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Summary

Fast inhibitory neurotransmission is essential for nervous system function and is mediated by
binding of inhibitory neurotransmitters to receptors of the Cys-loop family embedded in the
membranes of neurons. Neurotransmitter binding triggers a conformational change in the receptor,
opening an intrinsic chloride channel, thereby dampening neuronal excitability. We present the
first 3D structure of an inhibitory anion-selective Cys-loop receptor, the homopentameric
Caenorhabditis elegans glutamate-gated chloride channel α (GluCl), at 3.3 Å. The X-ray structure
of the GluCl-Fab complex was determined with the allosteric agonist ivermectin and in additional
structures with the endogenous neurotransmitter L-glutamate and the open-channel blocker
picrotoxin. Ivermectin, used to treat river blindness, binds in the transmembrane domain of the
receptor and stabilizes an open pore conformation. Glutamate binds in the classical agonist site at
subunit interfaces, and picrotoxin directly occludes the pore near its cytosolic base. GluCl
provides a framework for understanding mechanisms of fast inhibitory neurotransmission and
allosteric modulation of Cys-loop receptors.

Introduction

Fast inhibitory neurotransmission modulates both the magnitude and duration of neuronal
activity, occurs on a timescale of milliseconds, and involves the release of inhibitory
neurotransmitters into the synapse and activation of the cognate ligand-gated ion channels.
As demonstrated nearly 60 years ago1, fast inhibitory neurotransmission leads to an increase
in the permeability of the cell membrane to chloride, the most abundant biological anion.
Because the membrane potential at which chloride is at equilibrium is near the neuronal
resting potential, neurotransmitter-gated, chloride-selective ion channels generally oppose
normal excitability and repolarize the cell2.

The neurotransmitter receptors that directly mediate chloride permeability constitute one
half of the Cys-loop receptor family3. Receptors in this family are composed of five either
identical or homologous subunits, which generate diversity in functional profiles and
pharmacological preferences. Cys-loop receptors fall into two broad categories. The cation-
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selective members are the nicotinic acetylcholine (nAChR) and serotonin 5-HT3 receptors.
Those selective for anions include the γ-amino butyric acid (GABAA/C), glycine receptors
and invertebrate glutamate-gated chloride channels (GluCl)3–6. There is to date no structural
information for an anion-selective Cys-loop receptor, and the mechanism by which chloride
is selected remains unclear.

Ligand-gated chloride channels are critical not only for maintaining appropriate neuronal
activity, but have long been important therapeutic targets: benzodiazepines, barbiturates,
some intravenous and volatile anesthetics, alcohol, strychnine, picrotoxin and ivermectin all
derive their biological activity from acting on the inhibitory half of the Cys-loop receptor
family3,7. Of note is that many of the therapeutically useful compounds acting at Cys-loop
receptors target an allosteric site. The sites in Cys-loop receptors at which these allosteric
ligands bind and their structure-based mechanisms of action are largely unresolved.

Crystallization of GluCl-Fab complex

We identified the Caenorhabditis elegans GluClα glutamate-gated chloride channel8 as a
promising candidate using fluorescence-detection size-exclusion chromatography (FSEC)9.
In comparison to human Cys-loop receptors, GluClα is most similar to the α1 glycine
receptor, with which it shares 34% amino acid sequence identity (see alignment in
Supplementary Figure 1). Optimization of the receptor construct for crystallization
(GluClcryst) was guided by FSEC analysis and required deletion of 41 residues from the
amino terminus, 6 residues from the carboxy terminus and replacement of the M3/M4 loop
(Lys345-Lys402) with an Ala-Gly-Thr tripeptide. Well ordered crystals diffracting to ∼3.3
Å resolution required co-crystallization of GluClcryst as a complex with a Fab, ivermectin
and lipids (Supplementary Figure 2). Structures with agonist or channel blocker at 3.3 and
3.4 Å were obtained by soaking GluClcryst-Fab-ivermectin crystals with glutamate or
picrotoxin, respectively. The electron density maps are of high quality, thus enabling the
positioning of almost all receptor residues and refinement to satisfactory crystallographic
residuals and stereochemistry (Supplementary Table 1 and Supplementary Figure 3).

Architecture

The GluClcryst-Fab complex forms a pinwheel shape comprising a cylindrical
homopentamer of GluClcryst subunits with Fab molecules bound at each subunit interface
(Figure 1a-b). Each GluClcryst subunit consists of a large amino-terminal extracellular
domain (ECD) of mostly β structure, followed by four α-helical TM spans (M1-M4, Figure
1c). The overall architecture of the ECD is similar to that found in the bacterial receptor
orthologs from Gleobacter violaceus (GLIC)10,11 and Erwinia chrysanthemi (ELIC)12.
There is an additional helix at the amino terminus reminiscent of the acetylcholine binding
protein13–15 (AChBP) and Torpedo marmorata nAChR16 structures. Significantly, GluCl
contains the Cys-loop disulfide strictly conserved in eukaryotes as well as a disulfide bond
in loop C present in glycine receptors (Figure 1c). The TM helices adopt a fold like the
bacterial receptors and nAChR, with the five M2 segments lining the pore and adopting an
open channel conformation, akin to the conformation visualized in the GLIC structures.

To understand the molecular principles of ion channel activation, agonist binding and ion
channel permeation and block, we determined separate crystal structures with the allosteric
agonist ivermectin, and with ivermectin and glutamate, picrotoxin or iodide. Ivermectin is
bound at each of the GluClcryst subunit interfaces in the TM domain whereas glutamate
electron density is present in all five of the classical neurotransmitter binding sites in the
ECD. Anomalous difference density for iodide is present in sites at the base of the TM pore
in a region important for ion selectivity, and a chloride ion was fit into non-protein electron
density in the ion channel pore adjacent to the binding site for picrotoxin.
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Allosteric activation and modulation

Ivermectin is a semi-synthetic macrocyclic lactone and broad spectrum antiparasitic agent,
widely used to treat river blindness in humans and parasitic infections in animals17,18. It
achieves its margin of therapeutic efficacy by activating invertebrate glutamate-gated
chloride channels at nanomolar concentrations8,19, yet it also manifests activating and
potentiating activities on vertebrate Cys-loop receptors20–22 and on P2X ATP-gated ion
channels23 at higher concentrations. Ivermectin potently activates GluClα (Supplementary
Figure 4) while simultaneously rendering the receptor susceptible to further activation by
glutamate24. Hence, at GluClα, we deem ivermectin a partial allosteric agonist.

Ivermectin binds at subunit interfaces on the periphery of the TM domains, proximal to the
extracellular side of the membrane bilayer (Figure 2a-b and Supplementary Figures 5-7).
Wedged between the M3 α-helix on the principal or (+) subunit and the M1 α-helix on the
complementary or (-) subunit, ivermectin inserts deeply into the subunit interface and makes
important contacts with the M2 (+) pore-lining α-helix and the M2/M3 loop. Its site
occupies ∼2 turns of helix on the M1 and M3 helices and centers on a single turn of π-helix
between residues Leu217 and Ile222 on M1, as illustrated by a hydrogen bond between the
main chain carbonyl oxygen of Leu218 and a tertiary hydroxyl on ivermectin. Through
extensive hydrophobic interactions and one hydrogen bond with each of the M1, M2 and M3
α-helices, ivermectin buries 278 and 254 Å2 of surface area on the (+) and (-) subunits in the
interface, respectively.

Ser260 forms a hydrogen bond with the secondary hydroxyl group on the deeply buried
cyclohexene ring of ivermectin (Figure 2a-c, Supplementary Figure 8). A serine residue in
this position is correlated with direct activation by ivermectin in other Cys-loop receptors.
Glycine and GABAA receptors have a serine in the equivalent position and are directly
activated by ivermectin20,21, yet there is no similar serine in α7 nAChRs, where ivermectin
is a positive allosteric modulator but does not directly activate22, nor in GluClβ receptors,
where ivermectin has no activity8. The equivalent position is critical for GABAA receptor
modulation by alcohol25, anticonvulsants, anesthetics and diuretics; glycine and 5-HT3
receptor modulation by anesthetics6; and α7 nAChR modulation by additional compounds26.
Hence, the ivermectin binding site in GluClcryst is shared, at least in part, by many important
modulators of Cys-loop receptors. In GluCl we suspect that the interaction of ivermectin
with the pore-lining M2 helix increases both its affinity for the receptor and its ability to
stabilize the open state.

Ivermectin binding to GluCl likely results in two types of conformational changes: first, a
local distortion of the receptor in the vicinity of the binding site, and second, a global
conformational change of the receptor that corresponds to a transition from a closed, resting
state to an open, activated state. Because we lack a structure of GluClcryst in the absence of
ivermectin, GLIC provides a reference for gauging the local structural consequences of
ivermectin binding to the transmembrane domain of the receptor. In comparing these two
structures we find that the binding of ivermectin increases the separation between M1 and
M3 of adjacent subunits, as defined by a 9.4 Å spacing between GluClcryst Leu218 and
Gly281 Cα atoms compared to 6.4 Å spacing for the corresponding atoms in GLIC. This
splaying apart of the TM helices in GluClcryst occurs at the level of a strictly conserved
proline residue in M1 that forms the carboxy terminal end of the short π-helix
(Supplementary Figure 9).

We hypothesize that the global conformational change induced by ivermectin binding is
rooted in the splaying apart of the M1 and M3 helices and the movement of the apical
portion of M2 away from the pore axis, toward the periphery of the receptor, opening an ion
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conductive pathway. This open-pore conformation of M2 is then stabilized through
interactions between ivermectin and the apical end of M2. In addition, ivermectin may
stabilize the open state of the ion channel through contacts between the disaccharide moiety
and Ile273 in the M2/M3 loop (Supplementary Figure 10).

Neurotransmitter binding site

The ion channel of GluClcryst is activated by glutamate only following activation by
ivermectin (Supplementary Figure 11), in a manner similar to full length GluClα24. The
homomeric GluClβ and heteromeric GluClαβ receptors, by contrast, are directly activated by
glutamate8. In the context of GluClcryst, micromolar concentrations of glutamate augment
ivermectin-induced currents by 30-70%, similar to that of full length receptor. [3H]-L-
glutamate binds directly to the GluClcryst receptor with a KD of 680 nM (Supplementary
Figures 11-13). In agreement with the electrophysiology experiments, [3H]-L-glutamate
binding requires ivermectin. To understand the molecular basis of glutamate binding we
determined the structure of GluClcryst in the presence of ivermectin and glutamate. Sausage-
shaped electron density assigned to glutamate was ∼8σ in Fobs-Fcalc omit maps in all five of
the classical agonist binding sites. Omit electron density maps subjected to real space, 5-fold
averaging displayed a protrusion in the electron density ‘sausage’ that we attributed to the α-
amino group of glutamate (Supplementary Figure 14).

Glutamate binds in the classical neurotransmitter site in the ECD3,27, lodged between
subunits and nearly inaccessible to solvent (Figure 3a-b). The architecture of the site is box-
like, with loops from the (+) subunit forming ‘sides’ of the binding site and the β-strands on
the (-) subunit defining the ‘base.’ Loop C, postulated to play a critical role in allosteric
activation15,28–30, adopts a closed conformation consistent with AChBP structures bound by
agonists. Functional groups on glutamate bridge the (+) and (-) subunits with the α-
substituents snugly sandwiched between Tyr151 and Tyr200 on the (+) subunit, and
positively charged residues, including Arg37 from a region important for conotoxin-nAChR
interaction31, and Arg56 on the (-) subunit, making contacts with the α- and γ-carboxylate
groups. These arginine residues, in combination with neighboring cationic amino acids,
provide the binding pocket with a strongly positive electrostatic potential (Supplementary
Figure 15). The α-amino nitrogen of glutamate is stabilized through a 3.8 Å cation-π
interaction with Tyr200 on loop C, a hydrogen bond with the backbone carbonyl oxygen of
Ser150 and a close interaction with the backbone carbonyl oxygen of Tyr151. A comparison
of the determinants of glutamate binding with the corresponding residues in the AChBPs
and other receptors is made in Supplementary Figure 16.

To test the sensitivity of the glutamate binding site to perturbations in ligand structure, we
screened glutamate analogs for competition with [3H]-L-glutamate bound to the ivermectin-
complexed receptor (Figure 3c, Supplementary Figure 17). L-glutamate bound much tighter
than L-homocysteine sulfinic acid, which differs only in replacement of Cδ with sulfur.
Extending the side chain length with an extra carbon (L-amino adipic acid) or shortening it
(L-aspartate) resulted in a further drop in affinity, and changing the stereochemistry (D-
glutamate) or removing the side chain negative charge but not its ability to hydrogen bond
(L-glutamine) decreased binding further. Thus, the GluCl neurotransmitter binding pocket is
selective for small dicarboxylate L-amino acids, consistent with the constellation of atomic
interactions between agonist and receptor (Figure 3a-b).

Upon the binding of glutamate the side chain of Arg56 in loop D (β2) shifts by ∼0.5 Å to
accommodate the agonist and Tyr200 in loop C repositions by ∼0.5 Å closer to the ligand,
small yet significant conformational changes consistent with movements of loops C and D in
the agonist-induced activation of the receptor. These residues, together with Arg37 (β1), are
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located on elements of protein structure directly connected to the ion channel pore. We
suggest that ivermectin, a partial allosteric agonist, stabilizes an ‘activated’ conformation of
the agonist site and that binding of glutamate to this ‘activated’ site further stabilizes the
open state of the receptor, increasing chloride conductance. How does ivermectin transduce
a conformational change to the neurotransmitter site? Perhaps through the interactions of
ivermectin with the M2/M3 loop, located at the structural nexus of three ECD loops central
to allosteric communication between the neurotransmitter site in the ECD and the TM pore:
the Cys-, β1/β2 and β8/β9 loops6 (Figure 2a, Supplementary Figure 10). Hydrophobic
residues in the M2/M3 loop mediating these interactions are well conserved in most Cys-
loop receptors, consistent with the M2/M3 loop playing a central role in the activation
mechanism of receptors throughout the family32–36.

Pore conformation

To test the hypothesis that the GluClcryst-ivermectin structure represents an open,
conducting conformation (Figure 4), we carried out functional and structural studies using
picrotoxin, an open channel blocker37,38 (Figure 5, Supplementary Figure 18). Electron
density in picrotoxin-soaked crystals was apparent at a position near the cytosolic side of the
transmembrane pore, on the 5-fold axis of molecular symmetry (4.3 σ, Supplementary
Figure 19). Thus, the observed electron density is an average of five orientations.
Nevertheless, the egg-shaped picrotoxin-associated electron density suggests that the basket-
like, fused tricyclic rings are directed extracellularly and near 2′Thr, while the isoprenyl tail
points toward the cytoplasm and is proximal to -2′Pro residues. In this position, the majority
of the oxygen atoms of picrotoxin are cradled by the polar belt of 2′Thr hydroxyls while the
hydrophobic isoprenyl moiety is surrounded by the methylene groups of the non-polar
-2′Pro side chains. Most importantly, the binding of picrotoxin to the pore of GluClcryst-
ivermectin complex reinforces our hypothesis that the pore is an open conformation.

The smallest diameter of the GluClcryst ion channel pore is ∼4.6 Å, defined by a
hydrophobic ‘girdle’ of -2′Pro side chains proximal to the cytoplasmic side of the
membrane. Because chloride has a Pauling radius of 1.8 Å2, passage of chloride, iodide
(Pauling radius of 2.2 Å2) and other permeant ions through the -2′Pro constriction must
involve substantial dehydration, in agreement with previous studies demonstrating a
correlation between energies of hydration and relative permeabilities (higher for iodide than
chloride, Supplementary Figure 20)39. The pore constriction in GluClcryst is somewhat
smaller than that estimated for GABAA, glycine and GluClβ receptors (5.2-6.2 Å)3,40, based
on low but measureable relative permeability to ions like acetate, gluconate and phosphate.
This difference may be due to the alanine residues at the -2′ position in the β subunits of all
three of those receptors.

GluCl is related to the Torpedo nAChR (PDB: 2BG9)16 in amino acid sequence and three
dimensional structure and thus we compared the structures and the aligned sequences. In so
doing, we found inconsistencies between amino acid sequence-based alignments and three-
dimensional structure-based alignments of the M2 and M3 α-helices. A similar finding was
described in comparisons of GLIC to the nAChR4. Our analysis indicates that in the α-
subunit M2 pore-lining helix and the M3 α-helix, the nAChR amino acid assignment is off
in register by 4 residues or ∼1 turn of an α-helix beginning with the M1/M2 loop
(Supplementary Figure 21).

Ion selectivity

Analysis of GluClcryst surface electrostatics reveals an electropositive vestibule, a slightly
electronegative extracellular half of the TM pore, and an electropositive intracellular half
(Figure 6a). None of the pore-lining residues in GluClcryst bear a formal charge and thus the
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positive electrostatic potential at the base of the pore arises from the oriented peptide dipoles
in the M2 α-helices41, reminiscent of the role that helical dipoles play in ClC chloride
channels42. Cation channels reverse the selectivity imposed by orientation of the M2 dipoles
through placing a negatively charged side chain near the pore constriction point43. While
other regions contribute to the modulation of conductance and selectivity in some Cys-loop
receptors, the minimal determinants of selectivity are the -1′Ala and -2′Pro positions for
anions and the -1′Glu for cations3,44, with no requirement for positively charged amino acids
in the pore of anion-selective channels40 (Supplementary Figure 22).

To identify sites important in chloride binding and selectivity, we soaked crystals of
GluClcryst in iodide, a heavy atom analog of chloride, and observed four anomalous
difference peaks that we ascribe to iodide, located at the cytosolic base of the TM pore and
centered around the 5-fold symmetry axis (Figure 6b-d). The weak density at the fifth site is
simply the consequence of an interfering lattice contact with an adjacent Fab. Each iodide
sits in a concave pocket of positive electrostatic potential formed by -2′Pro residues from the
M2 helices of adjacent subunits, main chain backbone atoms of -1′Ala and -3′Ile and the
methyl group of -1′Ala. All three of these residues are important in selectivity for some
receptors, with the -1′ position being an essential component of selectivity across the
family3. Previous studies suggest that the main chain amide nitrogen at the -3′ position is
important in GluClβ receptors for anion dehydration40. In GluClcryst this atom is ∼5 Å from
the center of the iodide anomalous density and could form water-mediated hydrogen bonds
to anions at the mouth of the ion channel pore.

Electron density maps derived from all GluClcryst X-ray diffraction data sets exhibit a
spherical peak in the pore between the 2′Thr and 6′Thr residues (6.8 σ in Fobs-Fcalc omit
maps) with no other peaks in the pore above 2.5 σ. Anomalous difference electron density
maps were inconclusive in identification of this peak. Therefore, we placed several different
ions or molecules in the difference density and determined, through crystallographic
refinement and inspection of difference electron density maps, that a single chloride anion
best accounted for this electron density feature (Supplementary Table 1). Distances between
the modeled chloride and 6′Thr side chain hydroxyl oxygen atoms are consistent with water
mediated hydrogen bonding of chloride in the pore45, indicating this location could be a
transiently occupied ion binding site flanking the constriction point. Further experimentation
is required to validate the chemical identity of the bound species.

The iodide binding sites nestled in electropositive pockets at the base of the pore suggest
general principles of ion selectivity in Cys-loop receptors. In GluCl and other chloride-
selective receptors there is either an alanine or glycine residue at the -1′ position of the M2
helix, thus preserving the concave pocket. By contrast, in eukaryotic cation selective
channels, the -1′ residue is a conserved glutamate. We suggest that the carboxylate side
chain of glutamate not only fills the ‘anion pocket’ but that it also imposes a local negative
electrostatic potential important for cation selectivity (Supplementary Figure 22). Previous
cysteine accessibility studies in cation selective channels have suggested that the -1′Glu
position lines the TM pore46. However, on the basis of the GluClcryst structure and amino
acid sequence alignments, we propose that the preceding residue, a conserved glycine (-2′
residue), lines the pore of cation channels, consistent with the significantly larger pore
diameter of cation channels (7.4-8.4 Å). In support of the -2′ residue defining the pore
constriction, deletion of the -2′Pro in glycine receptors, which would shift the following
glycine residue into the -2′ position, increases pore diameter to 6.9 Å47. Furthermore, the
-2′Gly position in cation-selective 5-HT3A receptors is accessible to modification when the
pore is open48. We propose that the -2′ position lines the pore in both anion and cation
channels and that the ‘anion pockets’ in GluClcryst are important determinants of ion
selectivity, increasing the local concentration of anions at the cytoplasmic mouth of the pore.
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Conclusion

Here we present the first X-ray structure of a eukaryotic Cys-loop receptor, a glutamate-
gated chloride channel from C. elegans. GluClcryst was co-crystallized with ivermectin, a
partial allosteric agonist that sequesters within the membrane bilayer and binds to exposed
sites on the transmembrane domains of the receptor. Lipophilic modulators of other Cys-
loop receptors may exploit a similar mechanism of interaction, including the neurosteroids at
the GABAA receptor6 and cholesterol at the muscle nAChR49. The GluClcryst-ivermectin
structure maps a previously uncharacterized binding site at a protein-lipid interface and
defines a protein/chemical scaffold for design of receptors and ligands with new
pharmacological properties and receptor specificities. Binding of ivermectin induces local
changes in the membrane domain and global conformational changes in the entire receptor,
pre-organizing the agonist binding site ∼30 Å away and opening the ion channel pore.
Analysis of amino acids lining and proximal to the pore suggest that anion selectivity is
accomplished largely through a pore constriction imposed by proline residues and a positive
electrostatic potential, conferred by the amino terminal end of the M2 helix dipoles. These
new findings advance our understanding of the molecular mechanism of fast neuronal
inhibition, the importance of which was first appreciated more than one hundred years
ago50.

Methods summary

GluClcryst was expressed from baculovirus-infected Sf9 cells and purified by metal ion
affinity chromatography. The Fab complex was isolated by size-exclusion chromatography.
The GluClcryst-Fab complex was concentrated to 1-2 mg/mL and supplemented with
synthetic lipids and ivermectin. Crystallization was performed by hanging drop vapor
diffusion at 4°C with a precipitating solution containing 21-23% PEG 400, 50 mM sodium
citrate pH 4.5 and 70 mM sodium chloride. Cryoprotection was achieved by soaking crystals
in precipitant solution supplemented with 30% PEG 400. Additional complexes were
obtained by soaking crystals in cryoprotectant containing L-glutamate, picrotoxin or sodium
iodide. Diffraction data were indexed, integrated and scaled and the structure solved by
molecular replacement using a GLIC-derived homology model of GluClcryst and a Fab
homology model as search probes. The molecular replacement phases were used to initiate
autobuilding and the resulting model was iteratively improved by cycles of manual
adjustment and crystallographic refinement. Function of GluCl was examined by two-
electrode voltage clamp experiments and by [3H]-L-glutamate saturation and competition
binding assays.

Full Methods

Construct design

The gene encoding the full-length C. elegans GluClα protein (GI:1091780)8, including the
native signal peptide and a C-terminal 8×-histidine tag, was codon optimized and subcloned
into the pFastBac1 vector for baculovirus-driven expression in Sf9 insect cells. A construct
for FSEC9-based small-scale screening of detergent stability, mutagenesis, and purification
additionally contained the EGFP-coding sequence inserted into the M3/M4 loop region as
previously described51-53. To improve crystallization behavior, 41 amino acid residues from
the N-terminus and 6 from the C-terminus were removed, and residues K345-K402 (in the
mature, full-length sequence), corresponding to the M3/M4 loop, were substituted with the
residues AGT.
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GluCl expression and purification

Bacmid and baculovirus were generated from pFastBac1 constructs and Sf9 cells were
infected at 27°C using standard methods. After 18 h of infection, cells were maintained
shaking at 20°C, and then harvested for purification after 72-96 h. Cells were collected by
centrifugation at 6,200 × g and disrupted using an EmulsiFlex-C5 (Avestin) in buffer
containing 20 mM Tris pH 7.4, 150 mM NaCl (TBS buffer), and 1 mM PMSF. The
homogenate was clarified by centrifugation at 9,700 × g, and crude membranes were
collected from the light membrane fraction by centrifugation at 125,000 × g (at ravg). The
membranes were mechanically homogenized and solubilized in 0.25 g C12M (n-dodecyl-β-
D-maltopyranoside, Anatrace) per g of membranes in TBS. Solubilized membranes were
centrifuged at 125,000 × g. Supernatant containing GluClcryst was bound to TALON Co2+-
affinity resin (Clontech), washed with TBS solution containing 1 mM C12M and 25 mM
imidazole, and eluted with 250 mM imidazole. All purification steps were performed at 4°C.

Monoclonal antibody generation and Fab purification

The mouse monoclonal antibody against GluCl (IgG1, λ) was obtained using standard
methods54. Specificity of the antibody for properly-folded pentameric GluClcryst was
assayed by FSEC and Western blot. Cloning and sequencing of Fab antibody regions were
performed from mouse hybridoma cells. Antibody was purified from hybridoma
supernatants by cation exchange and protein A affinity chromatography. Fab fragments were
generated by papain digest of whole antibody, and purified by protein A chromatography to
remove Fc molecules and undigested material, followed by anion exchange.

Purification of GluClcryst-Fab complex

Eluent from Co2+-affinity purification and Fab from ion exchange were mixed to an excess
of Fab to GluClcryst subunits, concentrated, and applied to a gel filtration column (Superose
6 10/300 GL, GE Healthcare Life Sciences) equilibrated in TBS + 1 mM C12M. GluClcryst -
Fab complex was concentrated to 1-2 mg/mL. For samples used in crystallization, 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocoline (POPC) or 1,2-dipalmitoyl-sn-glycero-3-
phosphocoline (DPPC) lipids (Avanti Polar Lipids) were added to 0.02% from a 2% stock
suspension in 20% DMSO, 80% gel filtration buffer, and ivermectin (Sigma) was added to
0.1 mM from a 10 mM stock in DMSO.

Crystallization and cryoprotection

Initial crystallization attempts of GluCl constructs in the absence of Fab resulted in poorly
diffracting (8 Å) crystals that grew in a very limited range of crystallization conditions.
Crystallization of the Fab complex occurred in diverse conditions; best diffracting crystals
were obtained in hanging-drop format and diffracted to 4-5 Å. Crystals diffracting beyond 4
Å were obtained only in the presence of Fab, either POPC or DPPC, and ivermectin. These
tetragonal crystals grew by vapor diffusion at 4°C in 21-23% PEG 400, 50 mM sodium
citrate pH 4.5, and 70 mM sodium chloride, and diffracted maximally to Bragg spacings of
3.26 Å (Supplementary Table 1). Crystals were protected before flash freezing in liquid
nitrogen by 1-2 min soaks in crystallization solution supplemented to contain 30% PEG 400.
To obtain structures of GluClcryst in complex with additional ligands, crystals of the same
form were soaked briefly in cryoprotectant containing either 5 mM picrotoxin (picrotoxinin,
the more active component of picrotoxin, was used, obtained from Sigma), 50 mM L-
glutamate or 300 mM sodium iodide. In an effort to minimize occupancy of chloride in the
iodide-soaked crystals, crystals were transferred serially into three replicate cryoprotectant
solutions lacking chloride before flash freezing. Nonetheless, because the iodide soaks were
only 1-2 minutes, some chloride may have been carried over from crystallization. Electron
density maps derived from these crystals showed no significant change in the strength of the
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electron density feature in the pore where we have modeled a chloride ion. We also soaked
crystals in an analogous manner in bromide-containing cryo-solutions but were not able to
observe significant peaks in the resultant anomalous difference electron density maps.

Data collection

Diffraction data were collected using synchrotron radiation at the Advanced Photon Source
(Argonne National Laboratory, beamline 24-ID-C) with a mini-Kappa goniometer and in-
house crystal alignment strategy software. The best-ordered crystals have a diffraction limit
of 3.26 Å, a mosaic spread of 0.2-0.5°, and they are of the space group P43212 with one
GluClcryst -Fab complex per asymmetric unit. The unit cell dimensions are a = b = 155 Å, c
= 575 Å, α = β = γ = 90°, resulting in a Matthews' coefficient (VM) of 4.0 Å3/Da55.
Diffraction data were indexed, integrated and scaled using HKL200056 or Xia257-62

software.

Structure determination

The structure was solved by molecular replacement using Phaser63; the search probe was a
pentameric homology model of GluClcryst made from GLIC (PDB: 3EHZ)10, using Swiss-
Model64. After an initial solution was found, phases were improved by solvent flattening65

and electron density for Fab molecules bound at each of the five subunit interfaces of
GluClcryst became plainly visible. A Fab homology model was made, using PDB 1NGQ for
the light chain and 1F3D for the heavy chain, and Coot66 to overlay the two modeled chains
to make a single Fab molecule. Fab CDR loops were truncated and the model was used for
molecular replacement using the GluClcryst solution as a starting point. In this manner, a
single Fab was placed, and by copying the remaining Fab molecules around the 5-fold non-
crystallographic symmetry (NCS) axis, approximate positioning of all Fab molecules was
accomplished. Electron density for Fab constant domain regions was poor after NCS
averaging, and from non-averaged maps it was clear that the Fab constant domains did not
obey 5-fold symmetry. A starting model that included GluClcryst and five Fab variable
domains was used for automated building with Buccaneer67. Electron density maps were
then good enough to position ivermectin molecules in the transmembrane domain loci, and
to begin manual building of the Fab constant domains. Ivermectin stereochemistry,
determined previously, is modeled as such68. Numbering of ivermectin atoms in the figures
is as defined in the PDB files; Supplementary Table 2 relates this numbering to that from the
small molecule structure.

Iterative refinement of the model against the X-ray data using Phenix69, manual adjustment
in Coot into simulated annealing composite omit electron density maps69 or real-space
averaged maps70, and structure quality analysis using Molprobity71 were carried out until
satisfactory model statistics were obtained. Three groups of five-fold NCS restraints were
present during refinement: five subunits of GluClcryst, five heavy chain Fab variable
domains (residues 1-120), and the five light chain Fab variable domains (residues 1-108);
the r.m.s. deviations between the chains within each of these three groups were 0.017, 0.014,
and 0.015 Å, respectively. Isotropic B factors and TLS parameters were also refined; the 15
TLS groups comprised five GluClcryst subunits, five Fab variable domains, and five Fab
constant domains. The final models contain the GluClcryst pentamer from residues 1-339 or
340, five ivermectin molecules, a single N-linked carbohydrate at N185 in three of the five
subunits, five Fab molecules (1-221 for heavy chains, 1-210 for light chains), and several
lipid and detergent molecules. Some portions of the Fab constant domains lacked electron
density in composite omit maps and hence were omitted from the final model. The iodide-
bound structure is of very low resolution and not completely refined: several anomalous
difference electron density peaks in the ECD were not modeled with iodide atoms.
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Sequence alignments were made using PROMALS3D72 and ClustalW73. Isoelectric surface
calculations were made using the APBS74 add-on in PyMOL75. Pore dimensions were
analyzed using HOLE software76.

Electrophysiology

RNAs encoding GluCl proteins were transcribed from pGEM-HE77 plasmids using the
mMessage mMachine T7 Ultra kit (Ambion). Defolliculated stage V-VI Xenopus oocytes
were generously provided by David C. Dawson and Chris Alexander, prepared as previously
described78. Oocytes were injected with 25 ng of GluCl RNAs, and current recordings were
made 3-5 days following. Frog saline (FS) recording solution contained (mM) 96 NaCl, 2
KCl, 1 MgCl2, 1.8 CaCl2, 5 Hepes pH 7.5. Recording solution for iodide permeability
experiments was FS but with NaI in place of NaCl. All ligands were made up in FS from
stock solutions in water, except: picrotoxin, 1 M stock in DMSO; ivermectin, 5 mM stock in
DMSO. Recording electrode pipettes (0.7-2 MΩ) were cushioned with 0.8% LMP agarose
in 3 M KCl and backfilled with 3 M KCl. Oocytes were voltage-clamped at -80 mV except
in experiments to determine the reversal potential which employed 40 ms voltage steps.
Analog data were filtered at 50 Hz and digitized at ≥1 kHz. The Axoclamp 2B amplifier
(Axon Instruments) and pClamp 10 software (Molecular Devices) were used for data
acquisition. In uninjected oocytes, no significant responses to test solutions were observed
(Supplementary Figure 13).

Radioligand binding experiments

Experiments to test binding of [3H]-L-glutamate to GluClcryst and competition of the
radioligand with other compounds were done using purified Nano15-tagged79 GluClcryst (N-
terminal tag) and streptavidin-Ysi scintillation proximity assay beads (SPA; GE Healthcare
Life Sciences). The concentration of binding sites was fixed at 100 nM after a preliminary
experiment to determine optimal GluClcryst concentration (Supplementary Figure 12). Other
binding assay components were: 50 mM Tris pH 7.4, 150 mM NaCl, 1 mM C12M, 1 mg/mL
SPA beads, and 1 μM ivermectin. Saturation binding of [3H]-L-glutamate in the presence
and absence of Fab was performed with a 1:30 dilution of specific activity of the radiolabel
with [1H]-L-glutamate, and a slight molar excess of Fab to GluClcryst binding sites as
verified by FSEC experiments. Measurement of background signal in saturation binding
experiments was complicated by, we believe, significant binding of [3H]-L-glutamate
directly to SPA beads and lack of a chemically-distinct competitor for the neurotransmitter
binding site. Neither high concentrations of [1H]-L-glutamate or absence of protein were
able to fully account for this apparently non-specific signal. To address the background
component that was not accurately measured experimentally, we combined subtraction of a
background signal measured in the absence of GluClcryst with a linear component still
present in the binding data (calculated using the total binding function in the fitting
software). In saturation binding experiments in the presence of Fab (Supplementary Figure
12), data were better fit after removing background signal measured in the presence of 10
mM [1H]-L-glutamate combined with the calculated linear component. In competition
binding experiments to determine IC50 values, [3H]-L-glutamate was 1 μM using a 1:10
dilution of specific activity of the radiolabel with cold glutamate. In all [3H]-L-glutamate
and electrophysiological dose-response experiments, data were fit with GraphPad Prism
software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Architecture of GluClcryst-Fab complex

In a, view of the GluClcryst-Fab complex looking down pore axis toward cytosol. Fab
molecules (cyan) are bound at each GluClcryst subunit interface. In b, view parallel to lipid
membrane; only two Fab molecules are shown for clarity. The ligands ivermectin and
glutamate are represented as spheres with carbon atoms in yellow, oxygen in red and
nitrogen in blue. In c, a single GluClcryst subunit from two angles, approximate orientation
as in panel b. The Cys-loop and loop C disulfide bonds are shown as spheres, N- and C-
termini and TM spans are indicated. Loops of particular relevance to agonist binding and
allosteric gating linkage are also indicated.
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Figure 2. Ivermectin binding site and atomic interactions

In a and b, two orientations of a GluCl subunit interface focusing on ivermectin binding site.
Dashed lines indicate hydrogen bonds. In a, view is from receptor periphery looking parallel
to the membrane, and in b looking down pore from extracellular side with ECD removed for
clarity. In c, chemical structure of ivermectin with interactions indicated; VDW: van der
Waals. Atomic numbering is from PDB file.
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Figure 3. Glutamate binding site and specificity

In a, view from extracellular side toward membrane at glutamate in binding site in subunit
interface. In b, view of binding site looking parallel to membrane with loop C removed for
clarity. Dashed lines with distances in Å indicate hydrogen bonding and, in the case of
Tyr200, cation-π interactions. Unless a range is given, distances are an average from the five
binding sites. In c, radioligand competition experiments with L-glutamate and congeners
against 1 mM [3H]-L-glutamate. Calculated KI values assume a KD for [3H]-L-glutamate of
680 nM and are shown in inset table; n = 2 and CI, confidence interval. L-HCS and L-AA
are L-homocysteine sulfinic acid and L-amino adipic acid, respectively.
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Figure 4. Ion channel

In a, purple spheres represent internal surface of transmembrane ion channel, with side
chains shown for pore-lining residues from two of the five M2 α-helices that line the pore;
Ser260 does not line the pore but hydrogen bonds with ivermectin. In b, pore diameter is
plotted as a function of longitudinal distance along the pore for GluClcryst, open (GLIC,
PDB: 3EAM) and closed (ELIC: 2VL0) bacterial receptors.
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Figure 5. Picrotoxin binding site

In a, front two subunits removed to show picrotoxin location (boxed) at cytosolic base of
pore. Residues involved in picrotoxin binding are shown as sticks and van der Waals
surfaces are shown for picrotoxin. In b, looking into pore from ECD at picrotoxin position
relative to 2′Thr and -2′Pro side chains.
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Figure 6. Ion selectivity

In a, front of receptor is cut away to reveal interior surface of pore, colored by electrostatic
potential. Dashed circle in pore indicates putative chloride binding site. In b, expanded view
from a showing selected M2 side chains from opposing subunits. Anomalous difference
peaks at pore base are attributed to iodide binding sites (light grey mesh, contoured at 3.5 σ).
Fobs-Fcalc omit density for the putative chloride site is represented by yellow mesh contoured
at 3 σ. The electropositive pockets where iodide ions bind are shown in c, viewed from
inside the protein surface; four residues from adjacent M2 helices that coordinate the iodide
sites are shown as sticks. In d, electropositive pockets viewed from the intracellular side. In
e, putative chloride site viewed from extracellular side of pore with 6′Thr residues in
foreground; Fobs-Fcalc omit density (yellow) is contoured at 4 σ. Carbon atoms are colored
by chain and chloride is represented by a 1 Å cyan sphere. Closest distances in Å from
protein atoms to center of sphere are indicated by dashed lines from the 6′Thr side chain
hydroxyl.
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