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Abstract

The a7 acetylcholine receptor (AChR) mediates pre- and postsynaptic neurotransmission in the
central nervous system and is a potential therapeutic target in neurodegenerative, neuropsychiatric
and inflammatory disorders. We determined the crystal structure of the extracellular domain of a
receptor chimera constructed from the human a; AChR and Lymnaea stagnalis acetylcholine
binding protein (AChBP), which shares 64% sequence identity and 71% similarity with native a7.
We also determined the structure with bound epibatidine, a potent AChR agonist. Comparison of
the structures revealed molecular rearrangements and interactions that mediate agonist recognition
and early steps in signal transduction in a7 AChRs. The structures further revealed a ring of
negative charge within the central vestibule, poised to contribute to cation selectivity. Structure-
guided mutational studies disclosed distinctive contributions to agonist recognition and signal
transduction in a7 AChRs. The structures provide a realistic template for structure-aided drug
design and for defining structure—function relationships of a; AChRs.

Nicotinic AChRs mediate rapid excitatory synaptic transmission in the brain and periphery.
An essential step toward understanding the mechanisms behind AChR-mediated excitation
is determining AChR structure. X-ray crystal structures of the related AChBP revealed the

overall fold of the extracellular domain of the subunits and positioning of subunits within
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the pentamerl—3. A cryoelectron microscopic structure of the Torpedo marmorata AChR
disclosed the majority of the protein main chain and the approximate locations of residue
side chains®. Further advances included X-ray crystal structures of the extracellular domain
of the a1 subunit from the muscle AChR bound to a-bungarotoxin®, and of prokaryotic
orthologs®8. These advances provided key insights into AChR structure, yet an essential
goal that remains is an X-ray crystal structure of an AChR from a eukaryotic source.

Neuronal nicotinic a; AChRs are abundant in many brain regions®, notably in the
hippocampus, where their pre- and postsynaptic locations!? and high calcium permeabilityll
suggest that they may contribute to learning and memory. a; AChRs exhibit distinctive
pharmacology, with choline, a breakdown product of nerve-released acetylcholine (ACh),
showing high efficacyl2, contrary to its low efficacy at muscle AChRs13. a; AChRs have
been implicated in neuropsychiatricl4, neurodegenerativel® and inflammatory16 diseases,
and thus are potential therapeutic targets for a.;-selective agonists or antagonists that could
be designed on the basis of X-ray crystal structural data.

The homopentameric composition of a7 AChRs confers advantages for structural studies.
Furthermore, because the ligand-binding sites localize at interfaces between extracellular
regions of the subunitsl’, a7 AChRs harbor five identical ligand-binding sites. Although the
a7 AChR and AChBP are homopentameric and share a similar structural fold, low sequence
identity limits the use of AChBP structures for drug development and mechanistic studies.

For proteins that are difficult to express or crystallize, engineered protein modules provide
valuable surrogates for structural analyses. A water-soluble a7 ligand-binding domain was
generated by truncating the protein chain before the first transmembrane domain,
substituting the Cys-loop from AChBP and replacing hydrophobic with hydrophilic residues
on the protein surfacel8. Here, we develop an analogous a.7—AChBP chimera and determine
X-ray crystal structures of the resulting pentamer and its complex with the agonist
epibatidine. The findings provide the highest resolution images yet of an AChR ligand-
binding pocket, including structures that mediate ligand recognition, signal transduction and
interaction with inorganic cations. Comparison of the structures reveals molecular
rearrangements triggered by the agonist, enabling structure-guided mutational studies of the
native a7 AChR.

a;,—AChBP chimera construction and crystallographic analysis

The a7 AChR extracellular domain failed to produce folded protein when expressed in
yeast, whereas AChBP yielded milligram amounts of correctly folded protein. We therefore
generated a series of chimeras, combining sequences from a7 with those from AChBP,
aiming to maximize a7 sequences within secondary structures and important loop regions
(Fig. 1 and Online Methods). The final construct shared 64% sequence identity and 71%
similarity with native a7 (Supplementary Fig. 1), was expressed in quantities similar to
those of AChBP and eluted as a sharp peak on size exclusion chromatography with a
retention volume similar to that of AChBP. The a7—AChBP chimera bound radiolabeled a-
bungarotoxin and epibatidine (Supplementary Fig. 2), suggesting that it is a good model for
the ligand-binding domain of the a7 AChR.

We crystallized the a;—AChBP chimera in the absence of added ligands and in the presence
of epibatidine, yielding Apo and Epi crystals, respectively. The Apo crystal diffracted to a
resolution of 3.1 A, and the Epi crystal diffracted to 2.8 A. The higher resolution of the Epi
crystal was probably due to stabilization by bound agonist. The Apo structure was solved by
molecular replacement using AChBP (PDB code 1UWS®) as the search model, and the Epi
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structure was solved using the Apo structure as the search model. The Apo and Epi crystals
shared a similar packing arrangement, with the asymmetric unit containing two nearly
identical pentamers, one of which we describe below. For both crystals, the electron density
maps were improved by tenfold non-crystallographic symmetry (NCS) averaging, which
overcame partial data completeness in the highest resolution shells. The electron density
maps were of high quality (Supplementary Figs. 3 and 4), enabling structural and
mechanistic analyses. Statistics of data collection and structure refinement are listed in
Supplementary Table 1.

Overall structure

The Apo form of the a7—AChBP chimera has a canonical pentameric quaternary structure
(Fig. 2a), which superimposes well on that of AChBP (Fig. 2b). Each monomer folds into a
ten-stranded B-sandwich capped by an N-terminal a-helix (Supplementary Fig. 1b), as in
AChBP and 7orpedo AChR. The B-sandwich core of the chimera subunit can be
superimposed on those of mouse a1l and AChBP (Fig. 2c), whereas the peripheral loops,
al-p1, p4-—P5, p6-L7, and binding site loop F diverge, probably owing to sequence
differences among the three proteins. The solvent-accessible surface consists of large and
continuous regions of a7 residues, including the ligand-binding site and structures that are
implicated in signal transduction (Fig. 2d), whereas the Cys loop and a stripe within the
central vestibule contain AChBP residues.

The subunit interface contains residues from a; and AChBP, yet the interface structures of
the chimera and AChBP are similar. However, notable differences between the two
structures are evident in the upper and lower parts of the interface. In the upper part,
interactions between the a1-1 loop from the principal face and the a1 helix and p2-p3
loop from the complementary face differ, probably owing to a buried hydrogen bond
between Tyr14 and Asp60, conserved in AChRs but absent in AChBP, that links the a1-1
and B2—-p3 loops within each subunit (Supplementary Fig. 5). In the lower part, the p1-p2
loop from one subunit and loop F from the adjacent subunit show a local shift, probably
owing to sequence differences (Supplementary Fig. 6). The Epi structure mirrors the Apo
structure, except for the ligand-binding pocket and flanking regions (Fig. 2e). All ten
binding sites in the asymmetric unit show electron density corresponding to an epibatidine
molecule. Thus, in terms of the structural fold, surface properties and ligand-binding site, the
Apo and Epi structures provide models for the native a7 extracellular domain and
conformational changes that are produced by agonists.

Ligand-binding pocket and flanking regions

The ligand-binding core and flanking regions are lined entirely by a7 residues, providing
structural bases to analyze principles of ligand recognition and signal transduction. Ligand
recognition is accomplished by residues from loops A—C from the principal subunit and
loops D-E from the complementary subunit, including Tyr91 from loop A, Trp145 from
loop B, Tyr184 and Tyr191 from loop C, Trp53 from loop D, and Leu106, GIn114 and
Leul16 from loop E. Within the binding pocket, residues that are conserved between the
chimera and AChBP exhibit similar spatial arrangements, suggesting a generally conserved
mode of ligand recognition (Supplementary Fig. 7). In muscle AChR, signal transduction is
mediated by residues equivalent to Tyr184 from B-strand 9, Asp193 from B-strand 10 and
Lys141 from B-strand 7 (ref. 19), which extend to the pore, enabling intra-subunit
communication.

Regions that flank the ligand-binding core contain several a.7-specific residues of potential
functional importance. These residues disperse around loop C, which changes conformation
upon agonist binding?2 and initiates early steps in signal transduction1®20, Located in sub-
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regions I-1V (Fig. 3a), these a7-specific residues comprise Arg182 from loop C, which
approaches Tyr184 and Lys141 of the same subunit (Fig. 3b and Supplementary Fig. 3a);
Argl79 from loop C, which interacts with Asp153 from the p8-p9 loop and Glu181 from
loop C of the same subunit (Fig. 3c); Glu185 from loop C, which approaches Glu158 and
Asp160 from loop F of the complementary subunit (Fig. 3d,e); and a glycan from Asn108 of
the complementary subunit that makes van der Waals contact with loop C of the principal
subunit (Fig. 3f).

The Apo crystal showed a strong density at the center of the ligand-binding pocket
(Supplementary Fig. 8). The chemical identity of this density is unknown, but its position
overlapped with the quaternary ammonium moiety of carbamylcholine bound to AChBP
(PDB 1UV6) and the alicyclic moiety of epibatidine in the Epi crystal.

Ligand-induced changes

Superposition of the Apo and Epi structures reveals changes in the ligand-binding pocket
and surrounding regions (Fig. 2e), and these changes propagate to distal parts of the subunits
and subunit interfaces (Fig. 4a). The most substantial change occurs in loop C, which in the
Apo structure adopts a range of opened-up conformations among the different subunits (Fig.
4b). By contrast, in the Epi structure, loop C assumes a closed-in conformation in all ten
subunits of the asymmetric unit. Given the conformational dynamics of loop C, NCS
averaging was not applied to this region. Nevertheless, in the Apo and Epi structures,
electron density for loop C is well defined (Supplementary Figs. 3a and 4a).

Smaller shifts are observed in loops a1-81, A, B and F, and in p-strands 7, 9 and 10. These
shifts comprise a concerted rotation of the outer f-sheet in a clockwise direction when
viewed down an axis through the pentamer, while loops a1-p1, B and C rotate
counterclockwise (Fig. 4a), altering the pentamer interface in this region (Supplementary
Fig. 9). The rotation and twist of the outer sheet is accompanied by inward bending of the -
barrel, causing repacking of the p-sandwich core such that Phe196 switches between distinct
rotamer positions (Fig. 4a,c); phenylalanine or tyrosine is present at the position equivalent
to Phe196 in all AChR a-subunits. The concerted nature of these shifts suggests that they
are not artifacts of limited resolution, which would produce random shifts. Moreover, the
large change of Phel96 is clear at the current resolution (Fig. 4c). By contrast, the inner -
sheet remains stationary between the two structures (Fig. 4a).

Epibatidine-induced changes in loops A, B, C and F are accompanied by reorganization of
residues within the ligand-binding pocket (Fig. 5a). The most substantial changes are shifts
of Tyr184 of loop C and Tyr91 of loop A, which frame the tertiary nitrogen of epibati-dine
against Trp145 from loop B. These primary stabilizing residues are augmented by Tyr191
from loop C and Trp53 from loop D, with Trp53 exhibiting multiple conformations in the
Apo structure but only one conformation in the Epi structure. The positioning of the five
conserved aromatic residues is similar to that noted for AChBP with bound epibatidine at
3.4 A resolution? (Supplementary Fig. 7), but the 2.8 A resolution of our Epi structure
defines orientations of backbone carbonyls and aromatic side chains in a binding site
containing solely ay residues.

In parallel with changes in the conserved aromatic residues, residues that are implicated in
signal transduction rearrange and show previously unobserved interactions with ligand
recognition residues (Fig. 5b). In the Apo structure, the Lys141 side chain is only partially
defined by the electron density, suggesting dynamic motions or contacts among multiple
partners. However, in the Epi structure the Lys141 side chain is defined, revealing a
hydrogen bond between its e-amino moiety and the aromatic hydroxyl of Tyr184 from loop
C, and also a m—cation interaction with Tyr91 from loop A as it contacts epibatidine (Fig. 5¢
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and Supplementary Fig. 10). Furthermore, in the Apo structure, Arg182 exhibits two
conformations, stacking against the aromatic ring of Tyr184 or extending toward Lys141
(Fig. 3b and Supplementary Fig. 3a), but in the Epi structure, Arg182 stacks uniformly
against Tyr184 while simultaneously hydrogen bonding to the main-chain carbonyl of
Phe183 and linking to Lys141 through a solvent molecule—most probably water (Fig. 5¢
and Supplementary Fig. 10). Thus, in the Apo structure, Tyr184, Tyr91, Lys141 and Arg182
disperse loosely within the binding site, but in the Epi structure they converge into an
ordered assembly. Association of Lys141 with Tyr184 and Tyr91 was noted in the X-ray
crystal structure of AChBP with bound nicotine?, but not in that of AChBP with bound
epibatidine3. With the addition of Arg182, our Epi structure reveals an ordered assembly of
aromatic and cationic residues linking bound agonist to loop C, loop A and the base of the
Cys-loop (Fig. 5c).

Additional a7-specific residues that are associated with loop C may also be functionally
important. In the Apo structure, Glu185 projects from the tip of loop C toward Glu158 and
Aspl60 from loop F of the opposing subunit, creating a region of negative electrostatic
potential (Fig. 3e), while the glycan linked to Asn108 of the complementary subunit makes
van der Waals contact with the disulfide bond between Cys186 and Cys187 from loop C of
the principal subunit (Fig. 3f). In the Epi structure, the glycan dissociates from loop C as this
loop clamps down on epibatidine (Fig. 5d), and loop F moves away from loop C, perhaps
aided by repulsion between Glu185 and Glu158. In the Apo structure, the combination of a
negative electrostatic potential and hydrophilic glycan may create an environment that
facilitates the association of the cationic ACh or inorganic ion modulators such as calcium.

At the base of loop C, additional a.7-specific residues anchor loop C to loop F of the same
subunit. In the Apo structure, Arg179 establishes electrostatic interaction with neighboring
Glul81 and Asp153 from loop F, and it also hydrogen bonds to GIn155 from loop F (Fig.
3c). Asp153, in turn, hydrogen bonds to Thr28 from B-strand 1, while the aliphatic portion
of GIn155 makes van der Waals contact with Tyr30. VVan der Waals contacts also form
between Met156 from loop F and main-chain atoms of Lys178 and Arg179. This network of
surface-exposed residues, present in all subunits, is particularly well defined by the electron
density maps. Positioned at the base of loop C, this stable network may act as a fulcrum
against which loop C flexes. Indeed, in the higher resolution Epi structure, this network is
maintained (Supplementary Fig. 11).

Epibatidine recognition and inter-subunit contacts

The azabicyclo moiety of epibatidine lodges in the center of the aromatic cage (Fig. 6).
Stabilizing interactions comprise a rt—cation interaction between the bridging amino group
of epibatidine and the indole ring of Trp145, and hydrogen bonds between the bridging
amino group and the main-chain carbonyl of Trp145 and the hydroxyl of Tyr91. These are
augmented by extensive van der Waals contacts between the aliphatic portion of the
azabicyclo moiety and Tyr184, Cys186, Cys187 and Trp145, and an interaction between the
aromatic ring of Tyr191 and one of the two electropositive carbon atoms vicinal to the
bridging amino group in epibatidine. The chloropyridine ring stacks edge-to-face against the
indole ring of Trp145 and makes van der Waals contact with Thr146. At the complementary
face of the binding site, the chlorine atom of epibatidine lodges close to the main-chain
carbonyl groups of GIn114 (2.7 A) and Leu104 (3.3 A); the distances and geometry
observed here concur with known halogen bonds, suggesting an unusual role in stabilizing
epibatidine?!. The chloropyridine ring also makes van der Waals contacts with Leu104,
Leul06 and GIn114. Trp53 at the complementary face does not contact epibatidine directly,
but stacks edge-to-face against Trp145, stabilizing that side chain. Comparing our Epi
structure with AChBP bound to epibatidine3 reveals a similar mode of ligand recognition
mediated by a similar principal face but a divergent complementary face.
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In native AChR, the ligand-binding domain establishes a major communication link with the
pore domain22:23, In the present structures this linkage region exhibits previously
unobserved inter-subunit interactions. The B1-p2 loops from adjacent subunits align in a
head-to-tail manner, unlike in AChBP, in which successive 1-p2 loops make little contact
(Fig. 7a). Lys44 from the tip of the B1-p2 loop of the principal subunit establishes
electrostatic interaction with Asp40 from the tail of the B1-p2 loop of the complementary
subunit, and Asn45 of the principal subunit hydrogen bonds with the main-chain carbonyl of
Met39 of the complementary subunit. Asn45 is conserved among AChR a-subunits, but
Lys44 and Asp40 are specific to certain neuronal AChRs (Fig. 1). Inter-subunit contacts that
are mediated by the 132 loops are augmented by interactions between B-strand 6 from the
principal subunit and loops p1-32 and F from the complementary subunit (Fig. 7b). For
example, Serl124 in pB-strand 6 of the principal subunit makes van der Waals contact with
11e165 in loop F and hydrogen bonds with GIn37 in the p1—-32 loop of the complementary
subunit. In muscle AChR, residues that are equivalent to Ser124 and GIn37 mediate inter-
subunit communication essential for efficient channel gating24. Moreover, the tandem
arrangement of the p1—B2 loops creates a ring of ten aspartate and five asparagine residues
that produces a strong negative surface potential facing the central vestibule, which in native
a7 AChRs may concentrate sodium and calcium ions for permeation.

Mutational analyses

The Epi structure suggested that primarily three residues from the principal face of the
binding site stabilized epibatidine: Trp145 from loop B, Tyr184 from loop C and Tyr91
from loop A. To test this interpretation, we substituted phenylalanine for each of the five
conserved aromatic residues in the a7 AChR binding site and measured epibatidine binding.
Under steady-state conditions, epibatidine bound to the a; AChR cooperatively and with
high affinity (Fig. 8a). Substituting phenylalanine at any of the four positions at the principal
face maintained cooperativity, whereas substituting at Trp53 at the complementary face
markedly reduced cooperativity. Furthermore, phenylalanine substitutions increased the
apparent dissociation constant by 4- to 2,200-fold, with the rank order Trp145 > Tyr184 >
Tyr91 > Tyr191 > Trp53. Substitution at Trp145 reduces the size of the aromatic ring, which
would weaken the r—cation interaction with the bridging nitrogen and the edge-to-face
stacking with the chloropyridine ring on epibatidine, whereas substitution at Tyr91 would
remove the hydrogen bond to the bridging nitrogen. Substitution at Tyr184 would remove
the hydrogen bond to Lys141, impairing the closure of loop C and consequently weakening
the rt—cation interaction between Lys141 and Tyr91. Substitutions at Tyr191 and Trp53,
however, decreased affinity to smaller extents. Thus, results from mutagenesis in a.; are
fully consistent with the model of epibatidine binding that is provided by our structure.

Measurements of steady-state agonist binding can also indicate changes in signal
transduction. We therefore examined the binding of ACh to a7 AChRs containing mutations
of a7-specific residues that were highlighted in the structures. Substitutions at Arg182,
Glul85 and Glu181, all in loop C (Fig. 3), increased affinity of the agonist for the a7 AChR
(Fig. 8h). Substitution at GIn37, which spans the subunit interface (Fig. 7b), also increased
affinity. Because ACh binding is highly cooperative, the observed increases in affinity show
that agonist concentrations that minimally occupy native a7 fully occupy the mutants.
Steady-state agonist binding provides a global measure of AChR function, encompassing
equilibria among resting, active and desensitized states and their associated affinities. Thus,
these a.7-specific residues that are highlighted in the structures are likely to contribute to
signal transduction steps linked to agonist binding.
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DISCUSSION

Here we present X-ray crystal structures of a chimeric ligand- binding domain of the a;
AChR in apo and agonist-bound conformations. Because the ligand-binding site and
flanking regions consist entirely of a; residues, the structures provide the highest resolution
images that have so far been obtained of the AChR in regions that govern ligand recognition
and the initial steps in signal transduction. Furthermore, the structures provide realistic
templates for computational drug design, as well as bases for probing structure—function
relationships of the physiologically and clinically important neuronal a; AChR. The
structures also resolve residues that emerge as candidates to confer az-specific functional
properties. Among these, residues in loop C that do not contact bound agonist contribute to
the inherently low agonist affinity of the a7 AChR, suggesting that they affect transduction
of agonist binding to channel gating or desensitization.

Within the ligand-binding cleft, conserved aromatic and a7-specific residues stem from
multiple canonical loops that form the ligand contact surface. Trp145 is the main stabilizing
residue, as is evident from m—cation and dipole—cation interactions with the bridging
nitrogen of epibatidine, and it exhibits the largest decrease in affinity on mutation. Trp145
shows little change between Apo- and Epi structures and thus is a stationary receiver to
which agonist is directed by centric shifts of Tyr184 and Tyr91. The hydroxyl of Tyr91 from
loop A directly stabilizes the bridging nitrogen on epibatidine, whereas the hydroxyl of
Tyr184 provides little direct stabilization but stabilizes loop C in the closed-in conformation
through interaction with Lys141 stemming from the base of the Cys-loop. Tyr91 and Tyr184
are further stabilized by mt—cation interactions with Lys141 and Arg182, respectively. The
convergence of these residues toward bound epibatidine creates an ordered assembly of
cationic and aromatic side chains that locks loops A and C into positions that sequester the
agonist.

Substituting phenylalanine for any of the five conserved aromatic residues reduced
epibatidine affinity for the a; AChR, in accord with interactions that are seen in the bound
complex. However, steady-state agonist binding is a composite measure, encompassing
intrinsic affinity and signal transduction steps that are associated with resting, open channel
and desensitized states. For example, in muscle AChR, substituting phenylalanine for the
residue equivalent to Tyr184 decreases both agonist affinity and channel gating efficacy2°.
Analogously, in a7, substituting phenylalanine for Tyr91 decreased affinity through loss of
direct interaction with agonist, but it may also affect signal transduction through a change of
the rt—cation interaction with Lys141. Thus, although aromatic residues that contact agonist
are clear in the Epi structure, their functional contributions are likely to encompass both
agonist recognition and signal transduction.

Residues within the binding cleft unique to ay emerge as candidates to confer type-specific
ligand recognition properties. At the principal face, the Pro190-Tyr191-Pro192 sequence in
loop C, unique to a7, ag and a1, may affect interaction of Tyr191 with the agonist. At the
complementary face, the ascending and descending p-strands of loop E offer a pair of main-
chain carbonyl groups that engage in halogen bonding to the chlorine atom on epibatidine.
This second anchor positions the chloropyridine ring to establish van der Waals contacts
with loop E residues specific to a7: Leul06, Leul16 and Glu114. Thus, toward
computational drug design, our Epi structure provides the best available template because
the binding site derives entirely from a.; and the resolution is 2.8 A.

Comparison of the Apo and Epi structures reveals changes within the ligand-binding pocket
and flanking regions, highlighting the concept that ligand recognition not only draws
together residues to stabilize agonist but also recruits residues to mediate signal

Nat Neurosci. Author manuscript; available in PMC 2012 November 05.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Lietal.

Page 8

transduction. These local changes propagate to the rest of protein, leading to twisting,
inward bending and repacking of the p-sandwich core of the subunit and the switching of
Phe196 between distinct rotamer positions (Fig. 4a). The functional importance of these
structural changes requires further study, but the present findings demonstrate that local
changes due to agonist binding affect distal sites within the subunit and the pentamer.

Three ay-specific residues in loop C—Arg182, Glu185 and Glu181—do not contact agonist
but contribute to low affinity of the a7 AChR. Mutation of any of these residues shifts
steady-state ACh binding to lower concentrations; because agonist binding is cooperative,
agonist concentrations that minimally occupy native a7 fully occupy the mutant AChRs.
Mechanistically, these residues may affect one or a combination of processes, including
agonist affinity for resting, active or desensitized states, or transitions among these states.
Arg182 and Glul85, located underneath loop C, juxtapose residues with the same charge,
with Arg182 pairing with Lys141 and Glu185 pairing with Glu158 and Asp160. The
increased affinity produced by the mutants R182V and E185Q may thus arise from relief of
electrostatic repulsion, which in native a; may favor the opened-up conformation of loop C,
contributing to low agonist affinity. On the other side of loop C, Glu181 is part of a network
encompassing Arg179, Asp 153 and GIn155, anchoring loop C to loop F. In native a, this
network may promote low agonist affinity, as disrupting it with the mutation E181S
increases affinity. Thus, by revealing inter-residue interactions of az-specific residues, the
present structures provide insights into the unique functional properties of a; AChRs.

The structures exhibit a tandem arrangement of f1-p2 loops that creates a ring of ten
aspartate and five asparagine residues facing the central vestibule that may concentrate
cations before translocation. This arrangement arises through extensive inter-subunit
contacts, comprising van der Waals, hydrogen bonding and electrostatic forces between
successive B1-p2 loops and between B4—B5 and Cys loops of one subunit and loop F of the
opposing subunit. In muscle AChR, simulations of single-cation translocation showed
discrete pauses of the cation, one of which coincided with the ring identified here2®.
However, in muscle AChR, the ring contains five fewer Asp residues, perhaps contributing
to its lower unitary conductance and reduced calcium permeability. In the recent structure of
a glutamate-activated chloride channel from the Cys-loop superfamily28, this ring is neutral,
containing lysine, aspartate and asparagine at equivalent positions, in line with its anion
selectivity. Thus, the present findings not only define structures conserved among AChRs
but also structures unique to a.

ONLINE METHODS

Construction of the a;—AChBP chimera

The initial cDNA construct, cloned into the yeast vector pPICZaA (Invitrogen), comprised
segments encoding the AChBP sequence?’ from the N terminus through the signature Cys
loop followed by the human a7 sequence (GenBank accession number X70297) to the C-
terminal end of the extracellular domain and an M2 Flag affinity tag. This construct
expressed poorly, but addition of three segments of AChBP sequence

(146 THHSR 150, 167YSRF170, 175V TQ177) afforded abundant a-bungarotoxin binding and
yielded pentameric protein on size exclusion chromatography. To increase the proportion of
a7 sequence, segments of a.; were substituted successively into individual secondary
structures and loop regions using combinations of inverse polymerase chain reaction (PCR)
and homologous recombination?8, and overlap extension PCR29, followed by assessment of
a-bungarotoxin binding3® and pentamer formation3L. The final construct, confirmed by
sequencing, bound quantities of a-bungarotoxin similar to those bound by AChBP, and on
size exclusion chromatography eluted with a slightly longer retention time than AChBP.

Nat Neurosci. Author manuscript; available in PMC 2012 November 05.
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Protein expression

The a;—AChBP chimera cDNA was digested with Sacl, and introduced into Pichia pastoris
strain KM71H (Invitrogen) by electroporation. The transformed yeast were applied to plates
containing YPDS growth medium supplemented with zeocin (1 mg mi-1), and after 3 d at 30
°C, colonies were picked and seeded into small-scale cultures of BMGY medium, followed
by BMMY medium for expression. Cell suspensions were centrifuged and supernatants
analyzed for protein expression by chemiluminescence (Roche) based on the M2 Flag tag.
The colony with the highest protein yield was seeded into a 50-ml culture placed into a
rotary shaker overnight at 30 °C and then added to 5 liters of BMGY medium that was
shaken at 30 °C until the ODgqg reached a value of between 2 and 4. The cell suspension
was centrifuged at 2,000g for 5 min at 22—-24 °C and resuspended in 1 liter of BMMY
medium to induce expression. After induction for 3 d, with addition of methanol (0.5 % vol/
vol) every 24 h, culture supernatants were collected for purification.

Protein purification

The culture supernatant was applied to an anti-Flag M2 agarose affinity gel (Sigma), and
protein was eluted using an M2 Flag peptide at 0.1 mM in 50 mM potassium phosphate
buffer, 0.15 M NaCl, pH 6.0. Eluted protein was further purified by size exclusion
chromatography (Superdex 200 10/300 GL, GE) using a Biologic Duoflow system (Bio-
Rad) and isocratic elution with 50 mM potassium phosphate, 0.15 M NaCl, pH 6.0. Protein
fractions were identified by OD»gg, pooled and concentrated for analysis and crystallization.
Although the final protein exhibited differential glycosylation on SDS gels, multi-angle light
scattering showed predominantly monodisperse protein. We therefore used the glycosylated
protein for crystallization.

Crystallization, data collection and structure determination

Both the Apo a;—AChBP chimera and Epi chimera complex crystals were grown at 18-24
°C using the hanging-drop vapor diffusion method by mixing protein (5.3 mg ml-1, 1-2 pl)
with an equal volume of reservoir solution. For the Apo chimera crystallization, the well
solution contained 0.1 M Bis—Tris, pH 6.5, 20% PEGMME 2000, 0.2% NaN3. Plate-like
crystals appeared overnight and reached dimensions of ~0.2 x 0.2 x 0.02 mm3 in 4-5 d.
Only 1%—-2% of crystals were suitable for data collection owing to high mosaicity. For the
Epi chimera complex crystallization, epibatidine and protein were mixed at a molar ratio of
~10:1 and then the sample was incubated on ice for 1.5 h. The crystals were grown in 0.1 M
Tris—=HCI, pH 8.0, 18% PEGMMEZ2K, 0.2 M trimethylamine A-oxide dehydrate, 0.2%
NaN3.

Data were collected at the ALS beamline 8.2.2 at Lawrence Berkeley National Laboratory at
100 °K. Before flashing cooling, crystals were equilibrated for 10-20 s in cryoprotectant
buffer containing mother liquor with 10% glycerol. Data were processed and scaled using
HKL2000 (ref. 32). Both Apo chimera and Epi chimera complex crystals belong to the
space group P24, with unit cell dimensions a=79.126 A, b= 144564 A, c=131.114 A, g=
102.45°; and 2= 81.237 A, b=141.069 A, ¢=130.207 A, 8= 99.649°, respectively. For
both crystals, there were two pentamers in each asymmetric unit. The Apo structure was
solved by molecular replacement with the program Molrep33 using AChBP (PDB: 1UW6)?
as the search model. The model for the crystal structure was rebuilt using Coot34 and refined
with CNS32, An NCS restraint was used to improve refinement, excluding residues in loop
C (Argl79 through to Asp193) and the ligand-binding pocket. The same methods were used
to determine Epi chimera complex structure except using the refined Apo structure as the
search model. All maps are o-A weighted. Crystallographic analysis and refinement
statistics are summarized in Supplementary Table 1. Because chains D and E of the Apo
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structure showed the most open conformation of loop C, they are used as the reference
structure to compare the Apo and Epi structures in Figure 4a.

Ligand-binding measurements to wild type and mutant a; AChRs

cDNAs encoding the human a; AChR and RIC3 (ref. 36) were cotransfected into 293 HEK
cells as described previously3”. Mutations of the a; AChR were generated using
QuikChange (Stratagene), followed by sequencing of the entire coding region. Binding of
ACh or epibatidine to intact cells in suspension was measured by competition against the
initial rate of 1251-labeled a.-bungarotoxin (PerkinElmer) binding as described previously32.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Sequence and numbering of the a;—AChBP chimera and its alignment with related AChR
sequences. Orange indicates invariant residues and yellow indicates partially conserved
residues. Secondary structures are shown schematically above the sequences. Putative

functionally important residues for ligand recognition (pink), signal transduction (blue) and
inorganic ion binding (red) are shown. Loops F and C are indicated by green bars.
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Figure2.

Overall structures of the a7—AChBP chimera and comparison to related structures. (a) Top
view of the a7—AChBP chimera pentamer along the five-fold axis of symmetry; each
subunit is shown in a different color. (b) Structure superposition between the a;—AChBP
chimera (blue) and AChBP (orange) pentamers viewed from the side that is normal to the
five-fold axis. (c) Structure superposition of subunits from the a;—AChBP chimera (blue),
a4 extracellular domain (magenta) and AChBP (orange); loops showing substantial
differences are labeled. (d) Surface representation showing a residues (blue) and AChBP
residues area (beige) on the a;—AChBP chimera. (€) Backbone superposition between the
Apo (gold) and Epi (blue) structures viewed down the five-fold axis. The epibatidine
molecule (Epi) is shown by the Fo - Fcelectron density contoured at the 3.0-o level.
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Loop C ‘

Glu185

Figure 3.

Structures specific to a; revealed by the a;—AChBP chimera. (a) Four regions of a-
specific residues near loops C (magenta) and F (red), indicated by I-1V. (b) Close-up of the
signal transduction region beneath loop C. Alternative conformations of Arg182 are
indicated by different colors. (c) Close-up of linkage region between loops C and F within
the same subunit. (d,e) Glu185-Glu158-Asp160 triad spanning loop C of the principal
subunit and loop F of the complementary subunit, in ribbon (d) and surface (€)
representation. Positive and negative surface potentials are indicated by blue and red,
respectively. (f) Close-up of glycan across from loop C. NAG, N-acetylglucosamine.
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Figure 4.

Epibatidine-induced conformational changes. (a) Backbone superposition between the Apo
(gold) and Epi (blue) structures shows a clockwise rotation of the outer B-sheet (green box
and arrow, bottom) and a counterclockwise rotation of the top part of the subunit structure
(red box and arrow, top) when viewed down the pentamer axis. The stationary inner sheet is
indicated by the black box, and the epibatidine molecule is shown in electron density. The
side chain rotamer switch of Phe196 is also evident in the green box. (b) Backbone
superposition of individual subunits show variable conformations of loop C in the Apo
structure (ten subunits colored differently) but a single closed conformation in the Epi
structure (black, only one structure shown). Epi indicates the epibatidine molecule. (c) The
2F0 - Fcelectron density map (contoured at the 1.0-o level) shows the distinct side chain
conformations of Phe196 (arrows) in the Apo (left) and Epi (right) structures, demonstrating
repacking of the protein core as a result of epibatidine-induced structural changes.
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Figureb5.
Epibatidine-induced structural reorganization of the ligand-binding pocket and flanking

regions. (a) Comparison of the ligand-binding pocket between the Apo (gold) and Epi (blue)
structures. (b) Comparison of key residues underneath loop C implicated in signal
transduction. (c) Highly ordered assembly of Tyr184, Tyr91, Lys141, Arg182 and a solvent
molecule in the Epi structure. Epi indicates the epibatidine molecule. (d) Comparison of the
interactions at the tip of loop C between the Apo (gold) and Epi (blue) structures. NAG, N-
acetylglucosamine.
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Figure6.

Molecular recognition of epibatidine. (a) Stereo view of the ligand-binding pocket from the
side of the pentamer showing the position of epibatidine (Epi) in the aromatic cage. The
protein is in ribbon style and the epibatidine molecule is shown with the Fo— Fcelectron
density contoured at the 3.0-o level. (b) Stereo view of the ligand-binding pocket from
above the pentamer. This view highlights hydrogen-bond interactions and interactions with
the complementary face of the binding site between epibatidine and the receptor chimera.
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Figure7.

Pore-facing regions of inter-subunit contact. (a) Bottom view of the pentamer along the five-
fold axis of symmetry, showing the tandem arrangement of the f1-p2 loops and the ring of
ten aspartate and five asparagine residues. (b) Inter-subunit contacts between the tip of the
B1-B2 loop of the principal subunit (blue) and the stem of the p1-p2 loop of the
complementary subunit (orange).
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Figure8.

Agonist binding after mutation of key residues. (a) Ligand contact residues. (b) Non-contact
residues. Binding of epibatidine and ACh to native a7 AChRs was measured by competition
against the initial rate of 12%]-labeled a.-bungarotoxin binding (see Online Methods). Curves
are nonlinear least-squares fits of the Hill equation to the data with fit parameters given in
Supplementary Table 2.
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