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            Abstract
Every voltage-gated ion channel (VGIC) has a pore domain (PD) made from four subunits, each comprising an antiparallel transmembrane helix pair bridged by a loop. The extent to which PD subunit structure requires quaternary interactions is unclear. Here, we present crystal structures of a set of bacterial voltage-gated sodium channel (BacNaV) â€˜pore onlyâ€™ proteins that reveal a surprising collection of non-canonical quaternary arrangements in which the PD tertiary structure is maintained. This context-independent structural robustness, supported by molecular dynamics simulations, indicates that VGIC-PD tertiary structure is independent of quaternary interactions. This fold occurs throughout the VGIC superfamily and in diverse transmembrane and soluble proteins. Strikingly, characterization of PD subunit-binding Fabs indicates that non-canonical quaternary PD conformations can occur in full-length VGICs. Together, our data demonstrate that the VGIC-PD is an autonomously folded unit. This property has implications for VGIC biogenesis, understanding functional states, de novo channel design, and VGIC structural origins.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 /Â 30Â days
cancel any time

Learn more



Subscribe to this journal
Receive 12 print issues and online access
$189.00 per year
only $15.75 per issue

Learn more



Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more



Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Structures of BacNaV PDs.


Fig. 2: Exemplar structural homologs of the VGIC-PD fold, identified using DALI30,31.


Fig. 3: BacNaV PD structural relationships and CTD comparisons.


Fig. 4: BacNaV PD contact maps.


Fig. 5: BacNaV PD monomer is stable in a bilayer.


Fig. 6: sFab SAT09 recognizes the BacNaV SF.


Fig. 7: Evidence for non-canonical PD quaternary structure in full-length BacNaVs.
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Extended data

Extended Data Fig. 1 BacNaV PDs exemplar electron density and structural details.
a-c, 2Fo-Fc Electron density (1Ïƒ) for NaVAb1p (firebrick) a, side view, b, extracellular view, and c, Single subunit. d, Exemplar NaVAb1p Composite OMIT map density (1Ïƒ). e, Superposition of NaVAb1p structures determined in detergent (firebrick) and bicelles (cyan). f, Comparison of lipid bound to the P1 helix in NaVAb1p (firebrick) and NaVAe1p (PDB 5HK7)18. This lipid is modeled as phosphoenthanolamine and the 2Fo-Fo density (1.0Ïƒ, marine mesh) shows a well-defined acyl chain sitting between the P1 and S6 helices of NaVAb1p. g-i, 2Fo-Fc Electron density (1Ïƒ) for CaVSp1p (cyan) g, side view, h, extracellular view, and i, Single subunit. j, Exemplar CaVSp1p Composite OMIT map density (1Ïƒ). k, Close up of the CaVSp1p S6 (marine)-Neck (olive) junction showing two subunits. Select residues are indicated. l-q, 2Fo-Fc Electron density (1Ïƒ) for NaVAe1/Sp1CTDp (marine). l-n, inside-outB tetramer l, side view, m, extracellular view, and n, single subunit. o-q, inside-outC tetramer o, side view, p, extracellular view, and q, single subunit.


Extended Data Fig. 2 Structure comparison of selectivity filters from canonical and non-canonical quaternary assemblies.
a, NaVAb1p (firebrick), b, CaVSp1p (cyan), and c, NaVAe1/Sp1CTDp inside-outC form(marine) compared with the NaVAe1p canonical structure (orange) (PDB:5HK7)18. Selectivity filter TrpIn and TrpOut conformations are indicated. d, NaVAb1p, CaVSp1p, and NaVAe1p sequence comparison. Residue numbers and positions of unified numbering scheme for the selectivity filter (SF) (-1 to +3) as defined by Shaya et al.11 are shown.


Extended Data Fig. 3 Structure comparison of inside-out and canonical quaternary assemblies.
a, Superposition showing the rigid body movements that connect canonical NaVAe1p (orange), inside-outA NaVAb1p (firebrick), inside-outB NaVAe1/Sp1CTDp (pale green), and inside-outC NaVAe1/Sp1CTDp (marine) conformations. C-tails of each monomer are superposed. The selectivity filter of each monomer is magenta. All inside-out forms are related to NaVAe1p by a 45Â° rotation round the hinge followed by varied degrees of translation indicated by the arrow. Rotation around the Hinge parallel to the membrane is indicated. b, Extracellular view of â€˜aâ€™. Location of central ion conducting pore is indicated by the open circle. NaVAe1p tetramer is shown with one orange and three white subunits. Arrow shows the relationships among the inside-out forms. c, Superposition of the CTDs from NaVAe1/Sp1CTDp inside-outB (pale green) and inside-outC (marine) conformations with CaVSp1p (cyan). d, Details of the central core from â€˜câ€™.


Extended Data Fig. 4 BacNaV pore loop and S6 hydrophilic residue dynamics.
a, Minimum distance between Trp199 and Phe218 CÎ± positions during simulation. Inset shows exemplar Trp199 (pink) Trpin and Trpout conformations at 6.00 Âµs and 6.73 Î¼s, respectively. Pink sphere indicates Phe218 CÎ±. b, Ser225 and Ser226 hydrogen bond to the S6 helix backbone. C, Quantification of hydrogen bond persistence given as the proportion of time spent hydrogen bonded in each of three simulation replicates for the Phe211-Ser225 and Ile222-Ser226 pairs.


Extended Data Fig. 5 sFab:NaVAe1/Sp1CTDp complexes.
a, 2Fo-Fc (2Ïƒ) electron density for sFab SAT09:NaVAe1/Sp1CTDp. sFab SAT09 light (limon) and heavy (yellow orange) chains and NaVAe1/Sp1CTDp (magenta) are indicated. b, 2Fo-Fc (1Ïƒ) electron density for sFab ANT05:NaVAe1/Sp1CTDp. sFab ANT05 light (aquamarine) and heavy (yellow) chains and NaVAe1/Sp1CTDp (orange) are indicated. c, Composite OMIT map density for SAT09:NaVAe1/Sp1CTDp. Colors are as in â€˜aâ€™. d, Sequence comparisons of the light chain (LC) and heavy chain (HC) CDRs (blue and green, respectively) for sFabs SAT09 (black) and ANT05 (grey). CDR sequences are shown in italics.


Extended Data Fig. 6 Structure of the sFabSAT09:NaVAe1/Sp1CTDp complex.
a, Superposition of NaVAe1/Sp1CTDp from the sFab SAT09:NaVAe1/Sp1CTDp complex and NaVAe1p from the canonical structure (PDB:5HK7)18. Channel elements are colored as follows, S5 (bright orange), SF (red), P1 and P2 helices (teal), S6 (marine), neck (olive) coiled-coil (forest). b, Superposition of NaVAe1/Sp1CTDp (marine) and NaVAe1/Sp1CTDp from the SAT09 complex (magenta). c, sFabSAT09:NaVAe1/Sp1CTDp complex asymmetric unit. d, Extracellular view of a sFabSAT09:NaVAe1/Sp1CTDp pentameric complex (top). e, Extracellular view of a NaVAe1/Sp1CTDp inside-outD. Channel elements are colored as in â€˜Aâ€™. f, Superposition showing the rigid body movements that connect conformations of NaVAe1p (orange) and NaVAe1/Sp1CTDp from the sFabSAT09:NaVAe1/Sp1CTDp complex (marine). C-tails of each monomer are superposed. The selectivity filter of each monomer is magenta. Hinge is indicated. g, Extracellular view of â€˜fâ€™. Location of central ion conducting pore in NaVAe1p is indicated by the open circle. Arrow shows the NaVAe1p-NaVAe1/Sp1CTDp relationship. h, sFabSAT09:NaVAe1/Sp1CTDp complex contact map. CÎ±- CÎ± distances for (black) diagonal subunits at 20 Ã… and (red) neighboring subunits at 12 Ã…. Channel structural elements are indicated. Extracellular views of the PDs having channel elements colored as in â€˜aâ€™ are shown. Arrows indicate the diagonal (black) and neighbor (red) distance relations of the contact plots.


Extended Data Fig. 7 SEC-MALS analysis of NaVAe1Sp1CTD and SAT09:NaVAe1Sp1CTD.
a, SEC-MALS chromatograms of 15 ÂµM NaVAe1Sp1CTD purified in DDM. b, SEC-MALS chromatograms of 15 ÂµM NaVAe1Sp1CTD in complex with 2.5-fold excess of sFab SAT09. The red and purple lines represents respectively the total molar mass and protein molar mass fitting results. c, Superimposition of NaVAe1Sp1CTD and SAT09:NaVAe1Sp1CTD SEC-MALS chromatograms from â€˜aâ€™ and â€˜bâ€™. Chromatograms for â€˜aâ€™ and â€˜bâ€™ are available as source data.
Source data


Extended Data Fig. 8 Structure of the sFabANT05:NaVAe1/Sp1CTDp complex.
a, Extracellular view of the sFabANT05:NaVAe1/Sp1CTDp complex. sFabANT05 (green) is shown in cartoon and surface rendering. NaVAe1/Sp1CTDp (marine) is shown in cartoon rendering. b, Comparison of the binding modes of sFabANT05 (green) and sFabSAT09 (cyan) to NaVAe1/Sp1CTDp. NaVAe1/Sp1CTDp from the sFabANT05 complex is marine. NaVAe1/Sp1CTDp from the sFabSAT09 complex is cyan.


Extended Data Fig. 9 Characterization of sFab SAT09 binding.
a, Superposition of the sFabSAT09 complex (solid yellow, green SAT09 and marine cylinders NaVAe1/Sp1CTDp on the NaVAe1p (space filling, white) canonical structure (PDB:5HK7)18 showing three of the four subunits. Selectivity filter (SF) region of NaVAe1p is colored red. b, Superose 6 10/300 FSEC profiles of K2P2.1(TREK-1)cryst-GFP alone (black) and with SAT09 (green). DDM-solubilized fraction from K2P2.1(TREK-1)cryst-GFP expressing Pichia pastoris cells (100 Âµl) was incubated with 1 nmol of sFab SAT09. c, SEC-MALS chromatograms of 9 ÂµM NaVSp1 reconstituted in amphipol A8-35. d, SEC-MALS chromatogram of 9 ÂµM NaVSp1-SAT09 complex reconstituted in amphipol A8-35 and taken after purification of the complex on Superose 6. e, Superimposition of NaVSp1 (dashed line) and SAT09:NaVSp1 (black) SEC-MALS chromatograms from â€˜câ€™ and â€˜dâ€™. Chromatograms for â€˜b-eâ€™ are available as source data.
Source data


Extended Data Fig. 10 EPR mobility changes.
a, Side and b, Extracellular views of the CaVSp1p structure showing residues having changed mobility relative to the full length channel. Increased (orange), decreased (blue). Selectivity filter is colored red. EPR data are from 15.





Supplementary information
Supplementary Information
Supplementary Tables 1 and 2


Reporting Summary

Peer Review File




Source data
Source Data Fig. 2
DALI search results.


Source Data Fig. 7
Chromatograms for Fig. 7.


Source Data Extended Data Fig. 7
Chromatograms for Extended Data Fig. 7 (Note: Data in 7c are from 7a and 7b).


Source Data Extended Data Fig. 9
Chromatograms for Extended Data Fig. 9





Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Arrigoni, C., Lolicato, M., Shaya, D. et al. Quaternary structure independent folding of voltage-gated ion channel pore domain subunits.
                    Nat Struct Mol Biol 29, 537â€“548 (2022). https://doi.org/10.1038/s41594-022-00775-x
Download citation
	Received: 05 September 2021

	Accepted: 08 April 2022

	Published: 02 June 2022

	Issue Date: June 2022

	DOI: https://doi.org/10.1038/s41594-022-00775-x


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

                
                    	
                            
                                
                                    
                                        EMC chaperoneâ€“CaV structure reveals an ionÂ channel assembly intermediate
                                    
                                

                            
                                
                                    	Zhou Chen
	Abhisek Mondal
	Daniel L. Minor


                                
                                Nature (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Contact
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Structural & Molecular Biology (Nat Struct Mol Biol)
                
                
    
    
        ISSN 1545-9985 (online)
    
    


                
    
    
        ISSN 1545-9993 (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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    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
            
        


    









    








