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            Abstract
Na+-activated K+ channels are members of the Slo family of large conductance K+ channels that are widely expressed in the brain, where their opening regulates neuronal excitability. These channels fulfil a number of biological roles and have intriguing biophysical properties, including conductance levels that are ten times those of most other K+ channels and gating sensitivity to intracellular Na+. Here we present the structure of a complete Na+-activated K+ channel, chicken Slo2.2, in the Na+-free state, determined by cryo-electron microscopy at a nominal resolution of 4.5 Ã¥ngstrÃ¶ms. The channel is composed of a large cytoplasmic gating ring, in which resides the Na+-binding site and a transmembrane domain that closely resembles voltage-gated K+ channels. In the structure, the cytoplasmic domain adopts a closed conformation and the ion conduction pore is also closed. The structure reveals features that can explain the unusually high conductance of Slo channels and how contraction of the cytoplasmic gating ring closes the pore.
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                    Figure 1: Cryo-EM structure of chicken Slo2.2.[image: ]


Figure 2: Architecture of Slo2.2.[image: ]


Figure 3: Interactions between pore and S1â€“S4 domains.[image: ]


Figure 4: Slo2.2 ion conduction pathway.[image: ]


Figure 5: Slo2.2 gating ring.[image: ]


Figure 6: Slo2.2 gating.[image: ]
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                Data deposits

                The 3D cryo-EM density maps of Slo2.2 with low-pass filter and amplitude modification have been deposited in the Electron Microscopy Data Bank under accession numbers EMD-3062 (Slo2.2 whole channel), EMD-3063 (Slo2.2 gating ring) and EMD-3064 (Slo2.2 TMD). Atomic coordinates for the atomic model of full-length Slo2.2, Slo2.2 gating ring and Slo2.2 TMD have been deposited in the Protein Data Bank under accession numbers 5A6E, 5A6F and 5A6G, respectively.
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Extended data figures and tables

Extended Data Figure 1 Sequence alignment of Slo channels.
a, Sequence alignment of chicken Slo2.2 with human Slo2.2 and human Slo2.1. b, Predicted position of transmembrane helices in Slo2.2 S1â€“S4 domain on the basis of hydropothy analysis using Jpred 4 (ref. 72). c, d, Structure-based sequence alignment of chicken Slo2.2 TMD with rat Kv chimaera (c) and chicken Slo2.2 gating ring with human Slo1 gating ring (d). Helices are blue and Î²-strands are red.


Extended Data Figure 2 Full channel 3D reconstruction of chicken Slo2.2.
a, Representative micrograph of detergent- and lipid-solubilized Slo2.2 in vitreous ice. b, Selected 2D class averages. c, Ab initio model of Slo2.2. d, FSC curve of the full channel reconstruction with the nominal resolution estimated to be 4.5 Ã… on the basis of the FSC = 0.143 (dashed line) cut-off criterion.


Extended Data Figure 3 Focused refinement of the gating ring and the TMD.
a, 3D density map of the full channel reconstruction, coloured according to local resolution (in Ã¥ngstrÃ¶ms). b, c, 3D density map calculated following focused refinement using a mask to only include the gating ring (b) and the TMD (c), coloured according to local resolution (in Ã¥ngstrÃ¶ms). d, FSC of the full channel reconstruction (estimated resolution of 4.5 Ã…), the gating-ring-focused refinement reconstruction (4.2 Ã…) and the TMD-focused refinement reconstruction (5.2 Ã…).


Extended Data Figure 4 Validation of the Slo2.2 model.
a, Refinement statistics for the Slo2.2 full channel, TMD and gating-ring models. b, c, FSC curves for cross-validation of the refined gating ring (b) and TMD (c) models. The black curves are the refined model compared to the full data set, the red curves are the refined model compared to half map 1 (used during test refinement) and the blue curves are the refined model compared to half map 2 (not used during test refinement).


Extended Data Figure 5 K+ ions in Slo2.2.
a, Central section of the density maps of the two independently calculated half maps (coloured in green and red) with densities corresponding to K+ ions labelled. b, Superposition of the Slo2.2 selectivity filter (green) with KcsA (PDB code 1K4C) selectivity filter (yellow). Density peaks resolved in the Slo2.2 selectivity filter at 6.5 Ïƒ are shown as blue meshes. K+ ions resolved in KcsA are shown as grey spheres.


Extended Data Figure 6 Representative segments of the cryo-EM density map.
aâ€“d, Selected regions of the gating-ring density (a, b) and the TMD density (c, d) maps with the refined model.


Extended Data Figure 7 Single channel conductance of Slo2.2.
a, Single channel currentâ€“voltage relationship (mean Â± s.e.m.) for Slo2.2 in planar lipid bilayers. Single channel conductance is about 200 pS. b, Representative recordings of Slo2.2 held at âˆ’80 mV, âˆ’40 mV and 0 mV in planar lipid bilayers. Chamber solution contained 135 mM NaCl and 15 mM KCl, and cup solution contained 150 mM KCl. c, Histogram of Slo2.2 currents when held at âˆ’80 mV, âˆ’40 mV and 0 mV, as labelled.


Extended Data Figure 8 Inner helix gate.
a, Ribbon diagram of the Slo2.2 pore with Met333 side chains modelled as spheres. b, Pore radius plot as a function of distance from the extracellular surface for Slo2.2 with Met333 modelled as each of the six most frequently observed rotamers, as labelled. For distances less than about 40 Ã…, the curves coincide.


Extended Data Figure 9 Slo2.2 gating ring is in a closed conformation.
Wire diagrams of Slo1 gating ring in the open (top left) and closed (top right) conformations. The mobile RCK1 N lobe is black and the rest of the gating ring is grey. The N-terminal residue of the gating ring, Lys343, is shown as a pink sphere. Wire diagram of the Slo2.2 gating ring (bottom) with the RCK1 N-lobe blue and the rest of the gating ring light blue. The N-terminal residue of the gating ring, Lys351, is shown as a pink sphere.


Extended Data Table 1 3D reconstructions of chicken Slo2.2 by cryo-EMFull size table





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., Yuan, P., Li, Z. et al. Cryo-electron microscopy structure of the Slo2.2 Na+-activated K+ channel.
                    Nature 527, 198â€“203 (2015). https://doi.org/10.1038/nature14958
Download citation
	Received: 30 April 2015

	Accepted: 15 July 2015

	Published: 05 October 2015

	Issue Date: 12 November 2015

	DOI: https://doi.org/10.1038/nature14958


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

                
                    	
                            
                                
                                    
                                        Conformational plasticity of NaK2K and TREK2 potassium channel selectivity filters
                                    
                                

                            
                                
                                    	Marcos Matamoros
	Xue Wen Ng
	Colin G. Nichols


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Interaction Between HCN and Slack Channels Regulates mPFC Pyramidal Cell Excitability in Working Memory Circuits
                                    
                                

                            
                                
                                    	Jing Wu
	Lynda El-Hassar
	Leonard K. Kaczmarek


                                
                                Molecular Neurobiology (2023)

                            
	
                            
                                
                                    
                                        Impaired motor skill learning and altered seizure susceptibility in mice with loss or gain of function of the Kcnt1 gene encoding Slack (KNa1.1) Na+-activated K+ channels
                                    
                                

                            
                                
                                    	Imran H. Quraishi
	Michael R. Mercier
	Leonard K. Kaczmarek


                                
                                Scientific Reports (2020)

                            
	
                            
                                
                                    
                                        Deep Learning to Predict Protein Backbone Structure from High-Resolution Cryo-EM Density Maps
                                    
                                

                            
                                
                                    	Dong Si
	Spencer A. Moritz
	Jianlin Cheng


                                
                                Scientific Reports (2020)

                            
	
                            
                                
                                    
                                        Ca2+-regulated Ca2+ channels with an RCK gating ring control plant symbiotic associations
                                    
                                

                            
                                
                                    	Sunghoon Kim
	Weizhong Zeng
	Youxing Jiang


                                
                                Nature Communications (2019)

                            


                

            

        
    

            
                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
Slo2.2 Na+-activated K+ channel structure
The structure of the full-length Slo2.2 Na+-activated K+ channel has been determined by cryo-electron microscopy, revealing features that explain the high conductance and gating mechanism of the Slo K+ channel family. Slo2.2 is present in many neurons, where it acts as a negative feedback regulator of excitation through its sensitivity to Na+ and its high K+ conductance. Mutations in the gene encoding the Slo2.2 protein are linked to a number of intellectual disabilities and some types of epilepsy.

show all

    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
