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            Abstract
The precise control of an ion channel gate by environmental stimuli is crucial for the fulfilment of its biological role. The gate in Slo1 K+ channels is regulated by two separate stimuli, intracellular Ca2+ concentration and membrane voltage. Slo1 is thus central to understanding the relationship between intracellular Ca2+ and membrane excitability. Here we present the Slo1 structure from Aplysia californica in the absence of Ca2+ and compare it with the Ca2+-bound channel. We show that Ca2+ binding at two unique binding sites per subunit stabilizes an expanded conformation of the Ca2+ sensor gating ring. These conformational changes are propagated from the gating ring to the pore through covalent linkers and through protein interfaces formed between the gating ring and the voltage sensors. The gating ring and the voltage sensors are directly connected through these interfaces, which allow membrane voltage to regulate gating of the pore by influencing the Ca2+ sensors.
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                    Figure 1: Comparison of Ca2+-bound and EDTA Slo1 structures.[image: ]


Figure 2: Comparison of the Ca2+-binding sites.[image: ]


Figure 3: Interdomain interfaces.[image: ]


Figure 4: Voltage-sensorâ€“RCK1 N-lobe interface.[image: ]


Figure 5: Stereo view of the voltage-sensor domain.[image: ]


Figure 6: Model of Slo1 gating by Ca2+ and voltage.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Cryo-EM reconstructions of Aplysia Slo1 in four EDTA classes.
a, Representative image and 2D class averages of vitrified Aplysia Slo1. Scale bar, 500 Ã…. b, Angular distribution plot for EDTA class 4 following per-particle polishing. c, Fourier shell correlation (FSC) curves for Aplysia Slo1 in four EDTA states with overall resolutions estimated to be 3.88 Ã… (EDTA 1, blue), 3.84 Ã… (EDTA 2, green), 4.02 Ã… (EDTA 3, pink), 4.02 Ã… (EDTA 4, red) and 3.76 Ã… (EDTA 4 following per-particle polishing) on the basis of the FSCâ€‰=â€‰0.143 (dashed line) cut-off criterion. dâ€“h, Section of the cryo-EM density maps of EDTA 1 (d), EDTA 2 (e), EDTA 3 (f), EDTA 4 (g) and EDTA 4 following per-particle polishing (h) coloured by local resolution (in Ã¥ngstroms).


Extended Data Figure 2 Cryo-EM structure of EDTA Aplysia Slo1.
a, Cryo-EM density maps of two conformations of EDTA Slo1 aligned by their gating rings. The density slices correspond to the regions between the dashed lines in the TMD and the gating ring. b, Wire diagrams of EDTA Slo1 in four different conformations. c, Superposition of two EDTA Slo1 conformations aligned by their pore helices and selectivity filters. d, Superposition of the inner (S6) helices of the four EDTA Slo1 states aligned by their pore helices and selectivity filters. e, Plot of pore diameter along the length of the pore in the TMD for the four EDTA and the open Slo1 states.


Extended Data Figure 3 Cryo-EM reconstruction of Aplysia Slo1 gating ring in the EDTA state.
a, Cryo-EM density map of Slo1 gating ring in the EDTA state from the full channel reconstruction and following focused refinement. The mask used for focused refinement is shown as a grey transparent surface. b, Fourier shell correlation curves for focused refinement of the Slo1 gating ring with overall resolution estimated to be 3.46 Ã… on the basis of the FSCâ€‰=â€‰0.143 (dashed line) cut-off criterion.


Extended Data Figure 4 Comparison of cryo-EM reconstructions of Aplysia Slo1 in the Ca2+-bound and EDTA states.
Sections of cryo-EM density of Aplysia Slo1 in the Ca2+-bound (blue) and the EDTA (red) states aligned by their TMDs.


Extended Data Figure 5 Comparison of the Aplysia Slo1 EDTA state with closed human Slo1 gating ring.
Superposition the Aplysia Slo1 EDTA state (red) with closed human Slo1 gating ring (PDB code 3NAF, yellow) aligned by their RCK2 domains (grey). The spheres represent the locations of the CÎ± atom of Lys320 of each subunit.


Extended Data Figure 6 Validation of the refined models.
a, Refinement statistics for EDTA Slo1 models. bâ€“g, Fourier shell correlation curves of refined model versus unmasked map for cross-validation of EDTA 1 (b), EDTA 2 (c), EDTA 3 (d), EDTA 4 (e), EDTA 4 following per-particle polishing (f) and the focused refined gating ring (g). The black curves are the refined model compared to the full dataset, the red curves are the refined model compared to half-map 1 (used during refinement) and the blue curves are the refined model compared to half-map 2 (not used during refinement).


Extended Data Figure 7 Representative segments of cryo-EM density.
aâ€“c, Selected density fragments from the TMD (a) and gating ring (b) of EDTA 4 following per-particle polishing and the focused refinement gating ring map (c).





Supplementary information
Conformational changes to aplyisa Slo1 during Ca2+ and Mg2+ binding
This video shows the binding of Ca2+ and Mg2+ to aplysia Slo1 and the opening of the channel. (MOV 23918 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5

PowerPoint slide for Fig. 6




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Hite, R., Tao, X. & MacKinnon, R. Structural basis for gating the high-conductance Ca2+-activated K+ channel.
                    Nature 541, 52â€“57 (2017). https://doi.org/10.1038/nature20775
Download citation
	Received: 14 June 2016

	Accepted: 09 September 2016

	Published: 14 December 2016

	Issue Date: 05 January 2017

	DOI: https://doi.org/10.1038/nature20775


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Calcium-gated potassium channel blockade via membrane-facing fenestrations
                                    
                                

                            
                                
                                    	Chen Fan
	Emelie Flood
	Crina M. Nimigean


                                
                                Nature Chemical Biology (2024)

                            
	
                            
                                
                                    
                                        The modes of action of ion-channel-targeting neurotoxic insecticides: lessons from structural biology
                                    
                                

                            
                                
                                    	Tobias Raisch
	Stefan Raunser


                                
                                Nature Structural & Molecular Biology (2023)

                            
	
                            
                                
                                    
                                        Structural titration reveals Ca2+-dependent conformational landscape of the IP3 receptor
                                    
                                

                            
                                
                                    	Navid Paknejad
	Vinay Sapuru
	Richard K. Hite


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Central cavity dehydration as a gating mechanism of potassium channels
                                    
                                

                            
                                
                                    	Ruo-Xu Gu
	Bert L. de Groot


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        An allosteric modulator activates BK channels by perturbing coupling between Ca2+ binding and pore opening
                                    
                                

                            
                                
                                    	Guohui Zhang
	Xianjin Xu
	Jianmin Cui


                                
                                Nature Communications (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
Slo1 potassium channel structure and activity
Dual activation by voltage and calcium ions makes Slo1/BK channels essential to processes that couple membrane electrical excitability and cellular calcium signalling, such as muscle contraction or neuronal communication. In two complementary studies, Roderick MacKinnon and colleagues present full-length structures for a Slo1 channel, either in the presence or the absence of Ca2+ ions, suggesting an unconventional allosteric mechanism, whereby the voltage sensor regulates the Ca2+ sensor instead of the channel's pore directly. These findings explain a large body of biochemical, genetic and physiological data, from both basic and clinical research.
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