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            Abstract
Type A Î³-aminobutyric acid receptors (GABAARs) are pentameric ligand-gated chloride channels that mediate fast inhibitory signalling in neural circuits1,2 and can be modulated by essential medicines including general anaesthetics and benzodiazepines3. Human GABAAR subunits are encoded by 19 paralogous genes that can, in theory, give rise to 495,235 receptor types. However, the principles that govern the formation of pentamers, the permutational landscape of receptors that may emerge from a subunit set and theÂ effect that this has on GABAergic signalling remain largely unknown. Here we use cryogenic electron microscopy to determine the structures of extrasynaptic GABAARs assembled from Î±4, Î²3 and Î´ subunits, and their counterparts incorporating Î³2 instead of Î´ subunits. In each case, we identified two receptor subtypes with distinct stoichiometries and arrangements, all four differing from those previously observed for synaptic, Î±1-containing receptors4,5,6,7. This, in turn, affects receptor responses to physiological and synthetic modulators by creating or eliminating ligand-binding sites at subunit interfaces. We provide structural and functional evidence that selected GABAAR arrangements can act as coincidence detectors, simultaneously responding to two neurotransmitters: GABA and histamine. Using assembly simulations and single-cell RNA sequencing data8,9, we calculated the upper bounds for receptor diversity in recombinant systems and in vivo. We propose that differential assembly is a pervasive mechanism for regulating the physiology and pharmacology of GABAARs.
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                    Fig. 1: Landscape of differential GABAA receptor assemblies.[image: ]


Fig. 2: Interplay between GABA and histamine at Î±4Î²3Î´ GABAAR.[image: ]


Fig. 3: Differential assembly of GABAAR affects drug responses.[image: ]


Fig. 4: Computational simulations of receptor assembly.[image: ]
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                Data availability

              
              Atomic coordinates for the GABAAR models reported here have been deposited to the PDB with accession codes 7QN5-9 and 7QNA-E, and the cryo-EM density maps have been deposited in the Electron Microscopy Data Bank with accession codes EMD-14067â€“EMD-14076. Raw movies of all datasets have been deposited in the Electron Microscopy Public Image Archive with accession codes EMPIAR-10909â€“EMPIAR-10914. Coordinate files used during model building can be found in the PDB under the accession codes 7A5V and 6HUG. scRNA-seq data used in the study are available from Allen Brain Map: https://portal.brain-map.org/atlases-and-data/rnaseq/human-multiple-cortical-areas-smart-seq.Source data are provided with this paper.

            

Code availability

              
              The scripts for scRNA-seq analysis and for running and analysing the receptor assembly simulations are available at www.github.com/andrijasente/GABA-differential-assembly.
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Extended data figures and tables

Extended Data Fig. 1 Quality of cryo-EM maps and models.
Each panel contains masked, unmasked, phase-randomised and map vs model Fourier shell correlation (FSC) curves (top), particle orientation distribution (middle) and local resolution-coloured maps for each structure. a, Î±4Î²3Î´ "apo" (+HEPES). b, Î²3Î´ "apo" (+HEPES). c, Î±4Î²3Î´ + GABA + histamine. d, Î²3Î´ + histamine. e, Î±4Î²3Î´ + histamine. f, Î±4Î²3Î³2 + GABA. g, Î²3Î³2 + GABA. h, Î±4Î²3Î´ + THIP + histamine. i, Î²3Î´ + THIP + histamine. j, Î±1Î²3Î³2 + Ro15-4513. The probability density function for a certain orientation ranges between 0 (blue, low) and 0.0001 (red, high).


Extended Data Fig. 2 Survey of ligands bound in agonist pockets in different datasets.
a, Î±4Î²3Î´ and Î²3Î´ GABAARs solved in the absence of any known modulators. In both subtypes, HEPES is bound in the Î²3+/Î²3âˆ’ agonist pocket under loop C. b, Î±4Î²3Î´ and Î²3Î´ GABAARs solved in the presence of 0.2â€‰mM GABA and 1â€‰mM histamine. c, Î±4Î²3Î³2 and Î²3Î³2 GABAARs solved in the presence of 0.2â€‰mM GABA. d, Î±4Î²3Î´ and Î²3Î´ GABAARs solved in the presence of 1â€‰mM THIP and 1â€‰mM histamine. e, Summary table illustrating ligand vs interface compatibility. Empty spaces are left in cases where insufficient data is available to make a conclusion. For the GABA binding to Î²3+/Î³2âˆ’ pocket, a question mark indicates variable occupancy. f, Comparison of pore profiles of Î±4Î²3Î´ + GABA + histamine, Î±4Î²3Î´ + histamine, Î±1Î²3Î³2 + alprazolam (6HUO) and Î±1Î²3Î³2 + bicuculline (6HUK).


Extended Data Fig. 3 Ligand coordination in the â€œagonist pocketsâ€� under the loops C at various inter-subunit interfaces.
All pockets in which a ligand was observed in our structures are shown with a single representative example. Potential hydrogen bonds are displayed as dashed yellow lines. Histamine and GABA in the Î²3+/Î±4âˆ’ pocket are taken from the Î±4Î²3Î´ + GABA + histamine structure. THIP in the Î²3+/Î±4âˆ’ and Î´+/Î²3âˆ’ pocket is taken from the Î±4Î²3Î´ + THIP + histamine structure. Histamine in the Î²3+/Î²3âˆ’ pocket is taken from the Î±4Î²3Î´ + histamine structure. HEPES in the Î²3+/Î²3âˆ’ pocket is taken from the "apo" Î±4Î²3Î´ structure. GABA in the Î²3+/Î³2âˆ’ pocket is taken from the Î±4Î²3Î³2 + GABA structure. Chain IDs represented in the panels are given as capital letters next to the subunit type.


Extended Data Fig. 4 Characterizing GABA and histamine effects on GABAA receptors composed of Î±4, Î²3 and Î´ subunits.
aâ€“c, Unlike Î±4Î²3Î´ receptors (a), Î²3Î´ (b) and Î²3 (c) receptors are not gated by 200â€‰Î¼M GABA. Representative current traces from three successive pulses separated by 1â€‰min: (1) 4â€‰s pulse of 10â€‰mM GABA plus 30â€‰Î¼M Etomidate (total current, purple); (2) 8â€‰s pulse of 200â€‰Î¼M GABA (green), and (3) repeat of pulse (1) (pink). These pulses are applied to: a, cells co-expressing Î±4, Î²3 and Î´ subunits; b, cells co-expressing Î²3 and Î´ subunits; c, cells expressing the Î²3 subunit alone. d, e, Representative currents normalized to 10â€‰mM GABA currents in the same cell were obtained with varying concentration of (a) GABA (0.001â€“10â€‰Î¼M, nâ€‰=â€‰38 cells with 3-8 cells for each concentration) or (b) histamine (0.03â€“10â€‰mM, nâ€‰=â€‰31 cells with 3-8 cells for each concentration). In panel e, orange dashed line denotes the baseline. f, Hill plot of peak amplitude obtained with the normalized currents from (a) and (b) plotted against agonist concentration. The EC50 for GABA was 69.3â€‰nM (95%â€‰CI 40.5â€“118.3â€‰nM) and for histamine was 821.2â€‰Î¼M (95%â€‰CI 340.5â€“1981.0â€‰Î¼M) and Hill coefficient of 0.9 (95%â€‰CI 0.5â€“1.3) and 1.1 (95%â€‰CI 0.3â€“2.0) respectively. g, Scatter plot of peak amplitudes of currents shown in Fig. 2d by GABA (10â€‰mM, nâ€‰=â€‰7 cells) and histamine (10â€‰mM, nâ€‰=â€‰6 cells) alone or co-applied (nâ€‰=â€‰8 cells) in the first pulse as a percent of currents elicited by 10â€‰mM GABA + 30â€‰Î¼M Etomidate. One-way ANOVA Pâ€‰<â€‰0.0001. hâ€“k, Scatter plots of the time constants (Ï„) and amplitudes for the slow and fast phases of deactivation that were obtained by fitting a double exponential to the falling phase of currents such as those in Fig. 2e (nâ€‰=â€‰4 cells for each experiments). In every paired experiment, the direction of change was consistent. In the presence of histamine fast and slow time constants decreased significantly (Pâ€‰=â€‰0.03, two-tailed paired t test) and the fraction of receptors with slow deactivation increased (Pâ€‰=â€‰0.04, two-tailed paired t test). Significance levels compared to controls were determined by ordinary oneâ€“way ANOVA or by the Paired Studentâ€™s t test and are denoted as **** Pâ€‰<â€‰0.0001 and * Pâ€‰<â€‰0.05. Data are presented as mean Â± SD.
Source data


Extended Data Fig. 5 GABA and histamine crosstalk happens at the level of individual Î±4Î²3Î´ receptors.
To address the complexity arising from the presence of multiple receptor subtypes, we investigated the modulation of 100â€‰nM GABA currents by 300â€‰Î¼M histamine in cells expressing different combinations of Î±4, Î²3 and Î´ subunits. We first established that 100â€‰nM GABA robustly activates currents in Î±4Î²3Î´ cells (nâ€‰=â€‰6 cells) (a), barely in Î±4Î²3 (nâ€‰=â€‰5 cells) (b) and not in Î²3Î´ (nâ€‰=â€‰6 cells) (c) or Î²3 cells (nâ€‰=â€‰4 cells) (d). Histamine at 300â€‰Î¼M robustly enhances the GABA current in Î±4Î²3Î´ cells but only modestly in the Î±4Î²3, Î²3Î´ and Î²3 cells. The modest enhancement is attributable to histamine currents alone (e.g., from the Î²3Î´ or Î²3-homomeric subtypes). Representative current traces from three successive pulses separated by 1â€‰min: (1) 8â€‰s pulse of 100â€‰nM GABA (dark green); (2) 8â€‰s pulse of 100â€‰nM GABA with a 4â€‰s notch of 300â€‰Î¼M histamine added after two seconds (blue), and (3) 8â€‰s pulse of 100â€‰nM GABA (light green). Finally, to open all receptor isoforms, a normalization pulse of (10â€‰mM GABA + 30â€‰Î¼M etomidate) was applied. e, Histamine enhances GABA current strongly only in Î±4Î²3Î´ receptors (Pâ€‰<â€‰0.0001, one-way ANOVA). Scatter plot shows peak current amplitudes of the blue traces in panels aâ€“d, normalized to the total cell current (10â€‰mM GABA + 30â€‰Î¼M etomidate). Data are presented as mean Â± SD. Sample size is the same as in panels aâ€“d.
Source data


Extended Data Fig. 6 Ro15-4513 cannot bind to the Î±4+/Î´âˆ’ interface.
a, b, Two views of Ro15-4513 bound in the Î±1+/Î³2âˆ’ benzodiazepine pocket of an Î±1Î²3Î³2 receptor. c, d, Equivalent views of an Î±4Î²3Î´ receptor show that clashes with the side chains of R135 (Î±4+), E71 and H92 (Î´âˆ’) prevent Ro15-4513 (and, likely, any benzodiazepine ligand) from binding to the Î±4+/Î´âˆ’ interface in the same mode as observed in Î±1Î²3Î³2.


Extended Data Fig. 7 Single-cell expression patterns of GABAAR subunits in the human cortex.
a, Grouping cortical cell types by their GABAAR subunit expression. The majority of cell types (31) expresses a combination of 11 different GABAAR subunits, including Î±1-5, Î²1-3, Î´ and Î³2-3. Cell type "Exc L5-6 THEMIS THTPA" expresses the highest number of subunits (14): Î±1-5, Î²1-3, Î´, Îµ, Î³1-3 and Ï�1. Expression in this panel is binarized such that any subunit with a trimmed mean of summed intron and exon counts larger than 0 count per million (CPM) is considered as expressed (Methods). b, Heat map showing trimmed means of CPMs for every GABAAR subunit across individual cell types in the human cortex. Cell types are clustered by their gene expression profiles.


Extended Data Fig. 8 Cryo-EM data processing strategy.
a, A typical cryo-EM data processing workflow. The numbers in this case are derived from the Î±4Î²3Î´ "apo" (+HEPES) dataset. b, Soft mask used to separate receptors with 2 or 3 Nb25 bound, which largely (but not completely) separates Î±4Î²3Î´ and Î²3Î´ receptors. The separation is incomplete in all cases because Nb25 may also bind weakly to the Î²3+/Î±4âˆ’ interface. c, To further separate Î±4Î²3Î´ and Î²3Î´ receptors, a soft mask around the putative position of the vestibule glycan on the Î±4 subunit and the putative position of the N149 glycan on the Î²3 subunit is used. d, Soft mask around the Î±4 vestibule glycan used to separate Î±4Î²3Î³2 from Î²3Î³2 receptor subtypes.


Extended Data Table 1 Cryo-EM data collection parametersFull size table


Extended Data Table 2 Refinement and validation statisticsFull size table
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