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            Abstract
The GABAB (Î³-aminobutyric acid type B) receptor is one of the principal inhibitory neurotransmitter receptors in the brain, and it signals through heterotrimeric G proteins to activate a variety of effectors, including G-protein-coupled inwardlyÂ rectifying potassium channels (GIRKs)1,2. GABAB-receptor signalling is tightly regulated by auxiliary subunits called KCTDs, which control the kinetics of GIRK activation and desensitization3,4,5. However, the mechanistic basis for KCTD modulation of GABAB signalling remains incompletely understood. Here, using a combination of X-ray crystallography, electron microscopy, and functional and biochemical experiments, we reveal the molecular details of KCTD binding to both GABAB receptors and G-protein Î²Î³ subunits. KCTDs associate with the receptor by forming an asymmetric pentameric ring around a region of the receptor carboxy-terminal tail, while a second KCTD domain, H1, engages in a symmetric interaction with five copies of GÎ²Î³ in which the G-protein subunits also interact directly with one another. We further show that KCTD binding to GÎ²Î³ is highly cooperative, defining a model in which KCTD proteins cooperatively strip G proteins from GIRK channels to induce rapid desensitization following receptor activation. These results provide a framework for understanding the molecular basis for the precise temporal control of GABAB signalling by KCTD proteins.
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                    Fig. 1: Crystal structure of the KCTD16 BTB domain in complex with a peptide from the GABAB2 C terminus.[image: ]


Fig. 2: Crystal structure of the KCTD12 H1 domain and GÎ²1Î³2 complex.[image: ]


Fig. 3: Mechanism of recognition of GÎ²1Î³2 by the KCTD12 H1 domain.[image: ]


Fig. 4: Proposed mechanism for GIRK channel desensitization.[image: ]
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                Data availability

              
              The refined coordinates and structure factors for the KCTD16BTB/GABAB2 peptide complex and KCTD12H1/GÎ²1Î³2 complex have been deposited in the Protein Data Bank under the accession codes 6M8R and 6M8S, respectively.
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Extended data figures and tables

Extended Data Fig. 1 Mapping the GABAB2-binding region of the KCTD BTB domain.
a, KCTD16BTB or KCTD12BTB domains tagged with His6â€“SMT3 (a SUMO protein) and GABAB2 fragments tagged with His6â€“GST were coexpressed in E. coli and purified with nickel affinity chromatography. Purified protein was loaded as input for pull-down with glutathioneâ€“sepharose beads. Glutathione input (IN) and pull-down (PD) fractions were analysed by SDSâ€“PAGE and Coomassie blue staining. b, His6â€“GST-tagged GABAB2 fragments and untagged KCTD16BTB were coexpressed in E. coli. Clarified lysate was pulled down with glutathioneâ€“sepharose beads and eluate was analysed by SDSâ€“PAGE and Coomassie blue staining. c, Structural superposition of the KCTD16BTB structure as bound to GABAB2 peptide (red; PDB identification 5A15) or free of peptide (grey). d, His6â€“SMT3-tagged wild-type or mutant (F80A) KCTD16BTB and His6â€“GST-tagged GABAB2 peptides were coexpressed and purified with nickel affinity. The eluate was treated with the protease ULP1 to cleave the SMT3 tag (IN) before pull-down (PD) using glutathioneâ€“sepharose beads. e, Sequence alignment of the BTB domains from human KCTD-family members. Residues with 98%, 80% and 60% similarity are shown in black, grey and light grey, respectively.


Extended Data Fig. 2 Electron-density maps.
a, Composite omit 2FoÂ âˆ’Â Fc electron-density map, contoured at 1.0Ïƒ, for a GABAB2 C-terminal peptide in complex with the KCTD16BTB domain. b, 2FoÂ âˆ’Â Fc electron-density map, contoured at 1.0Ïƒ, for the KCTD12H1 domain in complex with GÎ²1Î³2.


Extended Data Fig. 3 Representative negative-stain electron micrographs.
a, The full SDSâ€“PAGE gel for the pull-down experiment shown in Fig.Â 2a. b, GÎ±i competes with KCTD12 for binding of GÎ²1Î³2. These pull-down experiments were carried out as for Fig.Â 2a, except that GÎ±i was used instead of GÎ±q. c, Isothermal titration calorimetry affinity measurements for the binding of KCTD12H1 to GÎ²1Î³2. d, Representative negative-stain electron-microscopy two-dimensional image of KCTD16BTB+H1 bound to the C-terminal GABAB2 domain. e, Representative negative-stain electron-microscopy two-dimensional image of KCTD12H1/GÎ²1Î³2. f, Representative negative-stain electron-microscopy two-dimensional image of KCTD12BTB+H1/GABAB2Cter/GÎ²1Î³2.


Extended Data Fig. 4 Three-dimensional negative-stain electron-microscopy reconstruction of full-length KCTD12 in complex with the GABAB2 C-terminal domain and GÎ²1Î³2.
a, Bottom, three different views of a three-dimensional reconstruction of full-length KCTD12 in complex with GÎ²1Î³2, with crystal structures of KCTD16BTB/GABAB2 peptide (red) and KCTD12H1/GÎ²1Î³2 (blue/purple) docked into the negative-stain electron-microscopy envelope. Top, negative-stain electron-microscopy two-dimensional class averages are reproduced from Fig.Â 2b for reference. b, Fourier shell correlation (FSC) curve as a function of spatial frequency for a negative-stainÂ electron-microscopy map. Resolution is indicated below. c, Structure of the full-length KCTD12 complex. The BTB domain is separated from the H1 domain by 35Â Ã…. Dashed lines represent the linker sequence between the BTB and H1 domains.


Extended Data Fig. 5 Structural and functional analysis of H1 domain.
a, Ribbon representation of the KCTD12H1 domain. The NFLEQ motif, which is important for desensitization, is coloured orange. b, Ribbon representation and topology map of the KCTD12 H1 monomer. Elements of theÂ secondary structure are labelled. c, Ribbon representation of two KCTD12H1 subunits (green and cyan) and GÎ²1Î³2. d, Subcellular localization of eGFPâ€“KCTD12(R232D) and eGFPâ€“KCTD12(R257D) mutants with or without GABAB receptor.


Extended Data Fig. 6 Binding of GÎ²1Î³2 to KCTD12 is highly cooperative.
a, Ribbon representation of a complex of GIRK and GÎ²Î³ as seen from the cytosolic side. Four isolated GÎ²Î³ heterodimers associate with a single GIRK tetramer. b, Ribbon representation of a complex of KCTD12H1 and GÎ²Î³ as viewed from the cytosolic side. GÎ²Î³ subunits can be seen to interact directly with one another. c, Interactions between two adjacent GÎ² subunits (labelled 1 and 2). d, 0.5/5, 1/5 or 5/5 molar ratios of GÎ²1Î³2 to KCTD12H1 were mixed and subjected to size-exclusion separation. The peaks correspond to 5/5 complexes and H1 domain alone. The xÂ axis shows the elution volume (in ml). e, Left, a stoichiometric amount of GÎ²1Î³2 carrying a single mutation, R42D (in the GÎ²1 subunit), or a double mutation, R42D/R46D, was incubated with KCTD12H1 and analysed by size-exclusion chromatography. Right, fractions from peak 1, peak 2 and peak 3 were analysed by SDSâ€“PAGE and correspond to a 5/5 full complex, a partial complex and free GÎ²1Î³2, respectively.


Extended Data Fig. 7 A model for GABAB signalling and desensitization.
a, From left, binding of agonist (red star) to the GABAB1 receptor causes the GÎ²Î³ heterodimer to dissociate from GÎ±. Four copies of GÎ²Î³ bind to a GIRK channel tetramer, resulting in channel activation and an outflow of K+ ions. Afterwards, KCTD bound to the GABAB2 C terminus strips four copies of GÎ²Î³ from the GIRK channel and thereby deactivates the channel. Following nucleotide (GTP) hydrolysis by adenylyl cyclase, GDP-bound GÎ± binds again to GÎ²Î³, sequestering it from KCTD and priming the system for another signalling cycle. b, Calculated total energy change for the series of progressively tighter binding events is commensurate with the approximate energy released by GTP hydrolysis.


Extended Data Table 1 Crystallographic statisticsFull size table
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