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            Abstract
To survive bacteriophage (phage) infections, bacteria developed numerous anti-phage defence systems1,2,3,4,5,6,7. Some of them (for example, type III CRISPRâ€“Cas, CBASS, Pycsar and Thoeris) consist of two modules: a sensor responsible for infection recognition and an effector that stops viral replication by destroying key cellular components8,9,10,11,12. In the Thoeris system, a Toll/interleukin-1 receptor (TIR)-domain protein, ThsB, acts as a sensor that synthesizes an isomer of cyclic ADP ribose, 1â€²â€²âˆ’3â€² glycocyclic ADP ribose (gcADPR), which is bound in the Smf/DprA-LOG (SLOG) domain of the ThsA effector and activates the silent information regulator 2 (SIR2)-domain-mediated hydrolysis of a key cell metabolite, NAD+ (refs.â€‰12,13,14). Although the structure of ThsA has been solved15, the ThsA activation mechanism remained incompletely understood. Here we show that 1â€²â€²âˆ’3â€²â€‰gcADPR, synthesized in vitro by the dimeric ThsBâ€² protein, binds to the ThsA SLOG domain, thereby activating ThsA by triggering helical filament assembly of ThsA tetramers. The cryogenic electron microscopy (cryo-EM)Â structure of activated ThsA revealed that filament assembly stabilizes the active conformation of the ThsA SIR2 domain, enabling rapid NAD+ depletion. Furthermore, we demonstrate that filament formation enables a switch-like response of ThsA to the 1â€²â€²âˆ’3â€²â€‰gcADPR signal.
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                    Fig. 1: Functional and structural features of ThsBâ€².


Fig. 2: Cryo-EM analysis of the activated ThsA.


Fig. 3: Helical filament formation is required for ThsA activation.


Fig. 4: ThsA activation by 1â€²â€²âˆ’3â€² gcADPR.



                


                
                    
                
            

            
                Data availability

              
              All data are available in the manuscript and the Supplementary Information. The atomic coordinates and structure factors or cryo-EM density maps have been deposited in the PDB and Electron Microscopy Data Bank under accession codes 8BTN (ThsBâ€™ crystal structure); 8BTO and EMD-16233 (ThsAâ€“1â€²â€²âˆ’3â€²â€‰gcADPR); and 8BTP and EMD-16234 (ThsAâ€“1â€²â€²âˆ’3â€²â€‰gcÎµADPR). The crystal structures in Fig. 1e (PDB accession code 6LHY), 2g and 3a (6LHX) and Fig. 2h (1ICI) and Extended Data Fig. 2b (7O62, 7UN8) and 6f (4IAO) are publicly available from the PDB.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Characterization of ThasA and ThsBâ€™ proteins.
a, SDS-PAGE of ThsA and ThsBâ€™ proteins used in this study. Lane images cropped for clarity. A representative gel of nâ€‰=â€‰2 independent experiments is shown. For gel source data, see Supplementary Fig. 1. b, Size-exclusion chromatography with multi-angle light scattering analysis tagged and non-tagged ThsBâ€™ indicates that ThsBâ€™ exists as a dimer. Theoretical weights of theÂ dimers are: ThsBâ€™_TwinStrep 52.608â€‰kDa, HisTEV_ThsBâ€™ 49.654â€‰kDa, ThsBâ€™ 45.694â€‰kDa, ThsB_TwinStrep 51.783â€‰kDa. c, ThsBâ€™ uses NAD+ or ÎµNAD+ to produce an isomeric cyclic ADP ribose product. Extracted ion current (EIC) of mass signal corresponding to a cyclic product as well as mass spectra are presented. MS of canonical cADPR is also shown. Shaded peak area represents the analysis time frame of MS spectra shown. ([M-H]âˆ’ theoretical values: NAD+ 662.1018, cADPR isomer 540.0538, [M-H]+ theoretical values: ÎµNAD+ 688.1164, cÎµADPR isomer 566.0684). All values are presented in detector counts. Data are representative of nâ€‰=â€‰3 independent experiments. d, Tagged and non-tagged ThsBâ€™ forms are able to activate ThsA in a ÎµNAD+-based fluorescence assay. Data are presented as mean Â± s.d. for nâ€‰=â€‰3 independent experiments, with individual data points overlaid.
Source Data


Extended Data Fig. 2 Crystal structure of ThsBâ€™.
a, Topology diagram of ThsBâ€™. Conserved TIR elements are colored light blue, unique ThsBâ€™ structural features are colored light green and lime green. BB-loop isÂ shownÂ in blue. Gray boxes mark the loops that are disordered in both subunits of the asymmetric unit. b, Comparison of the ThsBâ€™ dimer with the dimers of DpNDT (PDB ID 7O6246) and SfSTING (PDB ID 7UN847). Active site residues and complementing residues from the DD loop of the second subunit of DpNDT and SfSTING are shown.


Extended Data Fig. 3 1â€³âˆ’3â€² gcADPR binding induced polymerization of ThsA in solution.
Temporal Dynamic Light Scattering (DLS) analysis of the reaction mixtures containing ThsA and ThsBâ€™ started with NAD+. Plotted Z average diameter values qualitatively indicate ThsBâ€™ and NAD+ dependent oligomerization of ThsA into higher order species. Comparison with ThsBâ€™ or NAD+ reaction control indicates that observed oligomerization is by ThsA and not ThsBâ€™ molecules.
Source Data


Extended Data Fig. 4 The ThsA SLOG domain bound to 1â€³âˆ’3â€² gcÎµADPR.
a, The ThsA SLOG domain dimer, bound to 1â€³âˆ’3â€² gcÎµADPR (pink). 1â€³âˆ’3â€² gcADPR (green) is shown for comparison. b, Adenine ring is rotated ~145Â° in 1â€³âˆ’3â€² gcÎµADPR compared to 1â€³âˆ’3â€² gcADPR due to aÂ possible steric clash of two bound 1â€³âˆ’3â€² gcÎµADPR. c, Local refinement unsharpened electrostatic potential map for 1â€³âˆ’3â€² gcÎµADPR and its chemical formula.


Extended Data Fig. 5 Characterization of the ThsA mutants.
a, CD spectroscopy results of WT and mutant ThsA proteins. Mutant proteins and WT exhibited CD spectra indicative of properly folded proteins. b, SEC-MALS analysis of WT and mutant ThsA proteins. Calculated molecular masses of mutant and WT proteins eluting at a single peak indicate tetrameric oligomeric state (ThsA WT monomer theoretical Mw 55.39â€‰kDa). ThsA R371A exhibits polydispersity with multiple elution peaks. c, Temporal dynamic light scattering analysis of mutant ThsA proteins activated using ThsBâ€™ and NAD+.
Source Data


Extended Data Fig. 6 Structural and biochemical features of the helical filament.
a, Cryo-EM map showing 12 subunits in different colors. Each subunit makes contacts with 5 other subunits. Subunit A makes dimerization contacts with subunit B involving both SLOG and SIR2 domains, also makes tetramerization contacts with C subunit and stabilizing helical interactions with E, I and J subunits. Interactions A-E and I-A are symmetric. b, List of the residues making hydrogen bonds in the tetramerization and helical interfaces (calculated by PDBePISA45). Residues from the elements undergoing conformational changes in SIR2 domain (shown in Fig. 2g) are shown on a light orange background. Helical interface residues NQN are colored magenta, RDR residues are colored blue. c, MS of purified 1â€³âˆ’3â€² gcADPR used for further experiments. d, DLS analysis of ThsAâˆ’1â€³âˆ’3â€² gcADPR complex. Data are represented as boxplots (nâ€‰=â€‰30 independent measurements) where the middle line is the median, the lower and upper hinges correspond to the first and third quartiles, the upper whisker extends from the hinge to the largest value no further than 1.5 Ã— IQR from the hinge (where IQR is the inter-quartile range) and the lower whisker extends from the hinge to the smallest value at most 1.5 Ã— IQR of the hinge, while data beyond the end of the whiskers are outlying points that are plotted individually as solid dots. Individual data points are overlaidÂ as open dots. An inlet shows a representative micrograph (nâ€‰=â€‰600) of ThsAâˆ’1â€³âˆ’3â€² gcADPR 1:1 complex. e, HPCL analysis of 1â€³âˆ’3â€² gcADPR after incubation with ThsA. f, Structural superposition of yeast Sir2-Sir4 complex (PDB ID 4IAO) with the ThsA A subunit SIR2 domain. Sir2 is omitted for clarity, Sir4 is colored magenta and shown isÂ in sphere representation. ThsA subunits are colored as in (a), the surface of the ThsA A subunit (violet) is shown.
Source Data


Extended Data Fig. 7 Cryo-EM helical reconstruction workflow of ThsA-1â€³âˆ’3â€² gcADPR complex.
The final electron density maps showing local resolution, masks from the local refinement jobs, directional distribution plots and FSC (Fourier shell correlation) plots of helical (left) and local refinement (A subunit, right) are shown in black rectangles.


Extended Data Fig. 8 Cryo-EM helical reconstruction workflow of ThsA-1â€³âˆ’3â€² gcÎµADPR complex.
The final electron density maps showing local resolution, masks from the local refinement jobs, directional distribution plots and FSC (Fourier shell correlation) plots of helical (left) and local refinement (A subunit, right) are shown in black rectangles.


Extended Data Table 1 X-ray data collection and refinementFull size table


Extended Data Table 2 Cryo-EM data collection and refinementFull size table





Supplementary information
Supplementary Information
Supplementary Fig. 1 (uncropped images for Extended Data Fig. 1a) and Tables 1 and 2 (lists of oligonucleotides, strains and plasmids used in the work).


Reporting Summary

Supplementary Video 1
Helical filament cryo-EM map. Helical refinement cryo-EM map of the activated ThsA helical filament (video associated with Fig. 1).


Supplementary Video 2
SLOG domain structure. The ThsA SLOG domain bound to 1â€²â€²â€“3â€²â€‰gcADPR and its comparison with the apo-ThsA SLOG domain. The local refinement cryo-EM map is shown (video associated with Fig. 2).


Supplementary Video 3
SIR2 domain structure. The ThsA SIR2 domain bound to NAD+ fragment and its structure comparison with the apo-ThsA SIR2 domain. Loop 34â€“39, which blocks NAD+ binding in the apo structure, is coloured red. The local refinement cryo-EM map is shown (video associated with Fig. 2).


Supplementary Video 4
ThsA subunit structure. Conformational differences between the apo and 1â€²â€²â€“3â€²â€‰gcADPR-bound ThsA subunit from the helical filament (video associated with Fig. 3).


Supplementary Video 5
ThsA tetramer structure. Conformational differences between the apo and 1â€²â€²â€“3â€²â€‰gcADPR-bound ThsA tetramer from the helical filament (video associated with Fig. 3).


Peer Review File




Source data
Source Data Fig. 1

Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 3

Source Data Extended Data Fig. 5

Source Data Extended Data Fig. 6




Rights and permissions
Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is solely governed by the terms of such publishing agreement and applicable law.
Reprints and permissions


About this article
       



Cite this article
Tamulaitiene, G., Sabonis, D., Sasnauskas, G. et al. Activation of Thoeris antiviral system via SIR2 effector filament assembly.
                    Nature 627, 431â€“436 (2024). https://doi.org/10.1038/s41586-024-07092-x
Download citation
	Received: 13 February 2023

	Accepted: 19 January 2024

	Published: 21 February 2024

	Issue Date: 14 March 2024

	DOI: https://doi.org/10.1038/s41586-024-07092-x


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            

            
                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

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

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

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



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


    









    








