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ABSTRACT: Drug-receptor binding interactions of four agonists, ACh, nicotine, and the
smoking cessation compounds varenicline (Chantix) and cytisine (Tabex), have been
evaluated at both the 2:3 and 3:2 stoichiometries of the α4β2 nicotinic acetylcholine
receptor (nAChR). Previous studies have established that unnatural amino acid
mutagenesis can probe three key binding interactions at the nAChR: a cation−π
interaction, and two hydrogen-bonding interactions to the protein backbone of the
receptor. We find that all drugs make a cation−π interaction to TrpB of the receptor. All
drugs except ACh, which lacks an N+H group, make a hydrogen bond to a backbone
carbonyl, and ACh and nicotine behave similarly in acting as a hydrogen-bond acceptor.
However, varenicline is not a hydrogen-bond acceptor to the backbone NH that interacts
strongly with the other three compounds considered. In addition, we see interesting variations in hydrogen bonding interactions
with cytisine that provide a rationalization for the stoichiometry selectivity seen with this compound.

■ INTRODUCTION
Nicotinic acetylcholine receptors (nAChR) are pentameric
ligand-gated ion channels of the central and peripheral nervous
systems that are activated by the neurotransmitter acetylcholine
and by nicotine and structurally related compounds.1−3 These
receptors have been implicated in various processes related to
cognitive function, learning and memory, arousal, reward,
motor control, appetite control, and analgesia.4 As such, they
represent therapeutic targets for the treatment of pain, epilepsy,
Alzheimer’s disease, Parkinson’s disease, Tourette’s syndrome,
schizophrenia, anxiety, depression, and smoking cessation.4,5

Humans have 16 genes that code for 16 subunits that arrange
as pentamers to form many different subtypes of nAChRs.6

However, one particular form, termed α4β2, plays an especially
prominent role in nicotine addiction. This has been established
by a number of pharmacological studies and by extensive
evaluations of knockout mice.7−9 The α4β2 receptor can
assemble into two different stoichiometries with distinct
pharmacologies:10,11 (α4)2(β2)3 and (α4)3(β2)2, herein
referred to as A2B3 and A3B2, respectively. The A2B3
stoichiometry is the higher affinity form and is upregulated in
response to chronic exposure to nicotine,8,10 indicating that it
likely plays the more prominent role in nicotine addiction.
The essential nicotinic pharmacophore, a cationic N and a

hydrogen-bond acceptor separated by an appropriate distance,
has been established for some time.12−14 In recent years, the
pharmacophore has been expanded to include the pyrrolidine
N+H of nicotine and similar structures as a hydrogen bond
donor. On the basis of structural studies of the acetylcholine
binding protein (AChBP),15 a useful model for the agonist
binding site of nAChRs, and advanced structure−function

studies, a binding model for nicotine has been developed for
the α4β2 receptor (Figure 1). A cation−π interaction forms

between the positive charge of the drug and the highly
conserved Trp154,16 termed TrpB in a standard model. In
addition, the N+H of the drug acts as a hydrogen bond donor to
the backbone carbonyl of TrpB. Generally, drugs that have
been developed to target the nAChRs have the potential to
make this N+H···OC hydrogen bond, but, of course, the
endogenous agonist ACh cannot. The hydrogen bond acceptor
component of the pharmacophore, the pyridine N of nicotine
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Figure 1. The binding model for nicotine at an nAChR that is
evaluated in the present work.
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or the carbonyl O of ACh, makes a hydrogen bond to the
backbone NH of Leu119 in the β2 subunit. This interaction
was first revealed in a structure of AChBP with nicotine
bound,15 where it is mediated by a water molecule. In the actual
nAChR, structure−function studies of the type described below
clearly established a hydrogen-bonding interaction to the
backbone NH in the α4β2 nAChR, but did not distinguish
whether the water molecule is or is not present. In the binding
model of Figure 1, we have not shown the water, with the
understanding that it may be important in some or all nAChRs.
An additional water-mediated hydrogen-bonding interaction to
the backbone carbonyl corresponding to Asn107 in the β2
subunit is also evident in the AChBP structure, but it has not
been established to be important in nAChRs. Note the
interfacial nature of the agonist binding site: TrpB is in the α
subunit while the Leu119 backbone NH comes from the β
subunit.
In recent work from our laboratories, the binding model of

Figure 1 has been established to be viable for both ACh and
nicotine in the A2B3 stoichiometry of the α4β2 receptor.16 In
the present work we address two key questions. First, we
evaluate whether two established smoking cessation com-
pounds fit the binding model (Figure 2A). Varenicline

(marketed as Chantix in the U.S.) was designed to target
α4β2 receptors, and was approved for use in smoking cessation
in 2006.17,18 Cytisine19,20 is a naturally occurring alkaloid that
served as a lead compound for the development of
varenicline.17,18 It has been used for decades for smoking
cessation and is marketed as Tabex. Second, we probe the
differential pharmacologies of the A2B3 and A3B2 stoichiome-
tries of the α4β2 receptor, to determine whether the binding
interactions of Figure 1 are responsible for the differences. We
have applied unnatural amino acid mutagenesis to evaluate four
compounds, ACh, nicotine, varenicline, and cytisine, at both
the A2B3 and A3B2 α4β2 receptors. We find many similarities,
and some key differences, in the binding behaviors of these
prototype drugs.

■ RESULTS
Strategy and Methodological Issues. Unnatural amino

acids were incorporated into α4β2 receptors using previously
described nonsense suppression methodology and heterologous

expression in Xenopus laevis oocytes.21,22 Receptor function was
evaluated by electrophysiology. A known Leu to Ala mutation
in the M2 transmembrane helix of the α4 subunit (referred to
as L9′A, where 9′ denotes the ninth amino acid from the
cytoplasmic end of the transmembrane helix) was introduced to
improve receptor expression, while maintaining pharmacolog-
ical selectivity of the receptor.16,23 Mutations of this type also
increase receptor sensitivity to agonists, and they do so in an
additive manner. Thus, in the present study, agonists acting at
A3B2 receptors, with three L9′A mutations, generally show
greater potency than at A2B3 receptors, which have two L9′A
mutations, even though the A2B3 stoichiometry is intrinsically
the high potency form.
We have previously described unnatural amino acid muta-

genesis studies of the A2B3 α4β2 receptor,16 but this is the first
study investigating the A3B2 form. Nonsense suppression at
A3B2 receptors was challenging, because the expression of
α4β2 in Xenopus laevis oocytes is inherently biased toward
A2B3 receptors. For example, a 1:1 α4 to β2 mRNA injection
ratio produces exclusively A2B3 receptors. The challenge of
expressing A3B2 receptors was amplified when unnatural amino
acids were incorporated into the α4 subunit, because of the
consistently lower expression levels seen for subunits
incorporating unnatural amino acids by nonsense suppression.
Several strategies were employed to overcome these difficulties.
To obtain an essentially pure population of A3B2, an α4:β2
mRNA injection ratio at or above 100:1 was necessary. We also
injected larger than usual amounts of mRNA (∼100 to 150 ng
total per oocyte, compared to the ∼25 ng used in typical
suppression experiments) and aminoacylated tRNA (up to 125
ng total per oocyte), and employed longer incubation times
(48−72 h) as necessary. In especially challenging cases, we
included a second injection of mRNA and tRNA 24 h after the
initial injection, and allowed the injected oocytes to incubate at
room temperature for 2−3 h prior to electrophysiological
recording. In all studies, the stoichiometry ultimately produced
was verified by the previously described voltage jump
protocol,16 which distinguishes the two stoichiometries.
Studies of cytisine presented additional challenges. This drug

is generally found to be inactive at the A2B3 α4β2 receptor,24

essentially acting as a competitive antagonist. In our hands, we
find cytisine does activate the A2B3 receptor, but with very low
efficacy (∼3% relative to acetylcholine), compared to the 50%
relative efficacy seen for the A3B2 receptor. Our ability to
observe currents for the A2B3 form likely results from our
incorporation of the L9′A mutation in the α4 subunit. Given
cytisine’s low efficacy at the A2B3 stoichiometry, we used
similar strategies to the ones used to study A3B2 to obtain
meaningful dose−response curves for this drug-receptor
combination.
We have well-established strategies for evaluating each

component of the binding model of Figure 1. The existence
of a cation−π interaction has been established in a number of
receptors, channels, and other proteins by successively
fluorinating the aromatic amino acid of interest (Figure
2B).25,26 Fluorine substitution diminishes the cation−π binding
ability of an aromatic ring, and does so in an additive way. A
correlation between the measured potency and the cation−π
binding ability of the ring establishes the existence of a
cation−π interaction.
To probe hydrogen bonding interactions to the protein

backbone, we replace the appropriate amino acid with its α-
hydroxy analogue (Figure 2C). This converts the backbone

Figure 2. Chemical structures: (A) agonists used in this study; (B)
unnatural amino acids employed here. If not indicated, an a, b, c, or d
group is H; (C) backbone ester strategy for modulating hydrogen
bonds.
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amide to an ester, with predictable consequences. In the case of
the hydrogen-bond donor interaction to the carbonyl of TrpB,
we replace the i + 1 residue, Thr155, with its α-hydroxy
analogue, Tah (threonine, α-hydroxy).16,27 This attenuates the
hydrogen bond-accepting ability of the backbone carbonyl, as it
is an ester carbonyl rather than an amide carbonyl. To probe
the hydrogen-bond acceptor interaction, Leu119 of the β2
subunit is replaced by Lah (leucine, α-hydroxy).12 This
removes the backbone NH that participates in the hydrogen
bond. For both strategies, we and others have seen significant
impacts for mutations of this sort when a functionally
significant hydrogen bond is involved.28−30

For both hydrogen-bonding interactions, simply seeing an
impact on receptor function from α-hydroxy acid incorporation
does not establish the existence of the hydrogen bond; some
other aspect of receptor function could be perturbed by the
mutation. At both sites, however, we have control experiments
that strongly support the hydrogen-bonding model. For the
hydrogen-bond donor interaction, we have shown that
activation by ACh is not perturbed by the backbone mutation
in the A2B3 receptor. This establishes that the backbone
mutation has not generically altered receptor function, and that
it is indeed the N+H of the agonist that is responding to the
mutation. For the hydrogen-bond acceptor interaction,
previous studies of nicotine at the A2B3 receptor12 used a
pharmacological approach to probe the hydrogen-bonding
interaction. The nicotine analogue S-MPP (S-N-methyl-2-
phenylpyrrolidine, Figure 2A) lacks the pyridine N of nicotine
and so cannot participate in the backbone hydrogen bond. It
responded to the backbone mutation in the A2B3 receptor very
differently from nicotine, and mutant cycle analysis clearly
linked the backbone NH of Leu119 to the pyridine N of
nicotine. We apply the same strategy to the A3B2 form here.
The primary metric we use to evaluate receptor function is

EC50, the effective concentration of agonist needed to induce
half-maximal response. This is a measure of agonist potency,
the concentration of drug required to produce an effect at the
receptor. Since we are interested in variations in the
pharmacologies of agonists, EC50 is an appropriate measure
for comparison. The actual process of activating a receptor such
as the nAChR is complex, involving multiple equilibria
reflecting drug binding to/coming off the receptor, conforma-
tional changes of the protein, and “gating” equilibria between
the open and closed states of the channel. The gating process
gives rise to a second metric, the efficacy of an agonist. Efficacy
is a measure of the maximal response that an agonist can

produce, reported here as a ratio to the response evoked by
ACh. ACh is assumed to be a full agonist, producing a maximal
receptor response. Other drugs may be partial agonists,
producing a response that is a fraction of that produced by
ACh, even at saturating concentrations. Generally, maximal
potency is desirable; less drug is required to achieve a positive
outcome. Maximal efficacy, however, may not always be
desired. In fact, varenicline, probed here, was explicitly
developed to be a partial agonist at α4β2, seeking to diminish
the effects of nicotine without severe craving/withdrawal
symptoms.18

In studies such as these, it is typical to acknowledge the
ambiguity that a change in EC50 could reflect a change in
“binding” or a change in “gating”. In the present study, we are
probing a cation−π interaction and two hydrogen bonds; these
are unambiguously binding interactions. Structural models and
the very subtle nature of the mutations we introduce make it
clear that we are perturbing a binding interaction between the
drug and the receptor. A shift in EC50 indicates that the
interaction probed is strengthened (or weakened) in one or
more of the equilibria that contribute to EC50. A simple case
would be the formation of a key hydrogen bond in the drug
binding step. However, it could be that the gating equilibrium is
perturbed, even if the mutation is quite remote to the region of
the receptor thought to contain the channel gate. This would
mean that the drug binds more tightly to the open state than to
the closed (or vice versa). Either way, we are probing a binding
interaction between the drug and the receptor. Certainly, there
is value in knowing which step of the overall equilibrium is
most sensitive to the interaction being probed. Single-channel
studies with the patch clamp can provide such information, and
we have used this approach in the past to further characterize
unnatural amino acid mutations we have made. In the present
work we present over 60 EC50 values obtained from multiple
dose−response curves (Supporting Information). It is not
feasible to perform single-channel studies on every combination
of drug and mutation considered here. More importantly, for
studies of comparative pharmacology, EC50 is arguably the most
appropriate measure of receptor function.

The Cation−π Interaction. Previously we have shown that
both ACh and nicotine make a cation−π interaction to TrpB
(Trp154) in the A2B3 α4β2 receptor.16 In the present work, we
establish comparable cation−π interactions for varenicline and
cytisine at A2B3 and for all four agonists at the A3B2 receptor.
Plots of cation−π binding ability (which correlates with the

Table 1. Evaluation of Binding Interactions in the α4β2 Receptor

wild type EC50 (μM)a relative efficacyb cation−π interactionc N+−H···OC (donor)d N−H···N(O) (acceptor)e

ACh A2B3 4.0 [1.0] 69f 1.1f 6.8g

A3B2 87 [1.0] 540 1.1 8.5
nicotine A2B3 0.76 0.3 (0.3) 53f 19f 6.7g

A3B2 38 0.6 (0.6) 130 19 5.6
varenicline A2B3 0.027 0.1 20 14 1.8

A3B2 3.6 0.3 16 19 1.1
cytisine A2B3 0.066 0.03 (0) 31 8.8 62

A3B2 15 0.5 (0.2) 30 27 14
aValues are corrected for the effects of α4 L9′A mutation according to the procedure of Moroni et al.24 As such, these are EC50 for true wild-type
receptors. Measured EC50 values are provided in the Supporting Information. bDefined as the ratio Imax of agonist/Imax of ACh. Numbers in
parentheses represent efficacies for receptors that do not contain the L9′A mutation, as reported by Moroni, et al.24 cRatio of EC50 values for F4-Trp/
Trp at position 154 in α4. dRatio of EC50 values for Tah/Thr at position 155 in α4. eRatio of EC50 values for Lah/Leu at position 119 in β2.
fPreviously reported in.16 gPreviously reported in.12
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degree of fluorination) vs log EC50 are linear in all cases
(Supporting Information).
We have previously argued that the magnitude of the

perturbation to EC50 induced by fluorination can be taken as an
indicator of the relative strength of a cation−π interaction.31 In
Table 1 we characterize the strength of a cation−π interaction
by the ratio of EC50 values for the F4-Trp mutant vs the wild
type. The F4-Trp residue represents a side chain in which the
electrostatic component of the cation−π interaction has been
completely removed, but other features of the residue are
essentially intact (Figure 3). As shown in Table 1, all drug-

receptor pairings reported here show a significant “cation−π
ratio”, thus establishing a common anchor point for the binding
of all drugs considered here to both receptors.
The Hydrogen-Bond Donor. All the agonists that possess

an N+H moiety are significantly impacted by the Thr155Tah
mutation in both stoichiometries, suggesting the hydrogen-
bond donor interaction to the backbone carbonyl of TrpB is
significant. ACh is not impacted by this mutation, as expected.
To facilitate comparison, we have again expressed variations as
a ratio of EC50 values, comparing the receptor with Tah at
residue 155 to the wild type Thr (Table 1). All agonists except
ACh show an EC50 ratio significantly greater than 1, with only
modest variations in magnitude.
The Hydrogen-Bond Acceptor. In previous studies of the

A2B3 receptor,12 we showed that ACh and nicotine respond
equivalently to the β2 Leu119Lah mutation, with a moderate
rise in EC50. Importantly, we showed that analogues that lack
the hydrogen-bond acceptor moiety, S-MPP for nicotine
(Figure 2) and choline for ACh, responded quite differently
to the β2 Leu119Lah mutation. This established that it is,
indeed, the pyridine N of nicotine and the carbonyl O of ACh
that interact with the backbone NH. We now report parallel
results for ACh and nicotine in the A3B2 receptor. Again, with
the results expressed as a ratio of EC50 values for backbone
mutant versus wild-type receptors, both compounds show
moderate increases in EC50 in response to the backbone ester
in both receptor stoichiometries (Table 1). However, choline is
not impacted by the mutation, and S-MPP actually has a gain of
function in response to the backbone mutation in the A3B2
receptor (Supporting Information). A similar result was seen
for S-MPP in the A2B3 receptor.12

The results for varenicline are surprising and stand in
contrast to those for ACh and nicotine. With only a 2-fold shift
in A2B3 and no meaningful shift in A3B2, it would appear that
there is no functionally significant hydrogen-bond acceptor

interaction between a quinoxaline N of varenicline and the
backbone NH of β2 Leu119 in the α4β2 receptor.
Cytisine also produces intriguing results for the hydrogen-

bond acceptor interaction. A remarkable 62-fold shift is seen for
this subtle mutation in the A2B3 receptor. A much smaller
effect is seen in the A3B2 receptor, although it is still larger than
that seen for any other drug-receptor combination

■ DISCUSSION
From a combination of structural and functional studies, strong
evidence has emerged for an agonist binding model at the
nAChR that consists of three distinct binding interactions: a
cation−π interaction, a hydrogen-bond donor interaction to a
backbone carbonyl, and a hydrogen-bond acceptor interaction
to a backbone NH. In the present work we have evaluated these
three interactions for four different agonists at two
stoichiometries of the α4β2 receptor.
A cation−π interaction to TrpB (Trp154) has been found in

both stoichiometries of the α4β2 receptor for all compounds
studied here: ACh, nicotine, varenicline, and cytisine. The data
of Table 1 suggest mostly modest variations, with perhaps two
meaningful differences. At both stoichiometries, ACh shows the
strongest cation−π interaction of the four drugs. Note that
intrinsically (i.e., in the gas phase) a quaternary ammonium
cation as in ACh makes a weaker cation−π interaction than a
protonated amine.32,33 It would appear that the nAChR evolved
to optimize this interaction for its natural agonist, ACh. Also,
for both ACh and nicotine, the A3B2 stoichiometry produces a
stronger cation−π interaction than the A2B3. No meaningful
differences are seen for varenicline or cytisine.
We have argued that F4-Trp represents a side chain for which

the electrostatic component of the cation−π interaction has
been completely removed, while other secondary effects such as
dispersion forces and induced dipole interactions remain. The
EC50 ratios of Table 1 thus provide an estimate of the
magnitude of this effect. For the largest interaction, ACh in
A3B2, the ratio of 540 corresponds to a ΔG° value of 3.7 kcal/
mol. This is consistent with other estimations of the cation−π
interaction in protein systems.34−36

The cation−π interaction is a universal feature of ACh
binding sites, but some variations have been seen. For example,
a cation−π interaction is seen for ACh but not for nicotine in
the muscle-type nAChR ((α1)2)β1γδ),

16,31 a key feature in
distinguishing peripheral versus central nervous system effects
of nicotine. In the muscle-type nAChR, the much more potent
nicotine analogue epibatidine does show a cation−π interaction
to TrpB.27 In the α4β2 nAChR (A2B3 stoichiometry), both
ACh and nicotine make a cation−π interaction to TrpB.37

However, in the homopentameric α7 nAChR, the cation−π site
moves to an alternative aromatic residue in the agonist binding
site.37 Similar results are seen for other members of Cys-loop
(pentameric) superfamily of neurotransmitter-gated ion
channels. In the 5-HT3 (serotonin) receptor,31 the glycine
receptor,38 and the GABAA and GABAC receptors,39,40 the
agonist makes a cation−π interaction to an aromatic residue at
the agonist binding site. The analogue to TrpB is the most
common cation−π site, but some variation is seen across the
family.25 For the drug-receptor combinations probed here,
however, all cation−π interactions are to TrpB.
Two hydrogen bonding interactions contribute to agonist

binding, and we have referred to them as the hydrogen-bond
donor and the hydrogen-bond acceptor of the drug (Figure 1).
Of course, ACh cannot participate in the hydrogen-bond donor

Figure 3. Electrostatic potential surfaces of indole (left) and F4-indole,
corresponding to the aromatic portions of the side chains of Trp and
F4-Trp, respectively. Results are from HF-6-31G** calculations.
Electrostatic potential ranges from −25 kcal/mol (red) to +25 kcal/
mol (blue), so that green represents ∼0 electrostatic potential.
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interaction, but nicotine shows a strong interaction with the
backbone carbonyl of TrpB. For ACh and nicotine, both
stoichiometries show similar behaviors for the hydrogen-bond
acceptor interaction.
The two smoking cessation compounds, varenicline and

cytisine, show interesting variations with regard to hydrogen-
bonding interactions. In discussing these compounds, we will
refer to Figure 4, which shows structures and electrostatic
potential surfaces for ACh, nicotine, cytisine, and varenicline.

Varenicline is similar to nicotine in its participation in the
hydrogen-bond donor interaction. However, varenicline is
qualitatively different from all the other compounds considered
with regard to the hydrogen-bond acceptor interaction. With
less than a 2-fold effect at the A2B3 stoichiometry and no
meaningful effect at the A3B2 stoichiometry, we conclude that
varenicline does not make a functionally important hydrogen
bond to the backbone NH of Leu119 in the β2 subunit. Figure
4 provides a rationalization. By visual inspection, and from the
distances shown, is it clear that the quinoxaline nitrogens of
varenicline are not well aligned with the hydrogen-bond
acceptor moieties of the other compounds. Thus, it may be
that the geometry of varenicline makes formation of the
hydrogen-bond impossible. Alternatively, the quinoxaline N is a
much poorer hydrogen-bond acceptor than the pyridine N of
nicotine (pKa values for pyridine and quinoxaline are 5.2 and
0.8, respectively). It may be that the protein can adjust to the
geometry of varenicline, but the hydrogen-bonding interaction
is so weak that it does not show up in our assay.
Cytisine shows an intriguing hydrogen-bonding pattern,

distinct from the other agonists considered here. Recall that,
more so than the other drugs, cytisine shows a strong
distinction between the two stoichiometries of the α4β2
receptor. Generally, cytisine is considered to be inactive (an
antagonist) at the A2B3 form; we are able to record EC50 values
because of the L9′A mutations present in our system. Cytisine

is however efficacious at the A3B2 form. Interestingly, cytisine
also shows the greatest stoichiometry differences for both
hydrogen-bonding interactions (Table 1). Concerning the
hydrogen-bond donor interaction, cytisine shows a stronger
than usual hydrogen bond in the A3B2 stoichiometry, but a
weaker than usual interaction in the A2B3 stoichiometry. The
effects are not large, but we feel the systems being compared
are similar enough that the differences are meaningful. The
pattern is reversed in the hydrogen-bond acceptor site. The
A2B3 stoichiometry shows a remarkable 62-fold rise in EC50 in
response to the backbone mutation, much larger than anything
we have seen previously. The A3B2 stoichiometry now shows
the smaller effect, although it is still larger than what is seen
with nicotine or ACh.
We propose a speculative model to rationalize these results.

Recall that cytisine is efficacious at A3B2 but not at A2B3. Also,
A3B2 shows a strong hydrogen-bond donor interaction and a
relatively weaker hydrogen-bond acceptor interaction, while the
reverse pattern holds for A2B3. We propose that cytisine is
positioned closer to TrpB in the efficacious A3B2 stoichiometry
than in the A2B3, and that a strong interaction with TrpB is
required for receptor gating. By moving closer to TrpB in the
A3B2 receptor, cytisine is moving further from Leu119, thus
explaining the pattern of hydrogen-bond strengths. Hydrogen
bonding shows a fairly steep distance dependence, and so only
a slight shift would be required to meaningfully strengthen/
weaken a hydrogen bond. In contrast, the cation−π interaction
is much less sensitive to the distance separation between the
charge and the π system,34 and so there is no stoichiometry
distinction for this interaction. As noted above, for some
indications a partial agonist could be preferable to a full agonist.
If validated by further studies, the present findings could
suggest a strategy for tuning agonist efficacy. Maximizing the
interaction with TrpB, through both the cation−π interaction
and the hydrogen bond donor interaction, should maximize
efficacy, while biasing the system toward the hydrogen-bond
acceptor interaction could diminish efficacy.
Another aspect of cytisine’s pharmacology is that the

hydrogen-bond acceptor interaction is stronger for both
stoichiometries than for the any of the other drug-receptor
pairs. We can rationalize this general effect with reference to the
electrostatic potential plots of Figure 4. Visually, the carbonyl
oxygen of cytisine presents a much stronger negative
electrostatic potential than the corresponding nitrogen of
nicotine. Quantitative evaluation of the electrostatic potentials
at these atoms confirms the visual impression. Thus, the amide
carbonyl oxygen of cytisine should be a better hydrogen bond
acceptor than the pyridine nitrogen of nicotine or the ester
carbonyl of ACh, completely consistent with expectations based
on known hydrogen bonding propensities.
In conclusion, we have evaluated a binding model for ACh,

nicotine, and two smoking cessation drugs, varenicline and
cytisine, at both stoichiometries of the α4β2 nAChR, the
receptor most associated with nicotine addiction. We find a
universal cation−π interaction, and a hydrogen bond donor
interaction to a backbone carbonyl. However, we find that
varenicline violates the nicotinic binding model and does not
make a functionally significant hydrogen bond acceptor
interaction seen with other agonists. In addition, the differential
hydrogen bonding interactions for cytisine suggest a structural
model to explain the variation in efficacy seen for the two
receptor stoichiometries.

Figure 4. Structures and electrostatic potential surfaces for the
agonists considered here. Results are from HF-3-21G* calculations.
Electrostatic potential ranges from −4.8 kcal/mol (red) to +143 kcal/
mol (blue). As such, unlike in Figure 3, green does not represent ∼0
electrostatic potential. As all these molecules are cations, the surfaces
are positive over their entirety, except for a small negative electrostatic
potential at the carbonyl oxygen of cytisine.
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■ EXPERIMENTAL DETAILS
Mutagenesis and mRNA Synthesis. Rat α4L9′A and β2 subunits

were expressed in pAMV vectors. The mutations for each subunit were
introduced according to the QuikChange mutagenesis protocol
(Stratagene) and sequencing verified the incorporation of desired
mutations. Rat α4L9′A and β2 mRNA were prepared from NotI
linearizations of the circular expression vector pAMV, followed by in
vitro transcription using the mMessage mMachine T7 kit (Ambion,
Austin, TX).
Ion Channel Expression. To express the ion channels with a wild-

type ligand binding site, α4L9′A mRNA was coinjected with β2 mRNA
at various ratios to obtain desired receptor stoichiometry. Specifically,
20:1 α4L9′A:β2 ratio for A3B2 and 1:3 for A2B3. Total mRNA
amount for microinjection was 10−50 ng/cell in a total volume of 75
nL. Stage V−VI Xenopus laevis oocytes were microinjected and
incubated at 18 °C for 24−48 h in ND96 buffer (96 mM NaCl, 2 mM
KCl, 1 mM MgCl2, 2 mM CaCl2, and 5 mM HEPES, pH 7.5) with
0.005% (w/v) gentamycin and 2% (v/v) horse serum.
Unnatural Amino Acid/α-Hydroxy Acid Incorporation. Nitro-

veratryloxycarbonyl (NVOC) protected cyanomethyl ester forms of
unnatural amino acids and α-hydroxythreonine cyanomethyl ester
were synthesized, coupled to the dinucleotide dCA, and enzymatically
ligated to either 74-nucleotide THG73 tRNA (for α4W154 and
α4T155 experiments) or 74-nucleotide TQOpS’ tRNA (for β2L119
experiments) as described previously.16,21 The unnatural amino acid−
conjugated tRNA was deprotected by photolysis and then immediately
coinjected with mRNA containing the UAG mutation (for THG73
tRNA) or the UGA mutation (TQOpS’ tRNA) at the site of interest.
Stage V−VI oocytes were injected with ∼10 to 150 ng of mRNA and
25−125 ng of tRNA-amino acid or tRNA-hydroxy acid in a total
volume of 75 nL. For unnatural amino acid incorporation into the α4
subunit, a 3:1 α4L9′A:β2 mRNA injection ratio yielded A2B3
receptors and 100:1 to 150:1 ratios yielded A3B2 receptors. For
unnatural amino acid incorporation into the β2 subunit, a 1:20
α4L9′A:β2 mRNA injection ratio yielded A2B3 receptors and a 10:1
ratio yielded A3B2 receptors. In cases where receptor expression
needed to be increased, a second microinjection (double injection) of
the same concentration and volume of α4L9′A:β2 mRNA and tRNA
was performed after 24 h incubation at 18 °C. Double injected oocytes
were incubated for an additional 24−48 h for a total of 48−72 h. Cells
were incubated in ND96 buffer, 0.005% (w/v) gentamycin, and 2%
(v/v) horse serum, and the solution was changed at least daily and up
to every 6 h. The fidelity of unnatural amino acid incorporation was
confirmed at each site with a “wild type recovery” experiment and
“read-through/reaminoacylation” tests. In the “wild type recovery”
experiment, UAG mutant mRNA was coinjected with tRNA charged
with the amino acid that was present at this residue in the wild type
protein. Generation of receptors that were indistinguishable from the
wild type protein indicated that the residue carried by the suppressor
tRNA was successfully and exclusively integrated into the protein. In a
“read-through/reaminoacylation” test, the UAG mutant mRNA was
introduced with (1) no tRNA, (2) tRNA THG73 that was not charged
with any amino acid, or (3) tRNA THG73 enzymatically ligated to the
dinucleotide dCA. A lack of current in these experiments validated the
reliability of the nonsense suppression experiments.
Whole-Cell Electrophysiological Characterizations of the

Channels. Oocyte recordings were performed 24 h after micro-
injection for wild-type receptors and 48 to 72 h after microinjection for
unnatural amino acids. Agonist-induced currents were recorded in
two-electrode voltage clamp mode using the OpusXpress 6000A
(Axon Instruments, Union City, CA) at a holding potential of −60
mV. Oocytes were superfused with Ca2+-free ND96 solution (96 mM
NaCl, 2 mM KCl, 1 mM MgCl2, and 5 mM HEPES, pH 7.5) at flow
rates of either 0.6 or 4 mL/min during drug application and 3 mL/min
during wash. For A2B3 experiments, drug application was 15 s in
duration at 4 mL/min rate (1 mL of total drug volume), while wash
duration between each concentration was 116 s. For A3B2
experiments, drug application was 15 s in duration at 4 mL/min
rate immediately followed by 105 s at 0.6 mL/min rate (2 mL of total

drug volume), while wash duration between each concentration was
116 s. Data were sampled at 50 Hz and filtered at 20 Hz. Acetylcholine
chloride, (−)-nicotine tartrate, and (−)-cytisine were purchased from
Sigma/Aldrich/RBI (St. Louis, MO). Varenicline tartrate was a
generous gift from Targacept company. Agonists were prepared in
sterile, distilled, deionized water for dilution in Ca2+-free ND96
solution. Dose−response data were obtained for at least six
concentrations of agonist and for a minimum of five oocytes
originating from at least two different donor frogs. Mutants with Imax
of at least 80 nA of current were defined as functional. EC50 and Hill
coefficients were calculated by fitting the dose−response relation to
the Hill equation. The dose−responses of individual oocytes were
examined to identify outliers. All data are reported as mean ± standard
error (SE). Voltage jump experiments were used to verify the
stoichiometry of the mutant and wild-type receptors, as described
previously.16
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■ NOTE ADDED IN PROOF
While this manuscript was under review, two manuscripts
describing crystal structures of an AChBP appeared, one
reporting a structure with varenicline bound (Billen, B.; Spurny,
R.; Brams, M.; van Elk, R.; Valera-Kummer, S.; Yakel, J. L.;
Voets, T.; Bertrand, D.; Smit, A. B.; Ulens, C. Proc. Nat. Acad.
Sci. U.S.A. 2012, 109, 9173.) and the other reporting structures
with both varenicline and cytisine bound (Rucktooa, P.;
Haseler, C. A.; van Elk, R.; Smit, A. B.; Gallagher, T.; Sixma,
T. K; J. Biol. Chem. in press; doi: 10.1074/jbc.M112.360347).
The images are generally in agreement with the results reported
here. Varenicline appears to participate via its quinoxaline
nitrogens in a water-mediated hydrogen bond that is similar to

the one seen with nicotine binding to an AChBP. This could
suggest that our interpretation that the quinoxaline nitrogens
are very weak hydrogen bond acceptors, such that interactions
to them are not functionally important, is the most sensible
analysis of our results. Alternatively, it could signal a difference
between AChBP and the actual α4β2 receptor that is probed
here. In addition, an initial clinical trial of cytisine for smoking
cessation has been reported recently (West, R.; Zatonski, W.;
Cedzynska, M.; Lewandowska, D.; Pazik, J.; Aveyard, P.;
Stapleton, J. New Eng. J. Med. 2011, 365, 1193.)
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