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Neuronal nicotinic receptors, encoded by nine genes of the a and three of the B type of
subunits, and whose gene products assemble in distinct permutations as pentameric
molecules, constitute a fertile area for structure-guided drug design. Design strategies
are augmented by a wide variety of peptide, alkaloid and terpenoid toxins from various
marine and terrestrial species that interact with nicotinic receptors. Also, acetylcholine-
binding proteins from mollusks, as structural surrogates of the receptor that mimic its
extracellular domain, provide atomic resolution templates for analysis of structure and
response. Herein, we describe a structure-guided approach to nicotinic ligand design that
employs crystallography of this protein as the basic template, but also takes into considera-
tion the dynamic properties of the receptor molecules in their biological media. We present
the crystallographic structures of several complexes of various agonists and antagonists
that associate with the agonist site and can competitively block the action of acetylcholine.
In so far as the extracellular domain is involved, we identify additional non-competitive
sites at those subunit interfaces where agonists do not preferentially bind. Ligand associa-
tion at these interface sites may modulate receptor function. Ligand binding is also shown
by solution-based spectroscopic and spectrometric methods to affect the dynamics of
discrete domains of the receptor molecule. The surrogate receptor molecules can then
be employed to design ligands selective for receptor subtype through the novel methods of
freeze-frame, click chemistry that uses the very structure of the target molecule as a
template for synthesis of the inhibitor.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction within a single animal species by virtue of the multiple genes
that encode the individual subunits and the various permuta-
Neuronal nicotinic receptors, found in mammalian peripheral tions of subunits that assemble as pentamers [1-3]. Moreover,

and central nervous systems, show considerable diversity if we extend our considerations beyond the mammalian
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species, we see even greater structural diversity, and the
determinants governing ligand recognition between insect
and mammalian nicotinic receptors are the basis for the
selective toxicity of the neonicotinoids enjoying current use as
insecticides [4,5].

Of the nine subunits in neuronal nicotinic receptors in
mammals, designated as «a2-«10 and containing a vicinal
disulfide on the Cloop of their principal binding face, a2, a3, a4
and a6 associate with the complementary B2, B3 and p4
subunits to form pentameric molecules. The o5 subunit
behaves similarly to a B subunit in not having its principal
face creating a binding site. The a7, «9 and «10 subunits do not
require B subunit partners to function as homomeric
pentamers (o7) or as pentameric combinations of a subunits
(«9 with «10). Even though the variations in receptor subtype
may have risen from differences in desensitization capacity,
regulation of expression, stability, or ion channel conduc-
tance, we can capitalize on the structural differences in the
ligand recognition domains for the development of selective
ligands for particular receptor subtypes.

To develop a structure-guided approach to understanding
the molecular basis of nicotinic receptor selectivity, we rely on
the endeavors of nature in acquiring selectivity of natural
products serving as toxins and in expressing variants of the
nicotinic receptor. Since the nicotinic receptor in skeletal
muscle forms the signal transducer for neuromuscular
transmission controlling motor activity, and in the CNS,
nicotinic receptors primarily mediate release of neurotrans-
mitters from their presynaptic sites, a variety of toxins from
marine snails, terrestrial plants, coral as stationary animals,
and reptiles have evolved to block or modulate nicotinic
receptor function. Several of these compounds, in contrast to
acetylcholine, carbamylcholine, nicotine and epibatidine,
show considerable selectivity towards receptor subtype
[1-5]. Therefore these compounds can be considered as lead
templates for developing selective ligands.

A second gift of nature from lower species has also emerged
for analyzing the extracellular domain of the nicotinic receptor.

Sixma and colleagues have characterized pharmacologically
and structurally a soluble protein, the acetylcholine-binding
protein (AChBP) from the fresh water snail, Lymnaea stagnalis,
whose subunits are homologous to the extracellular domain of
the nicotinic receptor. This soluble pentameric protein from
Lymnaea, the related proteins from Bulinus, and the marine
species, Aplysia, bind nicotinic ligands with the requisite
specificity [6,7]. When the gene encoding an AChBP is coupled
to asequence encoding the transmembrane spans of theligand-
gated ion channel family, the expressed protein shows the
capacity to gate ions when elicited by agonists, in a fashion
expected for a receptor composed of the so derived expressed
subunit chimera [8].

In our studies, we have capitalized on these advances to
elucidate further structures of the AChBPs. Although the
sequences from fresh water, Lymnaea, and salt water, Aplysia,
snails differ substantially (Fig. 1), all form pentamers and bind
nicotinic ligands. As found for the different receptor subtypes,
there are signature ligands that show considerable selectivity
for the AChBPs from different species (Table 1). Having soluble
proteins expressed from multiple species also facilitates
studies of structure owing to differences in physical properties
affecting the ease of crystallization and amenability to
spectroscopic or spectrometric studies in solution.

2. Crystal structures of competitive agonists
and antagonists

Several structures of agonist (epibatidine, nicotine, lobeline,
carbamylcholine) and antagonist (a-conotoxin Iml, methylly-
caconitine, a-bungarotoxin) bound to AChBP have been
reported [6,9-12], and other structures have been resolved at
high resolution or are under study. Hence, one now has a fairly
comprehensive perspective on structures of the AChBP
complexes. Also, a structure approaching that of the non-
liganded protein (the apo-AChBP) has been resolved [11].
Accordingly, several predictions might be made.
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Fig. 1 - Alignment of amino acid residues in the three acetylcholine-binding proteins from Lymnaea stagnalis (Ls), Aplysia
californica (Ac) and Bulinus truncates (Bt) with the a7 nicotinic receptor from humans. Residue numbering corresponds to Ac.
The black and gray backgrounds correspond to identical and homologous residues in the binding proteins and receptor,
respectively; the embolden letters denote identical residues in the three binding proteins. Residues on the principal and

complementary faces are denoted.
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Table 1 - Classes of ligands studied that interact with AChBP

Class of ligands Ligands® Kg (nm) PDB ID Reference
Lymnaea Aplysia (Ac/Ls)?

Alkaloids Nicotine 100 260 2.6 1UwWe [10,19,29]
Epibatidine 0.3 8.6 28.7 2BYQ [11,19,29]
Lobeline 130 0.5 0.0038 2BYS [11]
Anabaseine 240 9000 37.5 [29]
p-Tubocurarine 67 420 6.3 [18,31]
Metocurine 120 570 4.8 [31]
Methyllycaconitine 0.4 2.8 7 2BYR [11,19]

Terpenes Bipinnatin H
Bipinnatin K

Conus peptides a-Iml 14,000 2.1 0.00015 2BYP 2C9T [11,33]
a-OmIA 1.7 6.7 3.9 [21]
a-PnlA (A10L D14K) 19 21 11 2BR8 [32]
a-PnlA (A10L) 200 28 0.1 (32]
a-MI 2800 1000 0.4 [11]

Elapid toxins «-Bungarotoxin 1.8 170 94.4 [11]
a-Cobratoxin 15 320 21.3 1YI52 [11]

Neonicotinoids Imidacloprid 180 [5]
Thiacloprid 8.4 [5]
Acetamiprid 19 [5]
Nitenpyram 186 [5]
Clothianidin 574 [5]

Nicotinoids Desnitroimidacloprid 44 [5]
Descyanothiacloprid 8.5 [5]

Allosteric ligands Galanthamine 3000 16,000 5.3 2PH9 [12]
Cocaine 6700 4500 0.7 2PGZ [12]

® Signature ligands have ~100-fold or greater differences between the two binding proteins and are noted by the embolden font.

b Ratio of affinities: Aplysia californica/Lymnaea stagnalis.

First, it appears that the critical C loop on the outer
perimeter of the protein envelops the bound agonists, where
the complex has a closed C loop in the vast majority of the
cases (Fig. 2). Since AChBP has five identical sites for
occupation, one can compare C loop closure and occupation
for the various ligand-AChBP crystal structures available. By
contrast, loop C closure is not evident for antagonists, and
this raises the question as to whether the C loop config-
uration is simply accommodating the molecular volume of
the occupying ligand. Some of the potential agonists, such
as lobeline, approach or exceed the molecular weight of the
antagonists. Hence, molecular weight or volume is not likely
to be a deciding factor. More likely factors governing loop
closure may be the overall flexibility of the ligand and
whether it can be accommodated within the confines of a
site where C loop closure is possible. Hence, agonists have
the requisite flexibility and steric features to allow C loop
closure. Antagonists appear to keep the C loop in its open
position or extend the C loop in a more radial direction
[9,11].

Some uncertainty surrounds the position of the C loop in
the absence of ligand. The initial crystal structure showed the
amine containing buffer, HEPES at ~100 mM concentration, to
occupy the agonist site [6]. Crystallization in the presence of
polyethylene glycol shows low occupation of the cryoprotec-
tantin the agonist site and radial extension of the C loop from
the core backbone of the molecule [11] (Fig. 2).

Deuterium-hydrogen exchange studies also point to an
exposed C loop in the absence of bound ligand. Of the 17
backbone amide hydrogens in the C loop peptide, 12 are
available to solvent (H,0) for exchange in the absence of bound
ligand revealing the unique exposure of this region of the
molecule [13]. Upon binding of agonist, five of the amides are
no longer available, likely reflecting the closure of the C loop.
Similar behavior is seen with the larger antagonists, where
they also protect the amide hydrogens from exposure to
solvent [13]. Since the kinetics of isotope exchange differs
among the antagonist complexes, it is likely that the larger
ligands directly occlude solvent access.

Other studies employing fluorescence anisotropy decay
reveal independent segmental motions of individual domains
of the acetylcholine-binding protein [14,15]. However, studies of
the C loop by these methods are complicated by additional
interactions conferred by the conjugated fluorophore. Studying
dynamics of the molecule adds another dimension to structural
studies, and owing to the multiple conformational states of the
AChBP and presumably the nicotinicreceptor, this approach be-
comes an essential prelude to understanding function [13-15].

Crystal structures for a second set of ligands, thought in
many receptor systems to act non-competitively or allosteri-
cally, have also been investigated with AChBP [12]. Both
galanthamine and cocaine are found to bind to AChBP in the
micromolar range, but in contrast to agonists, their binding
constants are not affected by modifications of C loop structure,
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Fig. 2 — Structure of the A. californica acetylcholine-binding protein with a-conotoxin-ImI (A and B), epibatidine (C and D), and
in the absence ligand (E). Note the different extensions in the positions of the C loop at the outer perimeter in each case.

This is the only apparent structural change arising from ligand association. Panels A and C show the view from the apical

(synaptic) surface of the receptor. Panels B and D show an axial cutaway segments of 20 A thickness at the level of the G

loop for the conotoxin and epibatidine complexes. Panel F is a magnified inset to show the three C loop positions from the
boxed areas in relation to bound epibatidine. The most extended C loop is for the a-conotoxin complex followed by the apo
form and epibatidine complex. For the ligands, carbon is shown in green, nitrogen in blue, oxygen in red and chloride in

yellow. The vicinal disulfide bond sulfurs are shown in yellow.
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such as elimination of the vicinal disulfide bonds [12]. Hence,
the structures derived from the cocaine and galanthamine
complexes of AChBP provide a framework for understanding
potential sites where non-competitive activators or inhibitors
of heteromeric forms of the acetylcholine receptor bind. From
these studies of affinity and structure, the interfacial site
formed by the principal face of the non-alpha subunits becomes
a candidate location for these ligands. A non-competitive site at
non-agonist binding interfaces may resemble the locus for
benzodiazepines with the y-aminobutyric acid receptor [16,17].

Other sites common to AChBP and the receptor, where
ligands may reside, include the vestibule of the ion channel
that harbors several interesting sequence conservations with
the pentameric, ligand-gated anionic channels (S.B. Hansen
and P. Taylor, in preparation). However, still other candidate,
non-competitive sites obviously cannot be examined through
the AChBP; these include internal transmembrane channel
and annular membrane sites. Also, molecular recognition by
AChBP is likely to yield limited information on the coupling
between allosteric sites. Cooperativity has not been observed
with fractional site occupation on the AChBP with either a
primary agonist alone or a primary agonist combined with
potential heterotropic modifier [12,18]. Accordingly, coopera-
tive occupation and responses in the intact receptor may well
require coupling into the transmembrane span of the occupied
subunit or subunit interactions at the membrane span level.

3. Structural determinants of specificity

AChBP with its known three-dimensional structure allows one
to conduct extensive structure-activity studies and relate

ligand selectivity to overall structural changes in the molecule.
An extensive variety of ligands have been studied through
measurements of ligand binding at equilibrium and by
transient kinetics [18]. Some of the features of the binding
studies are highlighted below.

3.1. Kinetic studies

Quenching of the native tryptophan fluorescence in AChBP
provides a convenient means for following the overall kinetics
of ligand association with the binding protein [18]. Agonist
binding approaches the diffusion-controlled limit, and acet-
ylcholine association and dissociation rates can just be caught
by stopped-flow methods [18]. By contrast, the peptide
antagonists, particularly «-bungarotoxin and a-conotoxin
have rates of association up to three orders of magnitude
slower, implicating a significant conformational barrier for
association. In turn, locking the peptide ligand into its binding
site in a distinct conformation may contribute to its slow rate
of dissociation.

3.2.  The binding surface of the ligands

Ligands with measurably high affinities bind with 1:1
stoichiometry per subunit in the pentamer as ascertained
by stoichiometric titration and ligand occupancies in the
crystal structures. Interestingly, several of the naturally
occurring peptide or alkaloid toxins have evolved to interact
with different regions of the subunit interface. For example,
the a-conotoxins bind apical to the C loop, while the alkaloid
methyllycaconitine binds largely on the membrane side of the
loop (Fig. 3). In fact, the selective surfaces of the two sites

Fig. 3 - a-Conotoxin ImlI, methyllycaconitine and epibatidine association with the subunit interface of the Aplysia
acetylcholine-binding protein. Panels A-C show the occupation by conotoxin, methyllycaconitine and epibatidine with a
common binding surface for the three ligands. The additional interactive surfaces of conotoxin and methyllycaconitine
extend in the apical and membrane directions, respectively, along the subunit interface. The ligands are in the positions
found in the crystal structure putting the channel core in identical positions. With each ligand yellow signifies chlorine, red
oxygen, blue nitrogen and green carbon. Yellow residues denote the disulfide of the C loop. Residues occluded from view by
the Connolly surface of AChBP are seen behind the partially opaque surfaces. The contributing subunits are shown in gray
(principal or C loop containing face) and turquoise (complementary subunit). Residue colors are the same as in Fig. 2. The
opening of subunit interface from radial extension of the C loop shows less burying of the a-conotoxin structure. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)
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constitute two regions from which building blocks for the
novel synthetic chemistry presented in a subsequent section
are being developed.

3.3. Peptide toxins

Studies of snake (Elapidae and Viperidae) and cone snail (Conus)
venoms with the AChBP are particularly interesting owing to
their historical significance in receptor characterization and
their exquisite selectivity toward receptor subtype. Accord-
ingly, we have examined several members of the large family
of conus snail toxins for selectivity to the Lymnaea, Aplysia and
Bulinus binding proteins [11,19-21]. Many toxins also show
considerable selectivity for the three binding proteins (Table 1)
[22,23].

3.4. Natural alkaloids and terpenoid

Studies with cholinergic systems largely originated nearly
150 years ago with the endeavors of Claude Bernard in the
study of alkaloids of the curare family. These ligands, by
virtue of their historicalinterest warrant a description of their
structure with the nicotinic receptor. A comparison within
the agonist and antagonist alkaloids shows a base region to
which all of the alkaloids bind, and this can be identified by
the carbonyl oxygen of Trp 147 in Aplysia on the principal face
and the immediate surrounding nest of aromatic side chains,
defined by principal face residues Trp 147, Tyr 93, Tyr 188, Tyr
195 and complementary face residue Tyr 55 (Fig. 1). It also
appears that quaternary ligands rely more heavily on the
aromatic nest, whereas a hydrogen bond between the
protonated amine hydrogen and the carbonyl oxygen of
Trp 147 plays a greater stabilization role for the secondary and
tertiary amine nicotinic agonists, such as nicotine and
anabaseine. The family of antagonists, being of greater size,
typically employ a larger cross-section of the subunit
interfacial areas of the partnering subunits for their binding
than agonists.

The terpenoid inhibitors of nicotinic receptors warrant a
more complete investigation. Those related to lophotoxin
react covalently with the receptor interacting with Tyr 190 in
the al subunit [24] (corresponding to Tyr 188 in Aplysia),
whereas the cembranoids [25] bind reversibly and appear to
modulate the actions of agonists. It will be of interest to
ascertain whether these cembranoid compounds, lacking a
basic residue, bind at non-a interfaces as do cocaine and
galanthamine.

3.5. Nicotinoids and neonicotinoids

These compounds present an interesting series owing to their
selectivity for the insect receptor and their commercial
applications as insecticides [4,5]. Radiolabeling experiments
show that these ligands bind to the agonist site and with the
pyridine ring system positioned similar to that in epibatidine
or nicotine [4,5]. The unique characteristics of the neonico-
tinoids stem from substitution of the cationic nitrogen of the
tertiary or quaternary agonists that stimulate the mammalian
receptor. The substitution renders the neonicotinoid nitrogen
position neutral to anionic [4,5].

3.6. Future structure-guided ligand syntheses

Despite a host of nicotinic agonists and antagonists that have
been developed, the multiple potential sites and the subunit
diversity in the assembled neuronal nicotinic receptors
continue to present new platforms for drug development.
Most agonist and partial agonist development to date has
relied on various heterocylic compounds with a localized
cationic charge from an aliphatic nitrogen. A new departure
would be to consider templates that more closely resemble the
soft or more diffuse cation of arginine, and we have begun
work with amidines as a possible basic anchor [26]. These
compounds carry the potential advantage of having pK, values
in the vicinity of 8-9, therein potentially crossing the blood-
brain barrier.

With the great structural resolution of the extracellular
domain of the nicotinic receptor validated from a soluble
surrogate, the mollusk AChBP, structure-guided drug design
can be realistically conducted. We are applying the approach of
freeze-frame, click chemistry, used successfully for acetylcho-
linesterase inhibition [27,28], to this end. By employing building
blocks thatanchor at the apical and membrane side of the Cloop
(cf. Fig. 3), and extending the mutually reactive azide and
acetylene groups underneath the C loop, candidate ligands can
be constructed to serve as agonists or partial agonists for the
receptor. Through mutagenesis, residues can be substituted to
develop a modified AChBP whose sequences at the subunit
interfaces resemble more closely those found with various
nicotine receptor subtypes. These constructs can then serve as
templates for synthesis of presumably directed receptor
subtype selective ligands. Our initial synthetic building blocks
are directed to positioning the triazole formed by the biortho-
gonal reaction between the azide and acetylene behind the C
loop, with their tethering points mimicking interaction posi-
tions of known agonists and antagonists.

4. Physical properties of AChBP from solution-
based studies

For AChBP to serve as a template for nicotinic ligand design, a
more complete understanding of structural fluctuations and
conformational states of the unliganded and various liganded
AChBPs would be helpful. Below are examples of studies
undertaken by our laboratory in conjunction with several
collaborators.

4.1. Information from spectroscopy

These studies require a spectral change in either an attached
probe on the AChBP or intrinsic spectroscopic properties of the
ligand that can be distinguished from the baseline signal of the
larger macromolecule. For example, the benzylidene anaba-
seines have sufficient conjugation that their absorption and
fluorescence emission spectra lie outside of those of the
protein envelope [29]. Through the use of absorption differ-
ence spectra, we established that the protonated form of the
secondary or tertiary amine ligands is bound, a long held
assumption from modeling and pH dependence of binding
studies. For the benzylidene anabaseines, the change in
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protonation state of the tetrahydropyridine moiety gives rise
to the observed spectral changes. Titrations over a physiologic
pH range show an isosbestic point with the counterbalancing
of high and low wavelength peaks. By contrast, changes in the
polarizability and relative permuttivity (dielectric constant) of
the surrounding media cause bathochromic or hypsochromic
shifts in the respective peaks. Difference spectra between
bound and free benzylidene anabaseines show the bound
species to be protonated, and the bathochromic shift is
consistent with the extensive polarizability of the “aromatic
nest” in which the ligand resides [29].

Changes in the fluorescence spectra of the bound benzy-
lidene anabaseine ligand reflect electron transition energies of
the excited state of the molecule. The enhancement of
quantum yields of the bound anabaseines likely arises from
the restricted environment for torsional motion of the ring
systems. Rigidity or constrained motion diminish the oppor-
tunity for depopulation of the excited state by heat energy and
enhances loss through fluorescence emission [29].

4.2. Fluorescence spectroscopy

Steady-state fluorescence emission of conjugated fluorophores
on the protein also yields distinct information about particular
residue locations. To achieve labeling, free cysteines are
introduced by substitution at strategic locations in AChBP
through mutagenesis; the endogenous cysteines all exist as
unreactive disulfide residues. Sulfhydryl reactive fluorescent
labels are selected to provide specificinformation. For example,
fluorescence emission of the acrylodan label is exquisitely
sensitive to the dielectric environment of the fluorophore, and
its emission spectrum reveals the extent of solvent exposure.
Accordingly, changes in conformation associated with ligand
occupation can then be reported for the acrylodan conjugated
AChBP molecule [30]. Other probes such as fluorescein or
naphthalene sulfonates have longer lifetimes, and by following
their decay of anisotropy, torsional and segmental motions of
side chains can be monitored [14,15]. Some ligands may also be
tagged, and the fluorescent labeling of a-cobratoxin at various
residue positions has shown that the core hand portion of the
toxin, when bound, can move independently of its fingers,
thereby establishing that the toxin molecule exhibits distinct
segmental motion independent of its target [14].

Intrinsic fluorescence of the AChBP yielded another
surprise for it was observed that various ligands produce
substantial enhancement or quenching of AChBP tryptophan
fluorescence when bound to the protein [18]. Given that four
tryptophans are found in each subunit and most ligands
themselves do not have the capacity to quench fluorescence
by resonance energy transfer, it is likely that the entering
ligand substantially changes the aromatic connectivity of side
chains residing within the binding site. Hence, the unique
positioning of these aromatic side chains confers a practical
advantage of direct fluorescence measurements of ligand
binding without requiring structural modification.

4.3.  Deuterium/hydrogen exchange

Measuring deuterium incorporation from D,0 into the amide
backbone hydrogen positions in AChBP provides an alter-

native means of assessing solvent exposure of various
segments of the protein. As alluded to in a previous section,
the C loop of AChBP shows substantial solvent accessibility
that is lost upon closure of the loop by agonists and occlusion
from solvent by the larger antagonists [13]. Accordingly, this
approach has enabled us to detect localized conformational
changes in solution associated with ligand binding or other
interventions.

5. Summary

We describe here a variety of techniques amenable to studying
structure of the soluble AChBP that are not possible to exploit
fully or successfully with the membrane-associated intact
receptor. The approaches extend from high-throughput
analysis of ligand specificity, fluorescence and difference
absorption spectroscopy, D/H exchange, decay of fluorescence
anisotropy, chemical modification with identification of the
conjugated residues and crystallization for X-ray analysis.
Solution-based physical studies offer an additional dimension
to crystallography in yielding essential information on
fluctuations in structure and conformational changes atten-
dant to ligand binding.
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