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            Abstract
The spliceosome catalyses the excision of introns from pre-mRNA in two steps, branching and exon ligation, and is assembled from five small nuclear ribonucleoprotein particles (snRNPs; U1, U2, U4, U5, U6) and numerous non-snRNP factors1. For branching, the intron 5′ splice site and the branch point sequence are selected and brought by the U1 and U2 snRNPs into the prespliceosome1, which is a focal point for regulation by alternative splicing factors2. The U4/U6.U5 tri-snRNP subsequently joins the prespliceosome to form the complete pre-catalytic spliceosome. Recent studies have revealed the structural basis of the branching and exon-ligation reactions3, however, the structural basis of the early events in spliceosome assembly remains poorly understood4. Here we report the cryo-electron microscopy structure of the yeast Saccharomyces cerevisiae prespliceosome at near-atomic resolution. The structure reveals an induced stabilization of the 5′ splice site in the U1 snRNP, and provides structural insights into the functions of the human alternative splicing factors LUC7-like (yeast Luc7) and TIA-1 (yeast Nam8), both of which have been linked to human disease5,6. In the prespliceosome, the U1 snRNP associates with the U2 snRNP through a stable contact with the U2 3′ domain and a transient yeast-specific contact with the U2 SF3b-containing 5′ region, leaving its tri-snRNP-binding interface fully exposed. The results suggest mechanisms for 5′ splice site transfer to the U6 ACAGAGA region within the assembled spliceosome and for its subsequent conversion to the activation-competent B-complex spliceosome7,8. Taken together, the data provide a working model to investigate the early steps of spliceosome assembly.
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                    Fig. 1: Prespliceosome A-complex structure.[image: ]


Fig. 2: 5′SS recognition and implications for alternative splicing.[image: ]


Fig. 3: Spliceosome assembly and 5′SS transfer.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Biochemical characterization and cryo-EM of the prespliceosome A-complex.
a, Mutation of the UBC4 pre-mRNA branch point sequence (UACUAAC to UACAAAC, in which A is the branch-point adenosine and A is the mutated nucleotide) stalls splicing before the first step, as described9. Splicing reactions were carried out for 30 min at 23 °C in yeast extract using wild-type (lane one) or mutant (U > A, lane two) pre-mRNA. This experiment was performed three times. The asterisk indicates a degradation product. For gel source data see Supplementary Fig. 1a. b, Protein analysis of purified A-complex (SDS–PAGE stained with Coomassie blue). The U2-associated Prp5 protein is sub-stoichiometric and not observed in the A-complex structure. The purification and analysis of protein compositions were performed at least five times with similar results. For gel source data see Supplementary Fig. 1b. c, Cryo-EM micrograph of the A-complex. Scale bar, 100 nm. d, 2D class averages of the A-complex were determined in RELION 2.139,40, and reveal a bipartite architecture, comprising the U1 snRNP and the U2 snRNP 3′ and 5′ regions, respectively. e, Composite cryo-EM density of the A-complex shown in two orthogonal views (compare to Fig. 1). The respective densities used for modelling the U1 snRNP (A2, grey), the U2 3′ region (A1, cyan), and the U2 5′ region (A3, green) are coloured and superimposed on a transparent outline of the full A3 map (Methods). The overall resolution of each map as well as the percentage from the cleaned dataset of 153,556 particles are shown in parentheses. Non-modelled regions are indicated and putatively assigned. f. Composite cryo-EM density with the final A-complex model superimposed in a cartoon representation. The path of 40 nucleotides of the disordered UBC4 pre-mRNA intron are indicated. A-complex components are coloured as in Fig. 1. Views as in e.


Extended Data Fig. 2 Cryo-EM image classification and refinement.
a, Image processing workflow for analysis of the A-complex cryo-EM dataset (see ‘Image processing’ in Methods). To visualize differences between the reconstructions, the U1 snRNP (grey), U2 3′ (cyan) and U2 5′ regions (green) are coloured. For each round of three-dimensional classification, the percentage of the data and the type of soft-edged mask are indicated. The type of mask and overall resolution are indicated for each 3D refinement (blue box). b, Orientation distribution plots for all particles that contribute to the respective A1, A2, and A3 cryo-EM reconstructions. c, Gold-standard Fourier shell correlation (FSC = 0.143) of the respective A1, A2 and A3 cryo-EM reconstructions. d, Two views of the composite A-complex cryo-EM density (maps A1, A2 and A3) coloured by local resolution as determined by ResMap43. e, As panel d, but for a central slice through the composite A-complex cryo-EM map.


Extended Data Fig. 3 Details of the U1 snRNP.
a, U1 snRNP structure with subunits coloured as in Fig. 1, except for Nam8 (orange), Snu56 (light blue), Snu71 (blue), Luc7 (dark purple), Mud1 (red) and the U1 snRNA (various). The pre-mRNA nucleotides are labelled relative to the first nucleotide (+1) of the intron. The Nam8 RRM1 and RRM2 domains are flexible and project downstream of the 5′SS. The protein attributed to Luc7 in the free U1 snRNP structure12 was re-assigned to Snu71. C-term, C terminus; N-term, N terminus; SL, stem loop. In the structure we do not observe any evidence that the C-terminal tails of SmB, SmD1, and SmD3 interact with the 5′SS, consistent with their absence in the human 5′SS–minimal U1 snRNP crystal structure10. b, Representative regions of the sharpened U1 snRNP density determined at 4 Å resolution (map A2) are superimposed on the refined coordinate model. The density reveals side-chain details, and here segments from the Prp42 N terminus (TPR repeat 1), the Sm ring subunit SmB, and the Snu56 α-helical domain are shown. c, The A2 cryo-EM density is shown superimposed on the coordinate models of a selection of U1 snRNP proteins: Luc7, Snu71, Yhc1 and Prp39. In the structure most of Snu71 is disordered, except for a small N-terminal domain (residues 2–43) that binds between the Prp42 N terminus and the Snu56 KH-like fold, consistent with protein crosslinking12. Functional regions and disordered domains are indicated. d, The U1 snRNA–pre-mRNA 5′ splice site (U1–5′SS) model is superimposed on its cryo-EM density (map A2). A secondary structure diagram of the U1–5′SS interaction is shown underneath the model. The register of the U1–5′SS is shifted by one nucleotide with respect to U1C (Yhc1) compared to the minimal human 5′SS–U1 snRNP crystal structure, owing to an additional nucleotide in the yeast U1 snRNA10 (U11). Lines indicate Watson–Crick base pairs and dots indicate pseudouridine (ψ)-containing base pairs. e, The Prp39–Prp42 heterodimer is coloured to indicate each of their respective TPR repeats. f, Cryo-EM density of U1 snRNA from maps A2 (dark grey) and A3 (light grey) without (top) and with the superimposed coordinate model of yeast U1 snRNA (bottom). The model is labelled and coloured according to functional regions of U1 snRNA (5′ end, pink; H helix, cyan; SL1, dark blue; SL2-1, green; SL3-1, light blue; SL2-2 and SL3-2 to -7, grey; 3′end and Sm site, yellow). g, Secondary-structure diagram of U1 snRNA. Bold letters indicate residues included in the model, lines indicate Watson–Crick base pairs, and dots G–U wobble and pseudouridine-containing base pairs. Compare to e. The conserved U1 snRNA ‘core’ is outlined with a grey box. The region of the putative phosphate backbone model of part of the U1 SL3-7 region is indicated with a grey box.


Extended Data Fig. 4 Comparisons of yeast and human U1 snRNPs and implications for alternative splicing.
a, Formation of the U1–5′SS helix induces stable binding of Luc7. In the absence of a pre-mRNA 5′SS in the free U1 snRNP density (left, EMD-8622), Luc7 and the U1 5′ end are disordered. Upon 5′SS recognition at the U1 5′ end (centre, map A2), Luc7 becomes ordered and stabilizes the U1–5′SS interaction, suggesting a mechanism for the selection of weak 5′SS sequences. The free U1 snRNP and the 5′SS-bound (map A2) cryo-EM densities are superimposed on the right. Although the long α-helical density next to Luc7 cannot be assigned with confidence, protein–protein crosslinking data12 and protein secondary structure prediction are consistent with the presence of either Prp40 or Snu71. On the basis of additional biochemical data on the interaction between the α-helical Prp40 FF1 domain and Luc7 ZnF252, we would speculate that the Prp40 FF1 domain is the most likely candidate for this density. b, Comparison of the yeast U1 snRNP ‘core’ with the human U1 snRNP crystal structure (PDB ID 3CW1). Protein and RNA (top) and RNA only (bottom) are shown side by side (left and centre) and superimposed by a global alignment in PyMOL (right). Coloured as in Extended Data Fig. 3a. c, The yeast U1 snRNP model suggests regulatory mechanisms for human alternative splicing factors. The human homologues of the peripheral yeast U1 proteins may function through stabilization of the U1–5′SS interaction (region 1), of the U1–U2 3′ region interface (region 2), or the U1–U2 5′ interface (region 3). The yeast U1 snRNP ‘core’ is shown superimposed on a surface representation of the U1 snRNP model (top), compared with the similarly coloured human U1 snRNP (below). Interaction sites with the U2 snRNP are labelled (top). d, The location of yeast U1 snRNP components with homology to human splicing factors are indicated in the U1 snRNP structure. The Prp39–Prp42 heterodimer (human PRPF39 homodimer), Nam818 (human TIA-1 and TIA-R), Luc753 (human LUC7L1–3), and the Yhc1 C terminus (human U1C) have clear counterparts in the human system. The yeast-specific U1 snRNA insertions may be replaced in the human system by alternative splicing factors that modulate interactions with the U2 5′ region. e, Model of the yeast E complex on the basis of the U1 snRNP structure and biochemical data22. Luc7, Snu71 and Prp40 form a heterotrimer in vitro52, and their interacting regions may be located near unassigned density (compare to Extended Data Fig. 1e) at the tip of an unassigned 40-residue α-helix next to Luc7 ZnF2. This helix is likely to belong to the U1 subunit Snu71 or Prp40, consistent with protein crosslinking12 and protein secondary-structure prediction. Prp40 could then bind the yeast branch point-binding protein (BBP, human SF1), which in turn interacts with Mud2 (human U2AF65) to tether the pre-mRNA branch-point sequence in the E complex22.


Extended Data Fig. 5 Conformational flexibility of the U2 snRNP.
a, Two defined positions of the U1 snRNP-U2 3′ region could be identified relative to the U2 5′ region. A-complex models were fitted into class two and four from round two of the 3D image classification (compare Extended Data Fig. 2a). The classes are aligned via their U2 5′ region, illustrating their relative flexibility. b, Cartoon schematic of observed positions of the U2 3′ region relative to the U2 5′ region in the A-complex (left), B-complex8 (centre), and activated B-complex (Bact) (right, modelled from previously published work54). Although in the B-complex the U2 3′ region is free, in the A- and Bact-complexes the position of the U2 3′ region is influenced by interactions with Prp39 as well as Syf1 and Clf1, respectively. c, The U2 snRNP subunit Lea1 (human U2A′) aids to position the U2 snRNP 3′ domain in different spliceosome states. In our A-complex structure, the Prp39 TPR repeat T1 contacts the helical C terminus of Lea1. In the yeast C-complex structure, the non-modelled density for the Syf1 N terminus binds a neighbouring but non-overlapping surface of Lea1 (PDB ID 5LJ5). In the C*/P-complex55 (PDB ID 6EXN), the Syf1 N terminus binds yet another Lea1 surface and the U2 3′ domain is repositioned relative to its C-complex location. Together, this suggests that the Lea1 provides multiple interfaces that can be used to position the U2 3′ domain in different spliceosomal complexes. d, Fit of the U2 3′ region coordinate model to the A1 cryo-EM density. The dashed black lineseparates the U2 3′ domain (Sm ring, Msl1 and Lea1 subunits and U2 snRNA, left) and the SF3a subcomplex (Prp9, Prp11 and Prp21, right). Two orthogonal views are shown (Supplementary Video 2). e, Fit of the U2 5′ region coordinate model to the A3 cryo-EM density. A density consistent with the U2 snRNA stem IIa/b and the branch helix is observed. Two density thresholds are shown side by side (left, 0.0163; right, 0.0121), and orthogonal views are shown underneath (Supplementary Video 2).


Extended Data Fig. 6 Luc7 and Nam8 sequence alignments.
a, The Luc7 (human LUC7-like) amino-acid sequence alignment comparing S. cerevisiae, Kluyveromyces lactis, Schizosaccharomyces pombe, Danio rerio, Xenopus tropicalis, Mus musculus, Bos taurus and Homo sapiens was generated with Clustal Omega and visualized with ESPript 356,57. For the human sequence, LUC7L1 was used. Secondary structure elements are indicated above the sequence and derive from the A-complex structure (purple) or PSIPRED58 secondary structure prediction (grey). Modelled regions (dashed line) and the Zn-coordinating residues of ZnF1 and ZnF2 (asterisks) are indicated. Invariant or conserved residues are highlighted with a red box or red letter font, respectively. b. As in panel a but for Nam8 (human TIA-1) comparing S. cerevisiae, K. lactis, S. pombe, Drosophila melanogaster, D. rerio, X. tropicalis, M. musculus, B. taurus, and H. sapiens amino acid sequences.


Extended Data Fig. 7 Details of the pre-B-complex model.
a, Multiple views of the pre-B-complex model, generated by combining functional and structural data from yeast and human systems8,25. The mobility of the U1 snRNP relative to the U2 snRNP in the A-complex (this study) as well as of the U2 snRNP relative to tri-snRNP in the B-complex structure8 are indicated (left). The pre-B model contained only minor clashes, and a clash between the highly flexible Prp28 C-terminal RecA-2 lobe (from the human tri-snRNP25) and the highly flexible U6 snRNA 5′ stem loop (from the yeast B-complex8) may be resolved by small movements of either domain. b, Structural comparisons of the yeast pre-B model (from this study) and the yeast B-complex structure (PDB ID 5NRL8) suggest the existence of a molecular checkpoint to couple 5′SS transfer to U1 snRNP release and formation of the activation-competent B-complex. In the pre-B model (left) Sad1 tethers Brr2 through its interaction with the conserved Brr2 PWI domain51, and the U1 snRNP and its U1–5′SS helix are positioned near the U6 ACAGAGA region and the helicase Prp28. Subsequent to Prp28-mediated 5′SS transfer, Brr2 is repositioned onto its U4 snRNA substrate, guided by the B-complex-specific proteins (right). In this conformation the Brr2 helicase and its associated factors would clash with the U1 snRNP, consistent with U1 snRNP destabilization and release yeast and human B-complexes7,8. Brr2 is now ready to initiate spliceosome activation and formation of the active site in the Bact-complex. Regions that are changed between pre-B- and B-complex models (black outline) and the clash between the Brr2-containing ‘helicase’ domain and the U1 snRNP in B-complex (red X) are indicated. The lower right panel would conform to the alternative ‘U1-B-complex’ model.


Extended Data Fig. 8 Model for early splicing events.
a, Cartoon schematic of proposed early splicing events, detailing (i) assembly of the pre-B-complex spliceosome from the A-complex and the U4/U6.U5 tri-snRNP and (ii) the subsequent conversion to the pre-catalytic B-complex spliceosome. In the pre-B model the mobile U1 snRNP is next to Prp28, which is bound at the Prp8N domain. To initiate 5′SS transfer, Prp28 could clamp the pre-mRNA at, or next to, the U1–5′SS helix to destabilize it and to hand over the 5′SS to the U6 ACAGAGA region of tri-snRNP, consistent with protein–RNA crosslinks30. Transfer of the 5′SS may induce the binding of the B-complex proteins to replace Prp28 at the Prp8N domain and induce the large movement of Brr2 to its B-complex location on U4 snRNA. The U1 snRNP, now loosely tethered to U2, may dissociate from the B-complex owing to the steric clash with the Brr2-containing ‘helicase’ domain8 (Extended Data Fig. 7b). Consistent with this, the human pre-B-complex converts to a B-complex-like state in the presence of a 5′SS oligonucleotide, which coincides with U1 snRNP release28. This model can explain how Brr2 is kept inactive to prevent premature U4/U6 duplex unwinding26. The model thereby implies the existence of a molecular checkpoint, coupling 5′SS transfer from U1 to U6 snRNA with Brr2 helicase repositioning and U1 snRNP release to generate the activation-competent B-complex spliceosome. b, Cartoon schematic of an alternative model for spliceosome assembly and 5′SS transfer that relies only on the yeast A-complex (from this work), tri-snRNP26,29 and B-complex structures8. In this model the tri-snRNP that associates with the A-complex already contains the Brr2 helicase bound to the U4 snRNA substrate and the yeast B-complex proteins at the Prp8 N-terminal domain. The tri-snRNP then binds the A-complex (transition I, ‘Assembly’), requiring a substantial readjustment to avoid a steric clash of the Brr2-containing ‘helicase’ domain and the U1 snRNP (‘U1-B-complex’). The Prp28 helicase is then recruited to the U1 snRNP directly as the Prp28-binding site on the Prp8 N-terminal domain in human tri-snRNP is occupied by B-complex proteins25. Prp28 then disrupts the U1–5′SS helix, leading to 5′SS transfer (transition II, ‘Transfer’). Similar to the ‘pre-B-complex’ assembly model in a, the U1 snRNP, now freed from the 5′SS, may then be released owing to a steric clash with the Brr2-containing ‘helicase’ domain. This model does not require Sad1. Compare to a.


Extended Data Fig. 9 Data collection, refinement statistics and validation.
a, Cryo-EM data collection and refinement statistics of the A-complex structure. Maps A1 and A3 were used to position the U2 snRNP 3′ and 5′ regions, respectively. b. FSC between the A2 cryo-EM density and the refined A-complex U1 snRNP coordinate model.


Extended Data Table 1 Summary of the components modelled into the A-complex cryo-EM densitiesFull size table





Supplementary information
Supplementary Figure 1
Uncropped gels shown in Extended Data Figure 1a (a) and 1b (b).


Reporting Summary

Supplementary Data
PyMol session of the A complex structure (PDB 6G90). Subunits are coloured as in Figure 1.


Video 1: 360° rotation of the A complex coordinate model (PDB 6G90).
Coloured as in Figure 1.


Video 2: 360° rotation of the composite A complex cryo-EM density.
A1, grey, EMD-4363; A2, cyan, EMD-4364; A3, green, EMD-4365. Coloured as in Extended Data Figure 1e.





Rights and permissions
Reprints and permissions


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



Cite this article
Plaschka, C., Lin, PC., Charenton, C. et al. Prespliceosome structure provides insights into spliceosome assembly and regulation.
                    Nature 559, 419–422 (2018). https://doi.org/10.1038/s41586-018-0323-8
Download citation
	Received: 11 January 2018

	Accepted: 16 May 2018

	Published: 11 July 2018

	Issue Date: 19 July 2018

	DOI: https://doi.org/10.1038/s41586-018-0323-8


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

                
                    	
                            
                                
                                    
                                        Structural basis of human U5 snRNP late biogenesis and recycling
                                    
                                

                            
                                
                                    	Daria Riabov Bassat
	Supapat Visanpattanasin
	Clemens Plaschka


                                
                                Nature Structural & Molecular Biology (2024)

                            
	
                            
                                
                                    
                                        Co-transcriptional gene regulation in eukaryotes and prokaryotes
                                    
                                

                            
                                
                                    	Morgan Shine
	Jackson Gordon
	Karla M. Neugebauer


                                
                                Nature Reviews Molecular Cell Biology (2024)

                            
	
                            
                                
                                    
                                        Integrated analysis of transcriptome and small RNAome reveals regulatory network of rapid and long-term response to heat stress in Rhododendron moulmainense
                                    
                                

                            
                                
                                    	Si-Jia Liu
	Chang Cai
	Li-Juan Xie


                                
                                Planta (2024)

                            
	
                            
                                
                                    
                                        Regulation of pre-mRNA splicing: roles in physiology and disease, and therapeutic prospects
                                    
                                

                            
                                
                                    	Malgorzata Ewa Rogalska
	Claudia Vivori
	Juan Valcárcel


                                
                                Nature Reviews Genetics (2023)

                            
	
                            
                                
                                    
                                        Alternative splicing plays key roles in response to stress across different stages of fighting in the fish Betta splendens
                                    
                                

                            
                                
                                    	Trieu-Duc Vu
	Kenshiro Oshima
	Norihiro Okada


                                
                                BMC Genomics (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 — 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: ]
