock

rat

ΔGdock

human

1 -12.71 -12.66 -12.82 16 -7.38 -7.13 -7.02

2 -8.28 -9.12 -10.62 17 -6.67 -7.02 -8.62

3 -8.84 -9.99 -10.94 18 -10.60 -10.33 -12.16

4 -7.07 -8.12 -9.63 19 -8.72 -9.21 -9.29

5 -8.42 -8.02 -11.02 20 -11.71 -11.81 -12.48

6 -10.30 -10.10 -12.10 21 -11.29 -11.78 -12.41

7 -8.03 -9.11 -10.21 22 -8.31 -9.14 -10.62

8 -8.37 -7.91 -10.94 23 -8.21 -9.55 -10.24

9 -8.60 -9.31 -8.17 24 -7.01 -7.98 -9.14

10 -8.22 -9.11 -9.45 25 -10.17 -10.99 -12.08

11 -11.11 -11.46 -12.31 26 -8.53 -9.45 -11.19

12 -9.82 -10.13 -11.98 27 -11.00 -10.49 -12.28

13 -7.23 -6.87 -8.96 28 -8.35 -8.87 -8.73

14 -7.02 -8.45 -8.78 29 -8.84 -8.45 -8.83

15 -8.36 -8.17 -10.87
aΔG values are in kcal/mol.
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The exchange of the ketone group for a methylene in
20 and 18 gives rise to the phenylpropyl- (12) and the
phenylethyl- (6) derivative respectively, with a decrease of
affinity that is stronger in the first case (Ki from 2.6 to 63 nM)
than in the second one (Ki from 17 to 28 nM).

The phenylpropyl derivative 12 presents a tight interaction
of the cytisine ring system with the receptor, characteri-
zed by the strong hydrogen bond of piperidine N2H with
NHETrp147 at 2.08 Å and of O1 with NHCys190 at 2.35 Å.
This system is further stabilized by a stacking interaction
of pyridone ring with Tyr188 at 3.9 Å and of the terminal
phenyl ring over Phe117.

For compound 13, the repulsion between the para fluo-
rine atom and the Gln58 carbonyl oxygen could influence
the receptor affinity, as it was in ratmodel, with respect to 12.
The orientation of 12 is retained in the lower homologue 6,
which despite the shorter side chainmaintains the productive
π interactions with Trp147 and Phe117. The phenylethyl
derivative 6 is the only onewhich presents, as best score pose,
the cytisine oxygen engaged in a hydrogen bond with
NHCys191 at 2.35 Å, while the pyridone ring is yet closely
packed to Tyr195 and Tyr188 at about 4.01 Å distance, as
seen for compound 20.

The passage from 20 and 21 to compound 11, despite the
major structural changes (absence of ketone group, shorter
linker, and pyridine in place of the benzene ring) leads to a
quite equipotent derivative, but the interactions at the bind-
ing site are rather different. The piperidine NH of this
compound hydrogen bonds with OTrp147 at 3.05 Å, and
this interaction is reinforced by the good fit of the cationic
head into the aromatic-rich binding pocket and by two
favorable π interactions of the pyridone ring with the aro-
matic side chain of Tyr188 (centroid distance 4.1 Å) and of
the pyridine with Phe117 at 4.8 Å distance.

The isomeric compound 10 has a similar orientation as 11
in the human model docking, but despite the presence of
the stabilizing hydrogen bonds between the pyridine nitro-
gen and NHETrp147 and HOThr148, presents a lower
consensus score than 11. Thus, the 2 orders of magnitude
decrease of affinity, due to the shift from 4- (11,Ki= 7.2 nM)
to 2-pyridine substitution (10, Ki = 941 nM), remains hard
to explain.

The substitution of the aromatic ring of the side chain
with smaller groups as for 25 and 27 do not change the
position of the cationic cytisine inside the human aromatic
binding pocket and allows the formation of additional
hydrogen bonds. In particular, in 25, the amide is strongly
linked to HNCys191 and to OGlu189 with the nitrogen
and to HNCys191 with the oxygen, while in 27, the carbonyl
group hydrogen bonds HOTyr195, increasing its consensus
score. The comparison of the molecular docking results
of compounds 24 and 25 evidence novel discriminating
receptor interactions, unexpected considering their small
chemical diversity. The addition of a methylene group
in 25 side chain allows the formation of two hydrogen
bonds involving the cytisine protonated nitrogen, which
can be considered, also in the light of this finding, important
to elicit the nicotinic activity. The 25 amidic moiety leads
to unfavorable electronic interactions with respect to
the phenyl group of 20, which shows about 15-fold higher
affinity in rat receptor.

Concluding, the eight compounds with the highest affinity
(20, 21, 11, 27, 18, 6, 25, and 12, in order of decreasing
affinity: Ki from 2.6 to 63 nM) behave similarly in both
rat and human receptor models and exhibit docking free
energy values that parallel the experimental ones, with the
only exception of compound 25, which ranks higher than
expected in rat model.

The parallelism between the experimental affinity data and
the docking free energy values is partially upset for compounds
of the groups with moderate (Ki = 330-965 nM) and poor
(Ki = 1300-13000 nM) affinity, in particular for that concern-
ing the human model. The most striking deviation is observed
for compound 9, which ranks as the last but one in the human
model, while it displays a moderate affinity (Ki = 495 nM) in
the binding experiments.

The statistical analysis of the docking scoring functions
point out the higher quality for the rat model with respect to
human (R4)2(β2)3 (Table 2 and Figure 7): an expected result,
taking into account that the pharmacological data are for rat
receptor. In particular, the correlation coefficient calculated
between ΔGexp and ΔGdock is the most relevant element for
the model quality assessment, which is 0.85 for the rat model
and 0.67 for the human model, as shown by the obtained

Figure 6. Representation of the best docked conformations rendered in capped sticks of 20 (left) and 10 (right) into the human ligand-binding
domain (lines). Putative intermolecular hydrogen bonds are highlighted by green dashed lines.
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linear regression equations:

ΔGexp ¼ 0:220þ0:981ΔGmodel

n ¼ 29 r2 ¼ 0:85 q2 ¼ 0:85 s ¼ 0:61 F ¼ 156:03

ΔGexp ¼ -0:25þ0:829ΔGmodel

n ¼ 29 r2 ¼ 0:68 q2 ¼ 0:67 s ¼ 0:91 F ¼ 57:33

In the light of these findings, the close analogy between the
same receptor subtype R4β2 of the two species and the rather
similar docking interactions permit consideration of our
human receptormodel useful to predict the activities of these
compounds in human cell lines and could be a valuable tool
for structure based drug design of new selectiveR4β2 nAChR
ligands.

Conclusions

We have synthesized a new series of N-(arylalkyl)- and
N-(aroylalkyl)-cytisines and found by binding studies on rat
R4β2 andR7 receptor subtypes that a large number of themhas
a high affinity for R4β2 subtype, with Ki values in the low
nanomolar range for the best compounds and a rather poor
affinity for R7 subtype.

Three of these compounds (3, 27, and 29) have been tested
previously, in heterologously expressed nicotinic subtypes,
for their functional activity by using Ca2þ dynamic and
electrophysiological recording.14 All the three compounds
showed antagonist/partial agonist activity toward the
different subtypes, thus indicating that the N substituent
greatly affect the efficacy of the cytisine derivatives.
From these previous data, we expect that the new compounds
can have antagonist/partial agonist activity, properties
that have been explored for possible positive therapeutic
effects.1-5,36 However, the possibility that all or some of these
compounds exhibit “receptor desensitizing” properties, as
observed for the bulky 10-substituted cytisine derivatives
described by Kozikowski et al.,27d deserves to be fully inves-
tigated.

The docking at the rat and human R4β2 neuronal nicotinic
receptor model permitted rationalization of the observed
increasing potency produced by the presence in the ligand of
a R terminal aromatic group (able to stack with Phe144)
linked to the cytisine nitrogen by a short chain (two or three
carbon atoms) bearing a group, like a carbonylmoiety, able to

form hydrogen bonds. Further, the computational evaluation
has evidenced that the potency of these compounds could be
modulated by a larger number of hydrophobic interactions
inside the binding site.

The applied flexible docking has shown a good correlation
between the estimated free energy binding and the experi-
mental binding data. Although the values of the correlation
coefficients obtained for the docking scoring functions indi-
cate a better fit for the rat (R4)2(β2)3 model with respect to the
human, as expected because the binding data were obtained
on rat receptors, it is interesting to observe that these data are
not very different from those obtained using human receptor
model. These findings indicate that experimental binding data
on rat cortex preparations are useful also to predict the
binding affinity on human receptor subtypes.

Compounds 20, 21, 11, 27, 18, 6, and25, which are endowed
with the highest affinity for R4β2 receptor subtype (Ki in
the range 2.6-35 nM), are characterized by a quite higher
lipophilicity than cytisine and therefore more suitable
for crossing the blood-brain barrier. Thus they deserve
further investigations to define their in vivo pharmacological
activities.

Finally, the present studymay be useful to derive guidelines
for the rational search of even more potent compounds.

Experimental Section

Chemistry. Melting points were taken in open glass capil-
laries on a Buchi apparatus and were uncorrected. 1H NMR
spectra were recorded in CDCl3 or DMSO-d6 on a Varian
Gemini 200 spectrometer. Chemical shifts (δ) are reported
in parts per million from the peak for internal Me4Si.
Values of the coupling constants (J) are reported in hertz.
Cytisine protons are indicated as “R-pyr” or as “bisp” if
pertinent, respectively, to the R-pyridone or to the bispidine
moiety. Column chromatography (CC) was performed by using
basic alumina (Across). Elemental analyses were performed on a
Carlo Erba EA 1110 CHNS-O instruments in theMicroanalysis
Laboratory of the Department of Pharmaceutical Sciences of
the University of Genoa. The analytical results are within
(0.3% of calculated values. The results of NMR spectra and
elemental analyses indicated that the purity of all compounds
was higher than 95%.

Intermediates. The required arylalkylhalides, ω-aroylalkylha-
lides, iodoacetamide, 2- and 4-vinylpyridine, acrylamide, methylvi-
nylsulfone, 2-, 3-, and 4-hydroxymethylpyridine, and 3-(3-
hydroxypropyl)pyridine were purchased from Aldrich. 3-(3-
Bromopropyl)pyridine hydrobromide was prepared according
to the method of Fabio et al.37

Figure 7. Correlation between the experimental (ΔGexp) and docking (ΔGdock) free energies calculated in ligand-binding [GB1]domain of rat
(left) and human (right) (R4)2(β2)3 nAChR model.
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The 2-, 3-, and 4-bromomethylpyridines hydrobromides were
prepared by the method of Bixler and Niemann.38 The melting
points corresponded to the literature.39

Preparation of Compounds 7, 8, 13, 14, 16-18, 20-22, and 28:

General Method. In a Aldrich pressure tube, to a solution of
cytisine (3-6 mmol) in MeCN (5-8 mL) the proper haloder-
ivative (1.5-3 mmol) was added. The tube was flushed with N2,
closed, and heated to 100 �C for 20-24 h. A shorter time of
heating (7 h) was sufficient for compound 18, while compounds
13 and 17 required 36 h of heating. After cooling, the precipitate
was filtered and the solution was concentrated to dryness. The
residue was taken up in acidic H2O, extracted with ether, and
after alkalinization extracted with CH2Cl2. Compounds were
purified as indicated in each case.

N-[2-(4-Fluorophenyl)ethyl]cytisine (7). mp: 105-107 �C
(Et2O). Yield: 64%. 1HNMR (CDCl3) δ: 1.57-1.88 (m, 2H, bisp),
2.17-2.55 (m, 7H, 3H, bisp þ 2H, N-CH2 þ 2H, CH2-Ar),
2.73-2.94 (m, 3H, bisp), 3.79 (dd, 1H, J = 15.3, 5.9, bisp), 3.92
(d, 1H, J = 15.3, bisp), 5.88 (dd, 1H, J = 7, 1.3, R-pyr), 6.39
(dd, 1H, J=9, 1.3, R-pyr), 6.67-6.90 (m, 4H, aromatic protons),
7.19 (dd, 1H, J= 9, 7, R-pyr). Anal. (C19H21FN2O) C, H, N.

N-[2-(4-Methylphenyl)ethyl]cytisine (8).mp: 139-140 �C (ace-
tone). Yield: 72%. 1H NMR (CDCl3) δ: 1.58-1.91 (m, 2H, bisp),
2.12-2.54 (m, 10H, 3H, bisp þ 2H, N-CH2 þ 2H, CH2-Ar,
superimposed on s at 2.21, 3H,CH3), 2.74-2.98 (m, 3H, bisp), 3.81
(dd, 1H, J=15.3, 5.9, bisp), 3.93 (d, 1H, J=15.3, bisp), 5.90 (dd,
1H, J=6.8, 1.2,R-pyr), 6.39 (dd, 1H, J=9, 1.2,R-pyr), 6.74-7.02
(m, 4H, aromatic protons), 7.21 (dd, 1H, J=9, 6.8, R-pyr). Anal.
(C20H24N2O) C, H, N.

N-[3-(4-Fluorophenyl)propyl]cytisine (13). Oil �C (CC, Al2O3,
CH2Cl2). Yield: 89%. 1H NMR (CDCl3) δ: 1.46-1.72 (m, 2H,
CH2-CH2-CH2), 1.75-2.02 (m, 2H, bisp), 2.03-2.54 (m, 7H, 3H,
bispþ 2H,N-CH2þ 2H,CH2-Ar), 2.78-3.10 (m,3H,bisp), 3.92
(dd, 1H, J=15.6, 7.6, bisp), 4.13 (d, 1H, J=15.6, bisp), 6.03 (dd,
1H, J= 7.6, 1.6, R-pyr), 6.48 (dd, 1H, J= 8.8, 1.6, R-pyr), 6.82-
6.89 (m, 4H, aromatic protons), 7.32 (dd, 1H, J=8.8, 7.6, R-pyr).

The following are data for the hydrochloride. mp: 215-
217 �C. Anal. (C20H23FN2O 3HCl) C, H, N.

N-[3-(4-Methylphenyl)propyl]cytisine (14). mp: 81-82 �C
(Et2O). Yield: 83%. 1H NMR (CDCl3) δ: 1.35-1.95 (m, 4H,
2H, bisp, þ 2H, CH2-CH2-CH2), 1.98-2.45 (m, 10H, 3H bisp þ
2H, N-CH2 þ 2H, CH2-Ar, superimposed on s at 2.22, 3H,
CH3), 2.66-2.98 (m, 3H, bisp), 3.83 (dd, 1H, J=15.7, 6.6, bisp),
4.02 (d, 1H, J=15.7, bisp), 5.93 (dd, 1H, J=6.8, 1.3,R-pyr), 6.38
(dd, 1H, J=9, 1.3, R-pyr), 6.70-7.04 (m, 4H, aromatic protons),
7.23 (dd, 1H, J= 9, 6.8, R-pyr). Anal. (C21H26N2O) C, H, N.

N-(4-Phenylbutyl)cytisine (16). mp: 93-94 �C (Et2O). Yield:
87%. 1H NMR (CDCl3) δ: 1.12-1.49 (m, 4H, CH2-CH2-CH2-
CH2), 1.58-1.92 (m, 3H, bisp), 2.02-2.54 (m, 6H, 2H, bispþ 2H,
N-CH2þ 2H, CH2-Ar), 2.68-2.97 (m, 3H, bisp), 3.81 (dd, 1H,
J=15.5, 6.2, bisp), 3.97 (d, 1H, J=15.5, bisp), 5.89 (dd, 1H, J=
6.7, 1.3,R-pyr), 6.35 (dd, 1H, J=9, 1.3,R-pyr), 6.89-7.35 (m, 6H,
5H, aromatic protonsþ 1H, R-pyr). Anal. (C21H26N2O) C, H, N.

N-[4-(4-Fluorophenyl)butyl]cytisine (17). mp: 95-96 �C
(Et2O). Yield: 52%. 1H NMR (CDCl3) δ: 1.12-1.43 (m, 4H, 2H,
bisp, þ 2H, CH2-CH2-CH2), 1.62-1.91 (m, 3H, bisp), 2.05-2.46
(m, 6H, 2H, bisp þ 2H, N-CH2 þ 2H, CH2-Ar), 2.67-2.94 (m,
3H, bisp), 3.81 (dd, 1H, J=15.1, 6.7, bisp), 3.97 (d, 1H, J=15.1,
bisp), 5.88 (dd, 1H, J=6.8, 1.3,R-pyr), 6.34 (dd, 1H, J=9, 1.3,R-
pyr), 6.77-7.02 (m, 4H, aromatic protons), 7.18 (dd, 1H, J=9, 6.8,
R-pyr). Anal. (C21H25FN2O) C, H, N.

1-Phenyl-2-(cytisin-12-yl)-1-ethanone (18). mp: 138-140 �C
(acetone) Yield: 82%. 1H NMR (CDCl3) δ: 1.72-1.97 (m, 2H,
bisp), 2.37-2.48 (m, 1H, bisp), 2.53-2.70 (m, 2H, bisp), 2.75-3.00
(m. 3H, bisp), 3.44-3.63 (AB system, 2H, CH2), 3.82 (dd, 1H, J=
15.4, 6.2, bisp), 3.91 (d, 1H, J= 15.4, bisp), 5.83 (dd, 1H, J= 7,
1.6, R-pyr), 6.37 (dd, 1H, J= 9.2, 1.6, R-pyr), 6.22-6.36 (m, 2H,
aromatic protons), 6.41-6.54 (m, 1H, aromatic proton), 7.14 (dd,
1H, J = 9.2, 7.2, R-pyr), 7.72-7.83 (m, 2H, aromatic protons).
Anal. (C19H20N2O2) C, H, N.

1-Phenyl-3-(cytisin-12-yl)-1-propanone (20). mp: 115-117 �C
(Et2O) Yield: 59%. 1HNMR (CDCl3) δ: 1.54-1.90 (m, 2H, bisp),
2.21-2.44 (m, 3H, bisp), 2.64 (t, 2H, J = 6.8, CH2), 2.76-2.99
(m, 5H, 3H, bisp þ 2H, CH2), 3.80 (dd, 1H, J = 15.4, 6.4, bisp),
3.91 (d, 1H, J=15.4, bisp), 5.88 (dd, 1H, J=6.8, 1.3,R-pyr), 6.34
(dd, 1H, J=9, 1.3, R-pyr), 7.18 (dd, 1H, J=9, 6.8, R-pyr), 7.29-
7.55 (m, 3H, aromatic protons), 7.71-7.82 (m, 2H, aromatic
protons). Anal. (C20H22N2O2) C, H, N.

1-(4-Fluorophenyl)-3-(cytisin-12-yl)-1-propanone (21). Oil (CC,
Al2O3, CH2Cl2). Yield: 75%. 1HNMR (CDCl3) δ: 1.55-1.92 (m,
2H,bisp), 2.16-2.41 (m, 3H,bisp), 2.61 (t, 2H,J=6.7,CH2C(O)),
2.72-2.98 (m, 5H, 3H, bisp þ 2H, CH2), 3.78 (dd, 1H, J= 15.1,
6.1, bisp), 3.90 (d, 1H, J= 15.1, bisp), 5.86 (dd, 1H, J=6.8, 1.4,
R-pyr), 6.33 (dd, 1H, J = 9, 1.4, R-pyr), 6.92-7.09 (m, 2H,
aromatic protons), 7.17 (dd, 1H, J = 9, 6.8, R-pyr), 7.68-7.84
(m, 2H, aromatic protons).

The following data are for the hydrochloride. mp: 173-
175 �C. Anal. (C20H21FN2O2 3HCl 3 0.25H2O) C, H, N.

1-Phenyl-4-(cytisin-12-yl)-1-butanone (22). mp: 114-115 �C
(acetone) Yield: 51%. 1HNMR (CDCl3) δ: 1.63-1.98 (m, 4H, 2H,
bisp þ 2H, CH2-CH2-CH2), 2.18-2.50 (m, 5H, 3H, bisp þ 2H,
CH2), 2.68 (t, 2H,J=7.6,CH2C(O)), 2.80-2.99 (m,3H,bisp), 3.87
(dd, 1H, J=15.8, 6.4, bisp), 4.09 (d, 1H, J=15.8, bisp), 5.92 (dd,
1H, J=7, 1.6, R-pyr), 6.34 (dd, 1H, J=9.2, 1.6, R-pyr), 7.14 (dd,
1H, J=9.2, 7,R-pyr), 7.35-7.60 (m, 3H, aromatic protons), 7.72-
7.84 (m, 2H, aromatic protons). Anal. (C21H24N2O2) C, H, N.

1-Methyl-4-(cytisin-12-yl)-1-butanone (28). mp: 94-96 �C
(Et2O) Yield: 27%. 1H NMR (CDCl3) δ: 1.37-1.58 (m, 2H,
CH2), 1.62-1.93 (m, 5H, 2H, bisp superimposed on s at 1.86
3H, CH3), 1.99-2.42 (m, 7H, 3H, bisp þ 2H, N-CH2 þ 2H,
CH2-C(O)), 2.65-2.94 (m, 3H, bisp), 3.78 (dd, 1H, J=15.4, 6.5,
bisp), 3.98 (dd, 1H, J = 15.4, bisp), 5.89 (dd, 1H, J = 7, 1.2,
R-pyr), 6.36 (dd, 1H, J = 9, 1.2, R-pyr), 7.20 (dd, 1H, J = 9, 7,
R-pyr). Anal. (C16H22N2O2) C, H, N.

Preparation of N-Pyridinylalkyl-cytisines 4, 5, 15: General
Method. In a Aldrich pressure tube, to a solution of cytisine
(0.57 g, 3 mmol) in MeCN (8 mL) the appropriate bromoalk-
ylpyridine hydrobromide (1 mmol) was added. The tube
was flushed with N2, closed, and heated to 100 �C for
36 h. After cooling, the precipitate was filtered and the
solution was concentrated to dryness. The residue was dissolved
in acidic water, the acidic solution was extracted with ether
and, after alkalinization, extracted with CH2Cl2. The organic
phase was dried (Na2SO4), and the solvent was removed
under vacuum; the residue was purified as indicated for each
compound.

N-[(Pyridin-3-yl)methyl]cytisine (4). mp: 128-129 �C (Et2O).
Yield: 64%. 1HNMR (CDCl3) δ: 1.64-1.96 (m, 2H, bisp), 2.19-
2.48 (m, 3H, bisp), 2.66-2.97 (m, 3H, bisp), 3.23-3.51 (AB
system, 2H, CH2), 3.83 (dd, 1H, J = 16, 7.8, bisp), 4.05 (d, 1H,
J=16, bisp), 5.83 (dd, 1H, J=7.4, 1.3,R-pyr), 6.42 (dd, 1H, J=
9.1, 1.3, R-pyr), 7.04 (dd, 1H, J= 9.1, 7.4, R-pyr), 7.14-7.30 (m,
2H, aromatic protons), 8.13-8.25 (m, 1H, aromatic proton),
8.31-8.42 (m, 1H, aromatic proton).Anal. (C17H19N3O)C,H,N.

N-[(Pyridin-4-yl)methyl]cytisine (5). mp: 121-122 �C (Et2O).
Yield: 57%. 1HNMR (CDCl3) δ: 1.58-1.94 (m, 2H, bisp), 2.14-
2.45 (m,3H,bisp), 2.53-2.95 (m,3H,bisp), 3.13-3.47 (ABsystem,
2H, CH2), 3.77 (dd, 1H, J = 15.4, bisp), 4.04 (d, 1H, J = 15.4,
bisp), 5.81 (dd, 1H, J=7.6, 1.4,R-pyr), 6.38 (dd, 1H, J=9.2, 1.4,
R-pyr), 6.64-6.88 (m, 2H, aromatic protons), 7.17 (dd, 1H, J =
9.2, 7.6, R-pyr), 8.14-8.38 (m, 2H, aromatic protons). Anal.
(C17H19N3O) C, H, N.

N-[3-(Pyridin-3-yl)propyl]cytisine (15).Oil (CC, Al2O3, CH2Cl2).
Yield: 45%. 1HNMR(CDCl3)δ: 1.24-1.78 (m, 4H, 2Hbispþ 2H,
CH2CH2CH2), 1.84-2.37 (m, 6H, 2H, bispþ 2H, N-CH2 þ 2H,
CH2-Ar), 2.54-2.89 (m, 3H, bisp), 3.08 (s, 1H, bisp), 3.72 (dd, 1H,
J=14.9, 5.8, bisp), 3.93 (d, 1H,J=14.9, bisp), 5.88 (dd, 1H,J=8,
1.2, R-pyr), 6.26 (dd, 1H, J = 8.8, 1.2, R-pyr), 6.82-7.08 (m, 2H,
aromatic protons), 7.16 (dd, 1H, J = 8.8, 8, R-pyr), 7.92-8.04
(m, 1H, aromatic proton), 8.12-8.25 (m, 1H, aromatic proton).
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The following data are for the hydrocloride. mp: 194-197 �C
(d). Anal. (C19H23N3O 3HCl 3 1.75 H2O) C, H, N.

(Cytisin-12-yl)acetamide (24). In an Aldrich pressure tube,
to a solution of cytisine (0.57 g, 3 mmol) in MeCN (6 mL),
iodoacetamide (0.56 g, 3 mmol) and anhydrous K2CO3 (0.41 g,
3 mmol) were added. The tube was flushed with N2, closed, and
heated at 100 �C for 7 h. After cooling, the precipitate was
filtered and the solution was concentrated to dryness. The
residue was taken up in acidic water, the acidic solution was
extracted with ether and, after alkalinization, extracted with
CH2Cl2. After drying (Na2SO4), the solution was concentrated
to dryness and the residue crystallized from acetone. It is worth
noting that this compound was previously isolated, as an oil
from Sophora exigua.40

mp: 173-174 �C.Yield: 81%. 1HNMR(CDCl3)δ: 1.73-2.04
(m, 2H, bisp), 2.41-2.65 (m, 3H, bisp), 2.79-3.07 (m, 5H, 3H,
bisp þ 2H, CH2), 3.88 (dd, 1H, J = 16, 6.8, bisp), 4.18 (d, 1H,
J= 16, bisp), 5.24 (s, 1H, NH collapses with D2O), 6.06 (s, 1H,
NHcollapseswithD2O, superimposed ondd at 6.02 dd, 1H, J=
6.9, 1.2, R-pyr), 6.45 (dd, 1H, J=9.4, 1.2, R-pyr), 7.31 (dd, 1H,
J = 9.4, 6.9, R-pyr). Anal. (C13H17N3O2) C, H, N.

Preparation ofCompounds 10, 11, 25, and 26:GeneralMethod.
Cytisine (0.38 g, 2 mmol) was dissolved in EtOH (10 mL) and
treated with 2 mmol of the appropriate vinylcompound (2- and
4-vinylpyridine, acrylamide, methylvinylsulfone) and acetic
acid (0.25 mL). The solution was refluxed for 24 h, under a
stream of N2, and afterwards was concentrated to dryness and
taken up in acidic water. The acid solution was extracted with
ether, made alkaline and extracted with CH2Cl2. The dichlor-
omethane solution was dried (Na2SO4) and the solvent re-
moved.

N-[2-(Pyridin-2-yl)ethyl]cytisine (10). mp: 92-93 �C (Et2O).
Yield: 83%. 1H NMR (CDCl3) δ: 1.59-1.88 (m, 2H, bisp),
2.18-2.42 (m, 3H, bisp), 2.48-2.76 (m, 4H, 2H, N-CH2 þ 2H,
CH2-Ar), 2.78-2.95 (m, 3H, bisp), 3.64-3.85 (AB system, 2H,
bisp), 5.85 (dd, 1H, J = 7, 1.4, R-pyr), 6.33 (dd, 1H, J = 9, 1.4,
R-pyr), 6.66-6.78 (m, 1H, aromatic proton), 6.89-7.01 (m, 1H,
aromatic proton), 7.16 (dd, 1H, J = 9, 7, R-pyr), 7.29-7.44
(m, 1H, aromatic proton), 8.28-8.38 (m, 1H, aromatic proton).
Anal. (C18H21N3O) C, H, N.

N-[2-(Pyridin-4-yl)ethyl]cytisine (11). mp: 86-87 �C (Et2O).
Yield: 77%. 1H NMR (CDCl3) δ: 1.35-1.66 (m, 2H, bisp),
1.94-2.35 (m, 8H, 4H, bisp þ 2H, N-CH2 þ 2H, CH2-Ar),
2.49-2.72 (m, 2H, bisp), 3.52 (dd, 1H, J=15.5, 6.3, bisp), 3.67 (d,
1H,J=15.5, bisp), 5.67 (dd, 1H,J=7.1, 1.5,R-pyr), 6.16 (dd, 1H,
J=9, 1.5, R-pyr), 6.46-6.65 (m, 2H, aromatic protons), 6.97 (dd,
1H, J=9, 7.1,R-pyr), 7.95-8.16 (m, 2H, aromatic protons).Anal.
(C18H21N3O) C, H, N.

3-(Cytisin-12-yl)propionamide (25).mp: 185-187 �C (acetone).
Yield: 71%. 1HNMR (CDCl3) δ: 1.74-1.99 (m, 2H, bisp), 2.09-
2.61 (m, 7H, 3H, bispþ 2H,N-CH2þ 2H,CH2C(O)), 2.94-3.06
(m, 3H, bisp), 3.80 (dd, 1H, J=15.3, 6.1, bisp), 4.07 (dd, 1H, J=
15.3, bisp), 4.82 (s, 1H,NHcollapseswithD2O), 5.96 (dd, 1H, J=
7.1, 1.2,R-pyr), 6.36 (dd, 1H, J=9.3, 1.2, R-pyr), 6.95 (s, 1H,NH
collapses with D2O), 7.23 (dd, 1H, J = 9.3, 7.1, R-pyr). Anal.
(C14H19N3O2) C, H, N.

N-[2-(Methylsulfonyl)ethyl]cytisine (26).mp: 83-84�C (Et2O).
Yield: 78% 1H NMR (CDCl3) δ: 1.58-1.97 (m, 2H, bisp),
2.21-2.58 (m, 8H, 3H, bisp þ 2H, CH2, superimposed on s at
2.39, 3H, CH3), 2.62-3.08 (m, 5H, 3H, bisp þ 2H, CH2), 3.80
(dd, 1H, J = 15.5, 6, bisp), 3.96 (d, 1H, J = 15.5, bisp), 5.94
(dd, 1H, J = 6.8, 1.1, R-pyr), 6.34 (dd, 1H, J = 9.2, 1.1,
R-pyr), 7.20 (dd, 1H, J = 9.2, 6.8, R-pyr). Anal. (C14H20N2O3S)
C, H, N.

Binding Studies. Preparation of Tissue Sample. Cortex from
21 day old rats were dissected and immediately frozen . Frozen
tissue was homogenized using a Potter homogenizer in an excess
of buffer A (50 mM Tris-HCl pH 7, 120 mMNaCl, 5 mMKCl,
1 mMMgCl2, 2.5 mM CaCl2, and 2 mM phenylmethylsulfonyl
fluoride), centrifuged (60 min at 30000g), and rinsed twice. The

homogenates were resuspended in the same buffer containing
20 μg/mL of the protease inhibitors leupeptin, bestatin, pepsta-
tin A, and aprotinin. Receptor expression ranged from 50 to
70 fmol/mg of protein.

[
3
H]-Epibatidine Binding. (()-[3H]-epibatidine with a specific

activity of 56-60 Ci/mmol was purchased from Perkin-Elmer
(Boston MA); the nonradioactive R-bungarotoxin, nicotine,
and epibatidine were purchased from Sigma. It has been pre-
viously reported that [3H]-epibatidine also binds to R-bungar-
otoxin binding receptors with nM affinity.41 To prevent the
binding of [3H]-epibatidine to the R-bungarotoxin binding
receptors, the membrane homogenates were preincubated with
2 μM R-bungarotoxin and then with [3H]-epibatidine. Prelimin-
ary time course experiments were performed before saturation
and competition analyses to determine the time required for
[3H]-epibatidine to reach equilibrium with the R4β2 nAChRs. In
the epibatidine saturation experiments, aliquots of cortex
homogenates were incubated overnight at 4 �C with concentra-
tions of [3H]-epibatidine ranging between 0.005 and 2.5 nM
diluted in buffer A. Nonspecific binding was determined in
parallel by means of incubation in the presence of 100 nM
unlabeled epibatidine. At the end of the incubation, the samples
were filtered on GFC filters presoaked in polyethylenimine
through an harvester apparatus, and the filters were counted
in a β counter. We determined a Kd value of [

3H]-epibatidine of
68 pM (CV= 15%). To test the ability of compounds to inhibit
[3H]-epibatidine binding, drugs were dissolved in water or
DMSO and then diluted in buffer A just before use. The
inhibition of radioligand binding by epibatidine, nicotine, cyti-
sine and test compounds was measured by preincubated cortex
homogenates with increasing doses (10 pM-10 mM) of the
reference nicotinic agonists, epibatidine or nicotine, and the drug
to be tested for 30 min at r.t., followed by overnight incubation
with a final concentration of 0.005-0.1 nM [3H]-epibatidine
(concentration in the Kd range of [

3H]-epibatidine) at 4 �C.
[125I]-r-Bungarotoxin Binding. [125I]-R-Bungarotoxin with a

specific activity of 200 Ci/mmol was purchased from Amer-
sham. The saturation binding experiments were performed
using aliquots of cortex membrane homogenates incubated
overnight with 0.1-10 nM concentrations of [125I]-R-bungar-
otoxin at rt. Nonspecific binding was determined in parallel by
means of incubation in the presence of 1 μM unlabeled
R-bungarotoxin. After incubation, the samples were filtered as
described above and the bound radioactivity was directly
counted in a γ counter. We determined a Kd value of [125I]-R-
bungarotoxin of 0.8 nM (CV=25%).The inhibition of radioli-
gand binding by epibatidine, nicotine, and the test compounds
was measured by preincubating cortex homogenates with in-
creasing doses (10 pM-10 mM) of the reference nicotinic
agonists, epibatidine or nicotine, and the drug to be tested for
30 min at rt, followed by overnight incubation with a final
concentration of 1 nM [125I]-R-bungarotoxin (concentration in
theKd range of [

125I]-R-bungarotoxin) at the same temperatures
as those used for the saturation experiments.

Data Analysis. For each compound, the experimental data
obtained from the three saturation and three competition bind-
ing experiments were analyzed by means of a nonlinear least-
squares procedure using the LIGAND program as described by
Munson and Rodbard.42 The binding parameters were calcu-
lated by simultaneously fitting three independent saturation
experiments, and the Ki values were determined by fitting the
data of three independent competition experiments. The errors
in the KD and Ki values of the simultaneous fits were calculated
using the LIGAND software and were expressed as percentage
coefficients of variation (% CV). When final compound con-
centrations up to 200 μM did not inhibit radioligand binding,
the Ki value was defined as being>100 μMbased on the Cheng
and Prusoff’s equation.

Molecular Modeling. The three-dimensional structure of the
29 examined ligands in their protonated forms were built and
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energy minimized within Ghemical43 starting from the X-ray
structure of 20.34 All calculations were performed on a 3.0 GHz
Quad-Xeon 64-bit workstation running under the CentOS4.4
x86_64 Linux distribution. The Fortran software sources for
“Modeler” and “Tinker” were recompiled using the 64-bit
optimizations to suit the 64-bit and SMP CPU architecture.

Molecular Docking. The rat and human R4β2 models were
used for docking studies with the program AutoDock (version
4.0).44 First, it was checked if AutoDock was able to find the
correct position of the cocrystallized ligand (Aplysia californica
AChBP cocrystallized with epibatidine, PDP code: 2BYQ). The
docking software was able to detect the conformation of epiba-
tidine molecule within the 10 best docking poses with an rmsd
value below 1.5 Å. The cytisine derivatives (1-29) were docked
at the putative binding site by using a two-step docking process.
The docking procedure was at first applied to the whole protein
target, without imposing any binding site, using the so-called
“blind docking” approach.45 A grid map was generated for the
whole protein target, centered at the middle of the receptor
models and using a grid resolution of 0.55 Å. The resulting
docked conformations were clustered into families of similar
binding modes, with a root-mean-square deviation (rmsd) clus-
tering tolerance of 2 Å. In almost all cases, the lowest docking-
energy conformations were included in the largest cluster found
(which usually contains 80-100% of total conformations),
then the lowest docking-energy conformations were considered
as the most stable orientations. Second, we docked the ligands
in the identified binding site (“refined docking”): a radius of
7 Å centered on the best-scored conformation previously ob-
tained was considered, with a finer grid resolution (∼0.36 Å).
The resulting orientations were again clustered, considering a
root-mean-square deviation (rmsd) tolerance of 2.0 Å, into
families, and the lowest docking-energy conformations were
then equilibrated for 1.2 ns by unrestrained MD. The simula-
tions were performed at constant temperature and pressure
(NPT ensemble) in a periodic cubic box of TIP3P water mole-
cules. The water bond distances and angle forced using the
SETTLE algorithm,46 while the bond lengths within the protein
were constrained with the LINCS algorithm.47 The coupling
time was set to 1.0 ps, and the isothermal compressibility was set
to 4.6 � 10-5 bar-1. The protein, ligand, and solvent were
independently coupled to a temperature of 298K, coupling time
0.1 ps, and the pressure was held at 1 bar, coupling time 0.2 ps,
using a Berendsen thermostat to maintain temperature and
pressure unvarying. The time step used was 1.0 fs. Snapshots
of the receptor-substrate system were saved every 0.2 ps.
Finally a total of 6000 snapshots were saved. Hydrogen bonds
and contacts were automatically identified using contact mod-
ule of CCP4,48 while the other interactions were identified
visually.

Hybrid QM/MM Calculations. In the current study, we
used the pseudobond ab initioQM/MMapproach, as implemen-
ted in Gaussian03.49 This methodology circumvents the major
deficiency of the conventional link-atom QM/MM approach,
providing a consistent and well-defined ab initio QM/MM
potential energy surface. For the QM/MM calculations, the
receptor-ligand systems resulting from the docking study were
first partitioned into a QM subsystem and then in an MM
subsystem. The reaction system used a smaller QM subsystem,
formed by the ligand and amino acid side chains within 3.5 Å
from the ligand, while the rest of the protein (theMMsubsystem)
was treated using the AMBER force field. together with a
low memory convergence algorithm. The boundary problem
between the QM and MM subsystems was solved using the
pseudobond approach. With this receptor-substrate QM/MM
system, an iterative optimization procedure was applied to
the QM/MM system, using a B3LYP/3-21G* QM/MM calcula-
tion, leading to an optimized structure for the reactants. The
convergence criterion used was set to obtain an energy gradient
less than 10-4 using the twin-range cutoffmethod for nonbonded

interactions, with a long-range cutoff of 14 Å and a short-range
cutoff of 8 Å.
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