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            Abstract
G-protein-gated inward rectifier K+ (GIRK) channels allow neurotransmitters, through G-protein-coupled receptor stimulation, to control cellular electrical excitability. In cardiac and neuronal cells this control regulates heart rate and neural circuit activity, respectively. Here we present the 3.5 Å resolution crystal structure of the mammalian GIRK2 channel in complex with βγ G-protein subunits, the central signalling complex that links G-protein-coupled receptor stimulation to K+ channel activity. Short-range atomic and long-range electrostatic interactions stabilize four βγ G-protein subunits at the interfaces between four K+ channel subunits, inducing a pre-open state of the channel. The pre-open state exhibits a conformation that is intermediate between the closed conformation and the open conformation of the constitutively active mutant. The resultant structural picture is compatible with ‘membrane delimited’ activation of GIRK channels by G proteins and the characteristic burst kinetics of channel gating. The structures also permit a conceptual understanding of how the signalling lipid phosphatidylinositol-4,5-bisphosphate (PIP2) and intracellular Na+ ions participate in multi-ligand regulation of GIRK channels.
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                    Figure 1: Functional properties of the channel.[image: ]


Figure 2: Overall structure of the GIRK–Gβγ complex.[image: ]


Figure 3: The GIRK–Gβγ binding interface.[image: ]


Figure 4: The role of electrostatics at the GIRK–Gβγ interface.[image: ]


Figure 5: Gβγ-induced conformational changes in GIRK.[image: ]


Figure 6: A model of gating regulation of GIRK channels.[image: ]
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Effect of Gβγ binding on the GIRK channel
A morph between the GIRK-PIP2 structure (PDB ID: 3SYA) (shown first) and the GIRK-PIP2-Gβγ structure (shown second). The structures are aligned by a conformationally inert region around the selectivity filter at the top of the transmembrane domain. At 10s, a top-down view is shown. At 20s, a closeup of the inner helix gate is shown. (MOV 21853 kb)


Hypothesized complete gating mechanism
A morph between the GIRK-PIP2 structure (PDB ID: 3SYA) (shown first), the GIRK-PIP2-Gβγ structure (shown second), and the GIRK(R201A)-PIP2 structure (PDB ID: 3SYQ) (shown third). All of the structures are aligned by a conformationally inert region around the selectivity filter at the top of the transmembrane domain. At 20s, a top-down view is shown. (MOV 31295 kb)


Effect of Gβγ binding on the GIRK channel cytoplasmic domain, independent of the rigid body rotation
GIRK-PIP2-Gβγ structure (shown second). The structures are aligned by the cytoplasmic domain to show the conformational changes that happen in the cytoplasmic domain independent of the rigid-body rotation highlighted in Supplementary Videos 1 and 2. The video starts with a close-up view of the Gβγ binding site on GIRK, then starts zooming out at 10s to show the whole cytoplasmic domain. (MOV 17385 kb)
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        Editorial Summary
GIRK2–G-protein βγ dimer structure
The activation of G-protein-coupled receptors (GPCRs) leads to the release of the G-protein subunits Gα and Gβγ from the intracellular surface of the GPCR. Gβγ can then bind to, and activate, the G-protein-gated inward rectifier K+ (GIRK) channel, causing the channel pore to open. The opening of GIRK channels drives the membrane voltage towards the resting (Nernst) potential, which slows the rate of membrane depolarization. In this manuscript, Matthew Whorton and Roderick MacKinnon solve the X-ray crystal structure of a mammalian GIRK2 channel in the presence of the βγ G-protein subunits. Although the overall structure of the βγ G-protein subunits is essentially the same in the presence of Gα or GIRK, the structures of GIRK and GIRK–Gβγ are quite different. The structure also reveals how the signalling lipid PIP2 and intracellular Na+ ions help to regulate the activity of GIRKs.
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