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            Abstract
Type A γ-aminobutyric acid (GABAA) receptors are pentameric ligand-gated ion channels and the main drivers of fast inhibitory neurotransmission in the vertebrate nervous system1,2. Their dysfunction is implicated in a range of neurological disorders, including depression, epilepsy and schizophrenia3,4. Among the numerous assemblies that are theoretically possible, the most prevalent in the brain are the α1β2/3γ2 GABAA receptors5. The β3 subunit has an important role in maintaining inhibitory tone, and the expression of this subunit alone is sufficient to rescue inhibitory synaptic transmission in β1–β3 triple knockout neurons6. So far, efforts to generate accurate structural models for heteromeric GABAA receptors have been hampered by the use of engineered receptors and the presence of detergents7,8,9. Notably, some recent cryo-electron microscopy reconstructions have reported ‘collapsed’ conformations8,9; however, these disagree with the structure of the prototypical pentameric ligand-gated ion channel the Torpedo nicotinic acetylcholine receptor10,11, the large body of structural work on homologous homopentameric receptor variants12 and the logic of an ion-channel architecture. Here we present a high-resolution cryo-electron microscopy structure of the full-length human α1β3γ2L—a major synaptic GABAA receptor isoform—that is functionally reconstituted in lipid nanodiscs. The receptor is bound to a positive allosteric modulator ‘megabody’ and is in a desensitized conformation. Each GABAA receptor pentamer contains two phosphatidylinositol-4,5-bisphosphate molecules, the head groups of which occupy positively charged pockets in the intracellular juxtamembrane regions of α1 subunits. Beyond this level, the intracellular M3–M4 loops are largely disordered, possibly because interacting post-synaptic proteins are not present. This structure illustrates the molecular principles of heteromeric GABAA receptor organization and provides a reference framework for future mechanistic investigations of GABAergic signalling and pharmacology.
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                    Fig. 1: Architecture of the full-length α1β3γ2L GABAA receptor in lipid nanodiscs.[image: ]


Fig. 2: PIP2-binding sites in α1β3γ2L GABAA receptor.[image: ]


Fig. 3: Neurotransmitter-binding pocket and docked GABA.[image: ]


Fig. 4: Conductance and permeation pore structure of the α1β3γ2L GABAA receptor.[image: ]


Fig. 5: Anaesthetic-binding sites in the α1β3γ2L GABAA receptor TMD.[image: ]
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                Data availability

              
              Atomic coordinates of the human α1β3γ2L GABAA receptor in complex with Mb38 have been deposited in the Protein Data Bank (PDB; accession code 6I53). The cryo-EM density maps have been deposited in the Electron Microscopy Data Bank (EMD-4411).
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Extended data figures and tables

Extended Data Fig. 1 Cryo-EM image processing procedure.
a, Overview of cryo-EM data collection and image-processing procedure (see Methods). b, Representative micrograph of the α1β3γ2L–Mb38–nanodisc complex obtained using the Falcon3 detector and Volta phase plate. c, Representative 2D class averages for downscaled data (box size of 240 Å). d, FSC curves for the reconstruction before and after applying a soft mask. e, The unsharpened map from refinement coloured by local resolution estimate (calculated using MonoRes38) and shown at a low isosurface level to enable visualization of the nanodisc (top) and at a high isosurface level (bottom). f, Angular-distribution histogram of particles used in calculating the final 3D reconstruction for the receptor assembly. g, FSC curves for cross-validation between maps and models: model versus summed map (black), model versus half map 1 (used in test refinement, green), model versus half map 2 (not used in test refinement, blue).


Extended Data Fig. 2 Sequence alignment of GABAA receptor α1, β3 and γ2 subunits, biochemical characterization and binding assays.
a, Alignment of wild-type GABAA receptor subunit sequences, in which 1 represents the first residue of the mature protein. α-helices (grey cylinders), β-strands (black arrows) and associated loops are indicated. Glycosylation sites are indicated by a blue pentagon and the associated subunit residue is highlighted in blue. Residues identified as coordinating PIP2 binding are highlighted in yellow and are indicated by yellow hexagons. The alignment graphic was prepared on the ESPript 3.0 server (http://espript.ibcp.fr/ESPript/ESPript/). b, Structure of a single α1 subunit. c, Western blot analysis of cell lysates from LMNG-solubilized control HEK293 cells and α1β3γ2L GABAA receptor cells, and purified α1β3γ2L GABAA receptors in nanodiscs. The arrowhead denotes the band corresponding to the full-length GABAA receptor subunits, which migrates as a species of about 51–55 kDa. With the exception of the α1 subunit (which displays a small degree of proteolysis following reconstitution, denoted by an asterisk), GABAA receptor subunits do not display apparent proteolysis during solubilization, purification and reconstitution. Western blots were repeated twice independently with similar results. d, GABA enhanced displaceable [3H]flunitrazepam binding to purified receptors in a concentration-dependent manner in the presence or absence of Mb38. Points represent individual samples from two separate experiments.

                          Source data
                        


Extended Data Fig. 3 α1β3γ2 model-map validation and electron microscopy density.
a–m, Electron microscopy density segments for representative regions of each subunit and Mb38. Sharpened map contoured as detailed in Methods.


Extended Data Fig. 4 Comparison of TMD architecture with α1β2γ2 and α1β1γ2 GABAA receptor structures in detergent.
a–f, Superposition of subunit chains of α1β3γ2L GABAA receptor (grey) onto equivalent chains of α1β2γ2 GABAA receptor in DDM (conformation B; PDB ID: 6D6T) and the γ2 subunit of α1β2γ2 GABAA receptor (conformation A; PDB ID: 6D6U). R.m.s.d. values are for Cα atoms over the entire subunit. g, Overview of the TMD of α1β3γ2 in nanodisc. h–j, Superposition of TMD for α1β2γ2 GABAA receptor conformation A (h), conformation B (i), α1β1γ2 GABAA receptor (PDB ID: 6DW0; j) and the α1β3γ2–nanodisc complex (grey ribbon). Transmembrane helices of the γ2 subunit are labelled. The transmembrane helices of the γ2 show considerable distortion in detergent-bound complexes. M4 helices in α1 and γ2 subunits were not modelled in the α1β1γ2 GABAA receptor. k–n, Superposition of β− subunits reveals conformational differences of the γ2+ subunit (α1β3γ2–nanodisc complex in grey). Differences in distance (∆) between selected residue Cα atoms (spheres) are indicated by black lines. Disruption of the γ2 TMD induces substantial displacement of loop 7, loop 2 and the M2–M3 loop at the ECD–TMD interface in the detergent-bound α1β2γ2 structures (l, m), and to a lesser extent in α1β1γ2 GABAA receptor (n). o–r, Close-up view of M2 helices at the level of −2ʹ proline or alanine residues (Cα atoms shown as spheres) in nanodisc (o) and detergent-bound structures (p–r).


Extended Data Fig. 5 Mb38 binding and function.
a, b, Side (a) and top-down (b) views of neighbouring α1+ and β3− subunits bound to Mb38. c, Representative normalized current traces obtained in cells expressing the α1β3γ2L receptor exposed to GABA (3 μM) alone or with varying concentrations of Mb38 (n = 3–6 cells), applied for 4 s. Currents were normalized to peak-current amplitude obtained with GABA (3 μM) alone during the first 1-s phase of the trace. The concentration of Mb38 is indicated above each trace. d–f, Close-up view of the binding site when viewed approximately parallel to the plane of the membrane. Complementarity-determining-region loops 1 (d), 3 (e) and 2 (f) of the Mb38 are coloured in turquoise, dark green and teal, respectively, and residues involved in interactions are shown in ball-and-stick representation. Polar interactions are shown as dotted lines. g, Representative current trace obtained in cells expressing the α1β3γ2L receptor exposed to 3 μM Mb38. Mb38 (3 μM) opened 16 ± 11% (mean ± s.d.; n = 5 cells) of the receptors gated by EC10 GABA alone (therefore around 2% of the total receptors expressed).

                          Source data
                        


Extended Data Fig. 6 Vestibular glycans and interface classes in the α1β3γ2L GABAA receptor.
a, Side view of the receptor shows the position of vestibular α1 N-linked glycans. For clarity, the near α1 and β3 subunits have been removed. b, View across the extracellular vestibule reveals the stacking of α1 N-linked glycans. The receptor surface is coloured according to electrostatic surface potential and reveals an electropositive ring in the middle portion of the ECD vestibule. c–f, Paired views of the interface between principle (+) and complementary (−) subunits viewed from the pore axis outwards (left) and open-book view of each subunit when viewed from the receptor periphery (right). Residues involved in forming interactions (defined using PDBePISA45) are coloured according to the type of interaction and mapped onto the isosurface representation: polar, cyan; electrostatic/salt bridges, magenta; van der Waals, orange. Arrowheads reveal the openings of defined tunnels between adjacent subunits. g, Calculated interfacial buried surface areas and solvation energy gain at complex formation (both calculated using PDBePISA44). The asterisk denotes the second β3/α1 (chain E/chain A) interface in the pentameric assembly. Radii of tunnels, denoted by arrowheads in c–f, were also calculated (see Methods). Open arrowheads in c, e denote cavities forming the proposed anaesthetic-binding sites.


Extended Data Fig. 7 Disease mutations associated with α1, β3 and γ2, lateral tunnels and fenestrations at the subunit interfaces.
a, b, Disease mutations associated with GABAA α1, β3 and γ2 subunits are mapped onto the structure and shown in sphere representation. The receptor is viewed parallel to the membrane plane (a) and from the extracellular aspect (b). Outlined boxes highlight the position of mutations shown in c–e. c–e, Close-up view of disease mutations associated with the α1 and β3 subunits. Polar interactions between residues are shown as dotted lines. f, Table summarizing several disease mutations identified in genes for α1, β3 and γ2. Functional effects as determined from experimental studies52,53,54,55,56,57,58 of channel properties are summarized. g, Exposed surface of the γ2/β3 subunit interface coloured according to electrostatic surface potential. h, Close-up view of an electronegative fenestration formed at the γ2/β3 extracellular domain interface. The continuous tunnel leading from extracellular space to the receptor vestibule is outlined. i, Exposed surface of the α1/β3 subunit interface coloured according to electrostatic surface potential. j, Close-up view of the α1/β3 extracellular interface reveals an upper tunnel leading to the mid-portion of the ECD vestibule. A lower tunnel (denoted by the arrow) opens into the upper aspect of the ion channel at the level of β3His267, a residue that is implicated in mediating the effects of propofol59.


Extended Data Fig. 8 Lipid-binding sites and functional modulation of GABAA receptor by PIP2.
a, Well-resolved density for the POPC lipid moiety (yellow, ball-and-stick representation) at the extracellular aspect of the lipid nanodisc. Electron microscopy density is shown in chicken-wire representation and contoured around the lipids. b, Sequence alignment of GABAA receptor and GlyR subunits for PIP2-binding regions: the M1–M2 loop, post-M3 and pre-M4 segments. α1 residues forming hydrogen bonds or salt-bridge interactions with PIP2 are identified by yellow hexagons, and those that are conserved among receptor subunits are highlighted in orange (identical) and yellow (similar). The alignment graphic was prepared on the ESPript 3.0 server (http://espript.ibcp.fr/ESPript/ESPript/). c, Representative normalized current traces from the same patch, obtained in a two-pulse protocol, in which inside-out patches were exposed to two 5-s etomidate (100 μM) pulses, 7.5 s apart. During the second pulse, etomidate was either applied alone or co-applied with poly-l-lysine (250 μg ml−1). Current traces were normalized to the peak-current amplitude obtained during the first etomidate pulse. d, Dot plot of peak-current amplitudes obtained during the second pulse (co-application of poly-l-lysine) normalized to the peak-current amplitudes obtained with the first pulse of etomidate (centre value represents mean ± s.d.; n = 9 patches). Unpaired and paired Student’s t-tests (two-tailed) were used; the P values obtained are indicated on the figure.

                          Source data
                        


Extended Data Fig. 9 Comparisons of agonist sites and analogous pockets at other subunit interfaces.
a, View of the receptor from across the synaptic cleft with the agonist-binding sites highlighted. b, Cut-away view of a at the level of the loops-C reveals electron microscopy density (shown as magenta chicken-wire representation) at four inter-subunit pockets. c, Electron microscopy density in the orthosteric binding-pocket (grey surface representation). For comparison, the top binding conformation for GABA is displayed in grey ball-and-stick representation. d, e, Overlay of GABA binding conformations from molecular-docking calculations at the β3/α1 (d) and α1/β3 (e) binding pockets. The range of estimated free energies of binding (in kcal mol−1) is given. f, Comparison of the orthosteric binding-pocket at the β3/α1 interface (grey), with the three unique interfaces observed in the α1β3γ2–Mb38 receptor complex (coloured as in a). Superposition of the (−) subunit ECD reveals the relative movement of the (+) subunit ECD. g, h, Modelling of the intracellular end of M3 and M4 helices, contributing to the receptor intracellular domain, shown approximately parallel (g) and perpendicular (h) to the plane of the membrane.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statisticsFull size table
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Reporting Summary

Video 1
: Cryo-EM map of the α1β3γ2 GABAAR in a lipid bilayer. This video first shows the sharpened EM density map for the GABAAR (coloured by subunit, α red; β blue; γ yellow) in a lipid nanodisc (pale blue) and in complex with Mb38 (green) parallel to the plane of the membrane. Bound lipids are coloured in pale brown. Slices through the map are then shown from the extracellular aspect through to the cytoplasmic side. EM densities in the orthosteric and analogous sites are coloured in magenta


Video 2
: Atomic model of the α1β3γ2 GABAAR and details of a PIP2 binding site. This video first shows the receptor model (coloured by subunit; ribbon representation) and bound lipid molecules (yellow ball-and-stick representation). The view then pans in to highlight the binding loci for PIP2 at the base of the α1 subunits. In rotating around the vertical axis, the video highlights how the C4 and C5 phosphate groups of PIP2 form an extensive network of interactions with α1-residues in the post-M3 and pre-M4 segments
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