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            Abstract
Inactivation is the process by which ion channels terminate ion flux through their pores while the opening stimulus is still present1. In neurons, inactivation of both sodium and potassium channels is crucial for the generation of action potentials and regulation of firing frequency1,2. A cytoplasmic domain of either the channel or an accessory subunit is thought to plug the open pore to inactivate the channel via a â€˜ball-and-chainâ€™ mechanism3,4,5,6,7. Here we use cryo-electron microscopy to identify the molecular gating mechanism in calcium-activated potassium channels by obtaining structures of the MthK channel from Methanobacterium thermoautotrophicumâ€”a purely calcium-gated and inactivating channelâ€”in a lipid environment. In the absence of Ca2+, we obtained a single structure in a closed state, which was shown by atomistic simulations to be highly flexible in lipid bilayers at ambient temperature, with large rocking motions of the gating ring and bending of pore-lining helices. In Ca2+-bound conditions, we obtained several structures, including multiple open-inactivated conformations, further indication of a highly dynamic protein. These different channel conformations are distinguished by rocking of the gating rings with respect to the transmembrane region, indicating symmetry breakage across the channel. Furthermore, in all conformations displaying open channel pores, the N terminus of one subunit of the channel tetramer sticks into the pore and plugs it, with free energy simulations showing that this is a strong interaction. Deletion of this N terminus leads to functionally non-inactivating channels and structures of open states without a pore plug, indicating that this previously unresolved N-terminal peptide is responsible for a ball-and-chain inactivation mechanism.
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                    Fig. 1: MthK structure in the closed state in the absence of Ca2+.[image: ]


Fig. 2: Atomistic simulations of closed MthK.[image: ]


Fig. 3: Multiple MthK structures in the presence of Ca2+.[image: ]


Fig. 4: MthK is inactivated by the N terminus plugging the open-state pore.[image: ]


Fig. 5: Scheme of Ca2+ gating and inactivation cycle in MthK.[image: ]
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                Data availability


The map of calcium-free MthK and the four maps of calcium-bound MthK have been deposited in the Electron Microscopy Data Bank (EMDB) under accession codes EMD-20663, EMD-20662, EMD-20664, EMD-20665 and EMD-20653, respectively. The maps for the two calcium-bound RCK gating rings have been deposited with EMDB under accession codes EMD-20652 and EMD-20650, respectively. The maps for calcium-bound MthK(Î”2â€“17) full-length states and RCK gating-ring states have been deposited with accession codes EMD-20930, EMD-20931, EMD-20932, EMD-20925 and EMD-20929, respectively. Atomic coordinates for the calcium-free MthK, calcium-bound MthK and the two calcium-bound RCK gating rings have been deposited with the Protein Data Bank with accession codes 6U6D, 6U68, 6U6E, 6U6H, 6U5R, 6U5P and 6U5N, respectively. Atomic coordinates for calcium-bound MthK(Î”2â€“17) full-length states and RCK gating-ring states have been deposited with accession codes 6UX7, 6UXA, 6UXB, 6UWN and 6UX4. Extended Data Fig. 9 contains raw single-channel and stopped-flow fluorescence decay data, which are available from the corresponding author upon request.
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Extended data figures and tables

Extended Data Fig. 1 Sequence alignments.
a, Sequence alignment of MthK with human Slo1 and Aplysia californica (Ac) Slo1. Secondary structures of closed state MthK are labelled on top. b, Sequence alignment of MthK RCK domain with human Slo1 RCK1 and RCK2 domain. Blue regions indicate similarity and dark blue regions indicate identity. c, Sequence alignment shows inactivation N-terminal from MthK (accession number CEP 36137), Shaker B (accession number CAA 29917), Kv-Î²1.1 (accession number CAA 50000), BK-Î²3a (accession number NP_741979) and BK-Î²2a (accession number NP_001265840). d, Secondary structure prediction (PSIPRED server (see method)) indicates that the N-terminal 17 residues of MthK form a helix.Â Dashed box indicates the manually built residues in the structure.


Extended Data Fig. 2 Single-particle cryo-EM characterization of closed MthK in the absence of Ca2+.
a, Size-exclusion chromatography (SEC) of MthK reconstituted in nanodiscs composed of 3:1 POPE:POPG lipids with MSP1E3. The main (highest amplitude) peak from SEC was separated using SDSâ€“PAGE (inset), showing the components of MthK nanodiscs (indicated). b, Representative micrograph of the MthK nanodisc sample in 0 Ca2+ and 5 mM EDTA (left). Selected 2D-class averages (right). c, Final cryo-EM map of closed MthK coloured by local resolution. d, FSC curves between the two independently refined half-maps after masking (black curve) and from cross validation between the atomic model, refined against half-map 1, against masked sum of both half-maps (red). e, Angular distribution of particles used in the reconstitution. f, Density of MthK EDTA closed state. Segmented cryo-EM density maps (grey mesh) of closed MthK in the absence of Ca2+. The fitted corresponding atomic model is in cyan.


Extended Data Fig. 3 Fenestrations and C-linker in closed MthK.
a, b, Surface representation of MthK closed (a) and open (PDB 3LDC) (b) state transmembrane domains, coloured by amino acid hydrophobicity. The membrane boundaries are indicated. No fenestration was observed in the open state. c, d, A tunnel, drawn with HOLE, shows how fenestrations (drawn through only two opposing subunits) connect the lipid bilayer with the inside of the cavity (grey). e, The resolved C-linker domain and two extra helical turns of TM2 (blue) shown in one MthK subunit. f, Zoomed-in dashed square in e, showing direct interactions between residues in C-linker (blue) and the RCK N-lobe (green). The neighbouring subunit is in beige. The residues that may contribute to C-linker stabilization via hydrophobic and electrostatic interactions are indicated.


Extended Data Fig. 4 Summary of RCK tilt, TM2 bend, conformational changes and lipid interactions from simulations.
a, Snapshot from one (out of ten simulations) representative simulation showing the maximum RCK tilt. Membrane deformations are indicated by the displacements of lipid phosphates (white spheres). Black dotted line highlights the bend of the front TM2 helix. b, Graphs showing variations in RCK tilt and TM2 bend shown for each of the ten simulations where a positive or negative value represents tilting towards the subunit with TM2 located at the front or back. c, Detail showing the bend of TM2 helices. d, The mean time-lagged cross-correlation of RCK tilt and TM2 bend obtained from analysis of all ten simulations shows how the correlation occurs instantaneously (zero lag) with a value of 0.25Â Â±Â 0.05. Error bars representÂ Â±Â s.e.m.; nÂ =Â 10 independent simulations. e, Alignment on all four RCK domains. RCK dimers rotated upward (red arrows) within the gating ring. f, Time series of r.m.s.d. of each subunit reveals slow relaxation over 300Â ns, increasing owing to the vertical rotations of the subunits as membrane interactions are formed, with asymmetric fluctuations seen during the simulation. g, Time-series r.m.s.d. of individual RCK dimers, revealing some maintained asymmetry. These changes occur owing to changes in loops, although overall the structure is preserved, with lower r.m.s.d. values. All r.m.s.d. errors are between 0.01 and 0.04Â Ã… (not shown). h, Channel structure at the end of a 500-ns simulation showing membrane interactions, indicating acidic and basic residues involved. i, Vertical movements of the C-lobe relative to the membrane (top) are well-correlated with tilting movements, and they lead to increased number of contacts between C-lobes and lipids (bottom), with similar results for N-lobes (not shown). j, There is little change in gate size at L95 (orange) and I99 (purple) during the simulation (top), however, the gate grows rapidly during the first several nanoseconds at Q103 (green). This growth is preceded by the upwards movement of K114 sidechain, positioned on the C-linker (bottom panel). This figure shows representative time series from 1 of the 10 independent simulations performed. SeeÂ Supplementary Video 4.


Extended Data Fig. 5 Cryo-EM data processing workflow for the MthK Ca2+ dataset.
After refinement, the classes without clear transmembrane density were discarded and marked by X. The classes were classified into four groups according to the tilting degree and coloured according to the class name. Red for highly tilted classes, blue for medium tilted classes, green for mildly tilted classes and yellow for the closed state.


Extended Data Fig. 6 Overview of all the structures obtained from the MthK Ca2+ dataset.
a, The structures with clear transmembrane density were kept; they were classified into four groups according to the tilt angle between the nanodisc (TMD) and RCK ring: highly tilted (red), medium tilted (blue), mildly tilted (green) and closed state (yellow). Finally, there are nine structures in total: three different structures in the highly tilted group (MthK Ca2+ states 1, 1.2 and 1.3), two different structures in the medium tilted group (MthK Ca2+ state 2 and 2.2), three different structures in the mildly tilted group (MthK Ca2+ state 3, 3.2 and 3.3), and one closed state. b, Cryo-EM data processing workflow for only the gating ring structures of the MthK Ca2+ dataset, excluding the closed state. Two different structures were identified by Relion 3D classification (named RCK state 1 and RCK state 2). c, Overlay of RCK states 1 and 2. Slight differences are observed between the two structures.


Extended Data Fig. 7 Single-particle cryo-EM characterization of MthK Ca2+-bound states.
aâ€“d, MthK Ca2+ state 1 (highly tilted). a, Final cryo-EM map coloured by local resolution. b, FSC curve between two independently refined half-maps, after masking. c, Selected 2D-class averages. d, Angular distribution of particles used in the reconstitution. eâ€“h, MthK Ca2+ state 2 (medium-tilted) e, Final cryo-EM map coloured by local resolution. f, FSC curve between two independently refined half-maps, after masking. g, Selected 2D-class averages. h, Angular distribution of particles used in the reconstitution. iâ€“l, MthK Ca2+ state 3 (mildly tilted). i, Final cryo-EM map coloured by local resolution. j, FSC curve between two independently refined half-maps, after masking. k, Selected 2D-class averages. l, Angular distribution of particles used in the reconstitution. mâ€“p, Ca2+-bound closed MthK. m, Final cryo-EM map coloured by local resolution. n, FSC curve between two independently refined half-maps, after masking. o, Selected 2D-class averages from particles. p, Angular distribution of particles used in the reconstitution.


Extended Data Fig. 8 Single-particle cryo-EM characterization of the gating-ring structures in the MthK Ca2+ dataset.
a, Final cryo-EM map of RCK state 1 coloured by local resolution. b, FSC curves between the two independently refined half-maps of MthK Ca2+ RCK state 1 (black), and from cross validation between the atomic model refined against the final cryo-EM map (red). c, Angular distribution of particles used in the reconstitution of RCK state 1. d, Final cryo-EM map of RCK state 2 coloured by local resolution. e, FSC curves between the two independently refined half-maps of MthK Ca2+ RCK state 2 (black), and from cross validation between the atomic model refined against the final cryo-EM map (red). f, Angular distribution of particles used in the reconstitution of RCK state 2. g, Segmented cryo-EM density maps (grey mesh) of RCK state 2. The fitted corresponding atomic model is in cyan.


Extended Data Fig. 9 Functional characteristics of MthK.
a, Single-channel characteristics of MthK(Î”2â€“17) are similar to the wild type. Top, representative single-channel recording traces from MthK(Î”2â€“17) in horizontal lipid bilayers made of POPE:POPG (3:1) liposomes in decane at +100Â mV without and with 5Â mM Ca2+. Traces are filtered at 200Â Hz for display. Single-channel currentâ€“voltage curves (bottom left) and Po as a function of voltage (bottom right) for MthK(Î”2â€“17) (red symbols) compared to wild type (dashed black lines). For MthK(WT), data are meanÂ Â±Â s.e.m. of 5 measurements for all membrane potentials except at âˆ’100, 75, and 100Â mV, which contain 6 measurements. For MthK(Î”2â€“17), data are meanÂ Â±Â s.e.m. of 5 (âˆ’50 mV), 6 (âˆ’75, 50 and 125Â mV), 7 (âˆ’125 mV), 8 (âˆ’25 and 75 mV) and 9 (25 and 100Â mV) measurements. Each measurement is from a separate bilayer. b, Relative Tl+ flux rates as a function of incubation time of MthK WT (blue) and MthK Î”2â€“17 (red)-containing POPE:POPG (3:1) liposomes with 5 mM Ca2+. Symbols are the meanÂ Â±Â s.d. from three independent experiments. c, Fluorescence quench curves for MthK(WT)-containing DOPC:POPG (3:1) liposomes after 1 or 10Â s (dark and light blue, respectively) incubation with 5Â mM Ca2+. Control fluorescence is in the absence of Tl+ (black). A small leak of Tl+ into liposomes was observed in the absence of Ca2+ (light grey) and in the MthK-free liposomes (dark grey). Three experiments were performed with similar results. d, Fluorescence quench curves for MthK(Î”2â€“17)-containing DOPC:POPG (3:1) liposomes after 1 or 10Â s (brown and pink, respectively) incubation with 5Â mM Ca2+. The control was performed similarly as that for the experiment with the MthK(WT) liposomes. Experiments were performed three times with similar results. e, f, Simulation snapshots illustrating salt bridges between the basic residues on the N terminus (blue) and the ring of glutamates at the intracellular pore entrance (e), and hydrophobic interactions between the N terminus (blue) and hydrophobic residues lining the pore cavity (f). Only three subunits of the MthK transmembrane domain are shown for clarity. The residues in stick representation are coloured the same as the individual subunits. The calibration bar indicates the position of the COM of the peptide parallel to the channel pore axis (seeÂ Methods). g, Convergence of the free energy profile from Umbrella Sampling simulations for the N-terminal peptide plugging the MthK pore (Fig. 4f). Convergence to within 1Â kcalÂ molâˆ’1 was achieved in 23Â ns.


Extended Data Fig. 10 Single-particle cryo-EM characterization of MthK(Î”2â€“17) in the presence of Ca2+.
aâ€“c, Cryo-EM map coloured by local resolution, FSC curve between two independently refined half-maps and angular distribution of particles for state 1. dâ€“f, Cryo-EM map coloured by local resolution, FSC curve between two independently refined half-maps and angular distribution of particles for state 2. gâ€“i, Cryo-EM map coloured by local resolution, FSC curve between two independently refined half-maps and angular distribution of particles for state 3. jâ€“l, Cryo-EM map coloured by local resolution, FSC curve between two independently refined half-maps and angular distribution of particles for RCK state 1. mâ€“o, Cryo-EM map coloured by local resolution, FSC curve between two independently refined half-maps and angular distribution of particles for RCK state 2.


Extended Data Fig. 11 Gating-ring assembly in the open MthK structures and pore densities.
aâ€“c, Cryo-EM density map top (a) and side (c) views, and atomic model of the gating ring structure (b). Interfaces and Ca2+ binding sites are indicated. The UP RCK dimers are in redâ€“blue and the DOWN RCK dimers are in greenâ€“yellow. d, Cartoon illustrating the RCK dimer packing within the gating ring of the MthK crystal structure (PDB 1LNQ, left, four-fold symmetry) and our MthK open state (right, two-fold symmetry). Illustrations of the assembly interface 1 (e) and assembly interface 2 (f), in which the MthK gating ring from the crystal structure is in beige (PDB 1LNQ), and from the cryo-EM open structure in green, blue, yellow and red. The structures are aligned by blue subunit in (e) and red subunit in (f). g, Transmembrane domains of MthK open state 2 and open state 3. Density maps (grey mesh) from only two subunits are shown with overlaid model in blue and yellow cartoon. The N-terminal plug is in dark blue. h, Transmembrane domains of MthK(Î”2â€“17) state 2 and state 3. Colours as in g.


Extended Data Fig. 12 The Ca2+-binding sites in the Ca2+-bound closed MthK and RCK state 2 gating ring structures.
a, Overlay of Ca2+-bound closed MthK (red) and Ca2+-free closed MthK (EDTA structure, blue). The two structures are very similar. b, Ca2+ binding sites in the Ca2+-bound closed MthK. Site 1a and 1b are indicated. Density map of Ca2+-binding site 1a (c) and 1b (d). Ca2+ is in orange. The water near the Ca2+ is in red. e, Overview of RCK state 2 structure. Colour scheme is the same as in Fig. 5. The RCK dimer is indicated and shown in detail in f. f, Overlay of the RCK dimer from RCK state 2 detailed in e with the crystal structure of the Ca2+-bound RCK dimer (PDB 4L73, beige). g, The RCK dimer from RCK state 2 with the 6 Ca2+ binding sites indicated. hâ€“m, Density map of Ca2+ binding site 1a (h), 1b (i), 2a (j), 2b (k), 3a (l), 3b (m). Ca2+ is coloured in orange. The water close to Ca2+ is coloured red. Residues forming the binding sites (indicated) are rendered in pink and blue sticks as they originate from adjacent subunits.


Extended Data Table 1 Cryo-EM data collection, refinement and validation statistics of MthK(WT) Ca2+-bound states 1â€“3, MthK(WT) Ca2+-bound closed state and RCK states 1 and 2Full size table


Extended Data Table 2 Cryo-EM data collection, refinement and validation statistics of MthK(WT) EDTA closed state, MthK(Î”2â€“17) Ca2+-bound states 1â€“3 and RCK states 1 and 2Full size table





Supplementary information
Reporting Summary

Video 1
: Overall view of the cryo-EM structure of MthK closed state. Each of the subunits is in a different colour. Colours are as in Fig1. The fenestration in the transmembrane region is highlighted.


Video 2
: Conformational change of the MthK intracellular gate upon channel opening. The conformational change was calculated by the morph function in Chimera. Two charged residues E92, E96 were highlighted and shown as ball and stick. These two residues twisted facing the pore upon channel opening.


Video 3
: MD simulation of MthK closed state. A sample all-atom simulation of the closed MthK showing how the gating ring is highly flexible and rocks back and forth during 500 ns. This tilting is accompanied by bending of the TM2 helices (Extended Data Fig.4c). The RCK C-lobe, N-lobe and C-linker interact with the membrane (lipid P atoms represented as white spheres) leading to membrane curvature (Extended Data Fig.4h). As the simulation progresses, RCK domains from all four subunits interact with the membrane, causing upward rotation of each RCK domains (Extended Data Fig.4e-g).


Video 4
: Expansion of the intracellular entryway at Q103 associated with C-linker movement. The MthK C-linker is highly flexible, which causes the gate to expand. During the first few nanoseconds of this sample simulation, the sidechains of K114 and D111 move upwards and interact with lipid PE and PG headgroups, causing the loss of the interaction of D111 with R154 and rapid increase of the gate size, corresponding to an increase in Q103 radial position from 6.1 Ã… to 8.5 Ã… (Extended Data Fig.4).


Video 5
: Overall view of the cryo-EM structure of MthK open-inactivated state 1. Each subunit is in a different colour. Colours are as in Fig. 3. The C-linker and the N-terminal inactivation plug (blue) are highlighted.


Video 6
: N-terminus exiting the pore of WT MthK. The pore of MthK is shown in the same colours as in Fig. 4. The initial structure is the cryo-EM structure of the TM domains of MthK Ca2+ state 1 with the N-terminus inside the pore. The side chains of E92, E96 on TM2 and E4, R9, K10, H11 R14, K17 on the N-terminal peptide are shown in order to illustrate the interactions between the pore and the N-terminus.


Video 7
: Conformational change of the RCK gating ring from closed to open state. Each of the subunits is in a different colour. The colour is the same as in Extended Data Fig.11. The conformational change was calculated by the morph function in Chimera.


Video 8
: Morph of subunit A with the ordered C-linker between closed and open-inactivated state. The subunits from two structures were aligned on the transmembrane region. The conformational change was calculated by the morph function in PyMOL.





Rights and permissions
Reprints and permissions


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



Cite this article
Fan, C., Sukomon, N., Flood, E. et al. Ball-and-chain inactivation in a calcium-gated potassium channel.
                    Nature 580, 288â€“293 (2020). https://doi.org/10.1038/s41586-020-2116-0
Download citation
	Received: 02 September 2019

	Accepted: 15 January 2020

	Published: 18 March 2020

	Issue Date: 09 April 2020

	DOI: https://doi.org/10.1038/s41586-020-2116-0


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)

                            
	
                            
                                
                                    
                                        Mechanism underlying delayed rectifying in human voltage-mediated activation Eag2 channel
                                    
                                

                            
                                
                                    	Mingfeng Zhang
	Yuanyue Shan
	Duanqing Pei


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Central cavity dehydration as a gating mechanism of potassium channels
                                    
                                

                            
                                
                                    	Ruo-Xu Gu
	Bert L. de Groot


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Hydrophobic gating in bundle-crossing ion channels: a case study of TRPV4
                                    
                                

                            
                                
                                    	Jian Huang
	Jianhan Chen


                                
                                Communications Biology (2023)

                            
	
                            
                                
                                    
                                        N-type fast inactivation of a eukaryotic voltage-gated sodium channel
                                    
                                

                            
                                
                                    	Jiangtao Zhang
	Yiqiang Shi
	Daohua Jiang


                                
                                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
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            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: ]
