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            Abstract
Volume-regulated anion channels are activated in response to hypotonic stress. These channels are composed of closely related paralogues of the leucine-rich repeat-containing protein 8 (LRRC8) family that co-assemble to form hexameric complexes. Here, using cryo-electron microscopy and X-ray crystallography, we determine the structure of a homomeric channel of the obligatory subunit LRRC8A. This protein conducts ions and has properties in common with endogenous heteromeric channels. Its modular structure consists of a transmembrane pore domain followed by a cytoplasmic leucine-rich repeat domain. The transmembrane domain, which is structurally related to connexin proteins, is wide towards the cytoplasm but constricted on the outside by a structural unit that acts as a selectivity filter. An excess of basic residues in the filter and throughout the pore attracts anions by electrostatic interaction. Our work reveals the previously unknown architecture of volume-regulated anion channels and their mechanism of selective anion conduction.
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                    Fig. 1: Relationships between homomeric and heteromeric LRRC8 proteins.[image: ]


Fig. 2: The structure of LRRC8A.[image: ]


Fig. 3: The LRRC8A subunit.[image: ]


Fig. 4: The pore domain.[image: ]


Fig. 5: The cytoplasmic LRR domains.[image: ]


Fig. 6: Electrostatics and selectivity filter.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Sequence alignment and topology.
a, Multiple sequence alignment of mouse paralogues of LRRC8. Shown are the sequences of LRRC8A (NCBI: NP_808393), LRRC8B (NCBI: NP_001028722), LRRC8C (NCBI: NP_598658), LRRC8D (NCBI: NP_001116240) and LRRC8E (NCBI: NP_082451). Residues strictly conserved in all subunits are coloured in blue. Segments of LRRC8A that are not defined in the cryo-EM density are highlighted in grey. Secondary structure elements of LRRC8A are shown below (pore domain, green; LRRD, blue; LRÎ²16 and LRÎ±16 correspond to a less conserved non-canonical repeat). Numbering corresponds to LRRC8A. The coloured symbols represent the following: Red circles, two threonine residues facing the pore at the extracellular membrane boundary; blue triangles, basic residues of the ESD of LRRC8A facing the pore; yellow inverted triangles, cysteine residues involved in disulfide bridges; green inverted triangles, residues at the extracellular side that have a role in desensitization; black squares, annotated phosphorylation sites (Uniprot: Q80WG5). The two paralogues LRRC8A and LRRC8C investigated in this study are of similar length and share 58% of identical and 72% of homologous residues. b, Topology of the pore domain with secondary structure elements indicated.


Extended Data Fig. 2 Electrophysiology and biochemical characterization.
a, Time-dependent whole-cell currents of non-transfected HEK293T cells recorded at 100 mV (dark blue) and âˆ’100 mV (light blue) evoked in response to low intracellular ion concentration (100 mM NMDG-Cl). b, Representative current response of activated channels at different voltages at a symmetric Clâˆ’ concentration of 100 mM. c, Currentâ€“voltage relationships in symmetric (left, nâ€‰=â€‰6) and asymmetric (right, nâ€‰=â€‰4) ionic conditions. The negative reversal potential corresponding to the Nernst potential of Clâˆ’ in the asymmetric condition is indicative of an anion-selective current. a and b show a representative recording of data shown in c, left. d, e, Time-dependent response (d) and representative traces and currentâ€“voltage relationships (e) of the LRRC8 knockout cell line LRRC8âˆ’/âˆ’ at the indicated ion concentrations (100o/100i, nâ€‰=â€‰5; 100o/50i, nâ€‰=â€‰5). d and e, left show representative recordings of data shown in e, right. f, g, Time-dependent response (f) and current response (g) of LRRC8âˆ’/âˆ’ cells expressing LRRC8A/C at the indicated ion concentrations. f and g show representative recordings of data shown in Fig.Â 1b. h, i, Time-dependent response (h) and current response (i) of LRRC8âˆ’/âˆ’ cells expressing LRRC8A at the indicated ion concentrations. h and i show representative recordings of data shown in Fig.Â 1c. Dashed lines show the corresponding responses of LRRC8âˆ’/âˆ’ cells at the indicated ion concentrations. Data in aâ€“i were recorded under voltage-clamp conditions in the whole-cell configuration. Currentâ€“voltage relationships show averages of the indicated number of independent experiments, errors are s.e.m. In a, d, f, h, the black triangle indicates the point of break-in. In b, e, g, i, traces show representative data recorded at the plateau at the indicated ion concentrations. j, Plasma membrane expression of LRRC8 constructs probed by surface biotinylation. Representative western blot (nâ€‰=â€‰3) shows avidin-purified chemically biotinylated proteins at the cell surface, which are detected by an anti-Myc antibody recognizing a fusion tag on the overexpressed LRRC8 constructs. Lanes show M, marker with molecular weights indicated; NT, non-transfected biotinylated LRRC8âˆ’/âˆ’ cells; NB, LRRC8A/C transfected, non-biotinylated LRRC8âˆ’/âˆ’ cells; A, LRRC8A transfected, biotinylated LRRC8âˆ’/âˆ’ cells; AC, LRRC8A/C transfected, biotinylated LRRC8âˆ’/âˆ’ cells. The blot shows comparable surface expression of LRRC8A and LRRC8A/C constructs, which is in agreement with previous reports9. The experiment was repeated three times as independent biological replicates with similar results. k, Elution profile of LRRC8A (red) and LRRC8APD (blue) from a Superose 6 10/300 column. The first peak between 13 and 14 ml corresponds to a hexamer of LRRC8A, the smaller peak at around 17 ml corresponds to the cleaved fluorescent fusion protein. l, Elution profile and derived molecular weight for LRRC8APD purified in DDM. The continuous black line shows normalized absorbance at 280nm. The calculated molecular weight of the entire complex and its protein and detergent components based on MALS experiments are shown in purple, blue and red respectively. The calculated values are consistent with a hexameric assembly of LRRC8APD. m, Elution profile of LRRC8ALRRD from a Superdex 75 10/300 column. The main peak around 12 ml corresponds to a monomer of the cytoplasmic domain. In k, m, arrows indicate the void and bed volume.

                          Source data
                        


Extended Data Fig. 3 Cryo-EM reconstruction of LRRC8A at 5.01 Ã….
a, Representative cryo-EM micrograph of dataset 1 acquired with an FEI Tecnai G2 Polara microscope. The image shows well-dispersed single particles with occasional micro-aggregates. b, 2D class averages of LRRC8A. c, Angular distribution plot of all particles included in the final C3-symmetrized reconstruction showing uniform orientations. The length and the colour of cylinders correspond to the number of particles with respective Euler angles. d, The data-processing workflow. Seven out of nine classes generated during 3D classification reveal a well-defined, C6-symmetric pore domain and structural heterogeneity in the LRRDs, which reflects their intrinsic mobility. The second class from the left shows additional density representing a part of the cytoplasmic subunits of a neighbouring particle. Particles assigned to the boxed class were used in further refinement. The distribution of all particles (%) and the resolution of each class is indicated. e, FSC plot of the final refined unmasked (orange), masked (pink), phase-randomized (green) and corrected for mask convolution effects (blue) cryo-EM density map of LRRC8A. The resolution at which the FSC curve drops below the 0.143 threshold is indicated. The inset shows the atomic model within the mask that was applied for calculations of the resolution estimates. f, Final 3D reconstruction coloured according to local resolution.


Extended Data Fig. 4 Cryo-EM reconstruction of LRRC8A at 4.25 Ã… and its pore domain at 3.66 Ã….
a, Representative cryo-EM micrograph of dataset 2 obtained at an FEI Titan Krios. b, 2D class averages of LRRC8A. c, Angular distribution plots of all particles included in the final C3-symmetrized full-length reconstruction (upper panel) and the final C6-symmetrized pore domain reconstruction from focused refinement (lower panel) show uniform orientations. The length and colour of cylinders correspond to the number of particles with respective Euler angles. d, The data-processing workflow. 3D classification was performed directly on the initial set of particles to include less-populated orientations, which could be otherwise excluded if subjected to prior 2D classification. One of two predominant classes (boxed) revealed a subset of homogeneous particles, which were used in further processing. The distribution of all particles (percentage) and the resolution of each class is indicated. The focused refinement with C6 symmetry improved the resolution of the pore domain. The inset shows the mask applied to the map during refinement, in which the particle signal outside the mask, corresponding to the LRRDs, was subtracted e, FSC plot of the final refined unmasked (orange), masked (pink), phase-randomized (green) and corrected for mask convolution effects (blue) cryo-EM density map of C3-symmetric LRRC8A. The resolution at which the FSC curve drops below the 0.143 threshold is indicated. The inset shows the atomic model within the mask that was applied for calculations of the resolution estimates. f, Final 3D reconstruction of full-length LRRC8A coloured according to its local resolution. g, as in e, but for the 3D reconstruction of the C6-symmetric pore domain. h, as in f, but for the 3D reconstruction of the pore domain.


Extended Data Fig. 5 Comparison of cryo-EM 3D reconstructions of LRRC8A and LRRC8A/C.
a, CÎ±-representation of the refined model of LRRC8A with cryo-EM density at 4.25 Ã… at low (4.0 Ïƒ, left) and high (6.0 Ïƒ, right) contour threshold superimposed. b, CÎ±-representation of the refined model of LRRC8A with cryo-EM density at 5.01 Ã… at low (7.0 Ïƒ, left) and high (9.7 Ïƒ, right) contour threshold superimposed. c, Representative cryo-EM micrograph of dataset 3 acquired with an FEI Tecnai G2 Polara microscope. d, 2D class averages of the LRRC8A/C assembly. LRRC8A/C heteromers were obtained from the co-expression of the two constructs in HEK293 cells followed by a tandem affinity purification to select channels containing both subunits. e, The angular distribution plot of all particles included in the final C3-symmetrized reconstruction shows uniform orientations. The length and the colour of cylinders correspond to the number of particles with respective Euler angles. f, The data-processing workflow for LRRC8A/C. After 3D classification with either C1 or C3 symmetry imposed, the three predominant classes show a symmetric pore domain and LRRDs with higher flexibility. Cryo-EM density represents an average of LRRC8A and C subunits which, owing to their strong sequence relationship, are essentially identical in structure at the current resolution of the data. The final refined C3-symmetrized reconstructions reveal the overall architecture of the hexameric protein, which exhibits very similar features to the LRRC8A homo-hexamer. Although the final C3-symmetric model generated from non-symmetrized 3D classes contains twice the number of particles, its resolution is lower compared to the model calculated from the predominant symmetrized 3D class. We therefore used the latter for structural descriptions. The distribution of all particles (percentage) and the resolution of each class is indicated. g, FSC plot of the final refined unmasked (orange), masked (pink), phase-randomized (green) and corrected for mask convolution effects (blue) cryo-EM density map of LRRC8A/C. The resolution at which the FSC curve drops below the 0.143 threshold is indicated. The inset shows the cryo-EM density within the mask that was applied for calculations of the resolution estimates. h, Final 3D reconstruction at high (left) and low (right) thresholds, coloured according to local resolution.


Extended Data Fig. 6 Cryo-EM and X-ray electron density.
a, Sections of the cryo-EM density (grey, 6.5 Ïƒ) superimposed on the refined structure of the pore domain. Secondary structure elements are labelled. b, Cryo-EM density (grey, 6.0 Ïƒ) around disulfide bonds in the ESD. c, Stereo view of cryo-EM density (6.5 Ïƒ) of the pore region in the ESD with front subunits removed for clarity. aâ€“c show cryo-EM density of the C6-symmetrized pore domain of LRRC8A at 3.66 Ã…. d, e, Section (d) and stereo (e) views of the isolated LRRD of LRRC8A. Electron density (1.0 Ïƒ) of the LRRD determined by X-ray crystallography at 1.8 Ã… is shown superimposed on the model. f, g, Section (f) and stereo (g) views of the LRRD in the full-length LRRC8A channel. C3-symmetrized cryo-EM density (4.0 Ïƒ) is shown superimposed on the model. Although the resolution of the entire reconstruction is 4.25 Ã…, the local resolution of the LRRDs is lower. In aâ€“g, structures are shown as sticks.


Extended Data Fig. 7 X-ray crystallography and cryo-EM statistics and model validation.
a, Statistics of X-ray data collection, phasing and refinement. b, Statistics of cryo-EM data collection, processing and model refinement. c, d, FSC plots of refined atomic models against the cryo-EM density maps of the full-length protein at 4.25 Ã… (c, dataset 2) and the pore domain of LRRC8A at 3.66 Ã… (d, focus-refined dataset 2a). FSCsum (orange) is calculated for the full masked map and the model refined against the complete dataset, FSCwork (blue) is calculated for the masked half-map 1 and the shaken model refined against the dataset comprising the half map 1, FSCfree (pink) is calculated for the masked half-map 2 and the shaken model refined against the half map 1. FSC thresholds at 0.5 and 0.143 were used for FSCsum and FSCwork/FSCfree, respectively.


Extended Data Fig. 8 Homology model and electrostatics.
a, Model of LRRC8A used for electrostatic calculations. The high sequence conservation between paralogues and the structural similarity between homo- and heteromeric channels has enabled the construction of a homology model of LRRC8A/C. Whereas in this model the general features of LRRC8C are reliably represented, the alternate arrangement of A and C subunits in the hexameric channel, although plausible, is at this stage speculative. In both structures, the missing residues at the respective N termini were modelled in such a way that they do not obstruct the pore. Membrane boundaries (C, hydrophobic core and HG, head-group regions) are indicated. b, Electrostatic potentials along the pores of LRRC8A (red) and LRRC8A/C (blue), as determined by a numerical solution of the Poissonâ€“Boltzmann equation at 150 mM of monovalent ions in the solvent and the pore region. c, d, Part of the ESD of the LRRC8A/C model that lines the pore, viewed from within the membrane with front subunits removed for clarity (c) and from the extracellular side (d). The protein is displayed as a ribbon representation, with selected side chains as shown as sticks. Subunits A and C are shown in green and orange, respectively. Although most of the interaction interface is conserved in the pore domain of this model, differences in pore-lining residues alter the electrostatic properties of the ion conduction path. e, Residual density (5.0 Ïƒ) in the pore region of the C3-symmetrized cryo-EM map of LRRC8A. The region around T44 and T48 is highlighted, with front subunits removed for clarity. The view is as in c and the protein is displayed as sticks. f, The electrostatic potential along the pore of the LRRC8A(R103A)/C mutant (green), as determined by a numerical solution of the Poissonâ€“Boltzmann equation in the absence (left) and at 150 mM (right) of monovalent ions in the solvent and the pore region. In b, f, the membrane boundaries and the border between the pore domain and the LRRD are indicated.


Extended Data Fig. 9 Electrophysiology of selectivity filter mutants.
a, b, Time-dependent response (a) and representative traces and currentâ€“voltage relationship (b) of LRRC8âˆ’/âˆ’ cells expressing LRRC8A(R103A) (nâ€‰=â€‰4). c, d, Time-dependent response (c) and representative traces and currentâ€“voltage relationships (d) of LRRC8âˆ’/âˆ’ cells expressing LRRC8A/C(L105R) (nâ€‰=â€‰7). e, f, Time-dependent response (e) and representative traces and currentâ€“voltage relationships (f) of LRRC8âˆ’/âˆ’ cells expressing LRRC8A(R103A)/C (nâ€‰=â€‰4). In a, c, e, the black triangle indicates the point of break-in. In b, d, f, traces show representative data recorded at the plateau at the indicated symmetric Clâˆ’ concentrations. Currentâ€“voltage relationships show averages of the indicated number of independent experiments, errors are s.e.m. g, Currentâ€“voltage relationships of LRRC8A(R103A)/C (nâ€‰=â€‰5), LRRC8A/C (nâ€‰=â€‰4) and LRRC8A/C(L105R) (nâ€‰=â€‰5) at the indicated ionic gradient. h, Reversal potentials measured from the currentâ€“voltage relationship shown in g. In g, h, the Nernst potential of Clâˆ’ is indicated. iâ€“k, Currentâ€“voltage relationships of the indicated constructs with different extracellular anions (LRRC8A(R103A)/C (i), nâ€‰=â€‰4; LRRC8A/C (j), nâ€‰=â€‰5; LRRC8A/C(L105R) (k), nâ€‰=â€‰6). l, Reversal potentials measured from the currentâ€“voltage relationship shown in i, j and k. m, Ratio of the outward (SO42âˆ’) and inward (Clâˆ’) current at Â±100 mV measured from the currentâ€“voltage relationship shown in i, j and k. n, Relative inward current amplitude used to scale the normalized currentâ€“voltage relationship recorded in the presence of extracellular SO42âˆ’ in i, j and k. The shift in the reversal potential under the bi-ionic SO42âˆ’o/Clâˆ’i condition and the increase in relative SO42âˆ’ current reflects the increase in the relative permeability of the divalent anion as the number of positive charges in the selectivity filter increases. In gâ€“n, the data show averages of the indicated number of independent experiments, errors are s.e.m. Data in aâ€“n were recorded under voltage-clamp conditions in the whole-cell configuration.

                          Source data
                        


Extended Data Fig. 10 Comparison with gap junction proteins.
a, Superposition of subunits of LRRC8A (green) and connexin Cx26 (PDB: 2ZW3, red, left) and expanded view of the ESD (right). Selected secondary structure elements are indicated. b, Superposition of subunits of LRRC8A (green) and innexin-6 (PDB: 5H1Q, blue, left) and expanded view of the ESD (right). a, b, Proteins are displayed as ribbons; selected secondary structure elements are indicated. c, Pore radius along the symmetry axis. The dashed green line corresponds to the structure of LRRC8A containing the modelled N terminus used for electrostatic calculations. In the case of connexin Cx26, the difference in pore geometry arises from a shortening of helix E1H, and in C. elegans innexin-6 the difference arises from its larger, octameric assembly. dâ€“f, Pore domains of LRRC8A with modelled N-terminal residues (d) connexin Cx26 (PDB: 2ZW3) (e) and innexin-6 (PDB: 5H1Q) (f), viewed from the extracellular side (top), and two opposing subunits of the respective channels shown from within the membrane with N termini indicated (bottom). In dâ€“f, the proteins are shown as space-filling models.





Supplementary information
Supplementary Figure 1
Expression of LRRC8 constructs on the surface of LRRC8â€“/â€“ cells probed by biotinylation. Results of three independent biological replicates are shown. a, Experiment 1; Raw image of the western blot displayed in Extended Data Fig. 2j. b, Experiment 2; For each condition, two aliquots were analyzed on the same western blot. c, Experiment 3. a, b, A Coomassie blue stained membrane of the western blot is shown at the top, a bright field image before staining at the center and a chemiluminescence image before staining at the bottom. c, A bright field image is shown at the top and a chemiluminescence image at the bottom. aâ€“c, Lanes show 1, molecular weight marker; 2, non-transfected biotinylated HEK293 LRRC8â€“/â€“ cells; 3, LRRC8A/C transfected, non-biotinylated LRRC8â€“/â€“ cells; 4, LRRC8A transfected, biotinylated LRRC8â€“/â€“ cells; 5, LRRC8A/C transfected, biotinylated LRRC8â€“/â€“ cells; 6, LRRC8C transfected, biotinylated LRRC8â€“/â€“ cells; 7, molecular weight marker.


Reporting Summary

Video 1
Cryo-EM density map of a single subunit of the mLRRC8APD with the modelled structure superimposed


Video 2
X-ray electron density map of a single subunit of the isolated LRRD with the modelled structure superimposed


Video 3
Cryo-EM density map of a single subunit of the full-length mLRRC8A with the modelled structure superimposed


Video 4: Ribbon representation of the homo-hexameric mLRRC8A structure
The structure is first viewed from the extracellular side and then rotated to show the view from within the membrane. Two front subunits are removed for clarity. The zoom-in focuses on the residues T44, T48, K51 and R103, which line up the pore and are possibly involved in anion selectivity


Source data Fig. 1

Source data Fig. 6

Source Data Extended Data Fig. 2

Source Data Extended Data Fig. 9




Rights and permissions
Reprints and permissions


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



Cite this article
Deneka, D., Sawicka, M., Lam, A.K.M. et al. Structure of a volume-regulated anion channel of the LRRC8 family.
                    Nature 558, 254â€“259 (2018). https://doi.org/10.1038/s41586-018-0134-y
Download citation
	Received: 18 January 2018

	Accepted: 19 April 2018

	Published: 16 May 2018

	Issue Date: 14 June 2018

	DOI: https://doi.org/10.1038/s41586-018-0134-y


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

                
                    	
                            
                                
                                    
                                        Physiology of the volume-sensitive/regulatory anion channel VSOR/VRAC. Part 1: from its discovery and phenotype characterization to the molecular entity identification
                                    
                                

                            
                                
                                    	Yasunobu Okada


                                
                                The Journal of Physiological Sciences (2024)

                            
	
                            
                                
                                    
                                        Bioinspired designs in active metal-based batteries
                                    
                                

                            
                                
                                    	Fan Zhang
	Ting Liao
	Ziqi Sun


                                
                                Nano Research (2024)

                            
	
                            
                                
                                    
                                        Cryo-EM structure of human heptameric pannexin 2 channel
                                    
                                

                            
                                
                                    	Hang Zhang
	Shiyu Wang
	Huawei Zhang


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Structural and functional analysis of human pannexin 2 channel
                                    
                                

                            
                                
                                    	Zhihui He
	Yonghui Zhao
	Peng Yuan


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Insights into stoichiometry and gating of heteromeric LRRC8Aâ€“LRRC8C volume-regulated anion channels
                                    
                                

                            
                                
                                    	Tatsuya Hagino
	Zhaozhu Qiu


                                
                                Nature Structural & Molecular Biology (2023)

                            


                

            

        
    

            
                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: ]
